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Land and groundwater resources are fundamental pillars of sustainable human
development. The negligent abandonment of ammunition and its fragments
during range activities can result in severe contamination of range sites, thereby
posing a significant risk to both the ecological environment and human health.
Nevertheless, numerous uncertainties persist regarding the comprehension of
range contaminated sites. In this study, the literature on the range of
contaminated sites decommissioned after 2000 was systematically examined
to consolidate basic information related to these sites, such as contaminant types,
contamination status, and remediation measures. Considerable attention is
devoted to investigating the advancement of diverse techniques, such as
phytoremediation, chemical leaching, and solidification/stabilization, to
remediate polluted areas within decommissioned firing ranges. Among the
various types of remediation means, physical remediation and chemical
remediation have higher remediation efficiency, but generally have higher
costs and are prone to secondary pollution. Bioremediation is low cost and
environmentally friendly, but has a long restoration cycle. The choice of
remediation method should be based on actual needs. Additionally, this study
puts forth prospective avenues for future research. Ultimately, this endeavor aims
to attract the interest of scholars toward the remediation of contaminated sites
within firing ranges, thereby making a valuable contribution to both human
wellbeing and sustainable progress.

KEYWORDS

shooting range, heavy metal, polycyclic aromatic hydrocarbon (PAH), pollution,
remediation

1 Introduction

The maintenance of operational readiness for troops necessitates military training
involving live ammunition, which inevitably leads to soil and groundwater contamination
in the surrounding areas. Due to the dispersion of training ranges across diverse soil types,
the interaction of contaminants from range activities and their impact on specific receptors
pose challenges in terms of prediction. The utilization of metallic lead is prevalent in the
production of bullets and lead projectiles due to its exceptional attributes of high density,
corrosion resistance, and ductility Dinake et al. (2019). The primary components of
ammunition utilized for range training are a Pb-Sb core, which constitutes
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approximately 95% of the bullet, and a Cu-Zn casing, accounting for
approximately 5% of the bullet. The core is primarily composed of
Pb (>90%), Pb-Sb alloy (<5%), As (<0.5%), and Ni (<0.5%), whereas
the casing is composed of a Cu-Zn (90%/10%) alloy (Dermatas et al.,
2006a). Currently, firing ranges are located all over the world,
including Asia, Europe, Africa and the Americas (Cao et al,
2003; Sorvari et al., 2006; Mathee et al., 2017; Khan et al., 2021).
According to reports, approximately 100,000 outdoor and military
firing ranges worldwide are utilized for shooting activities, resulting
in an annual release of up to 72,600 tons of Pb from munitions onto
the soils of these diverse national ranges (Rodriguez-Seijo et al,
2017). Furthermore, copper (Cu) is employed as a constituent in
jacketed bullets alongside lead (Pb), antimony (Sb) serves as a
hardening agent for lead, nickel (Ni) or zinc (Zn) are utilized as
alloys in the copper jacketed bullets, arsenic (As) coexists within
lead and is a constituent of lead shotgun shells, chromium (Cr) acts
as an alloy material for certain bullet types, and clay targets contain a
range of 3,000 to 40,000 mg of polycyclic aromatic hydrocarbons
(PAHs) per kilogram (ITRC, 2003; Laporte-Saumure et al, 2011).
The release of heavy metals and organic contaminants from firing
ranges due to munitions weathering can result in their deposition in
range soils and subsequent diffusion into the surrounding environment
via pore space, surface or groundwater. Consequently, the detection of
contamination of varying magnitudes has been observed in nearly all
range environments. Pb, one of the priority metal contaminants in
firing ranges, has been found in concentrations up to tens of thousands
of mg/kg in contaminated ranges around the world, with the highest
levels on berm (Hardison Jr et al, 2004; Mendes et al., 2023). Clay
fragments piled up in the range contain large amounts of coal tar and
petroleum asphalt, which can contain as much as 3,000-40,000 mg/kg
of PAHs (Wolf et al,, 2020). Some studies have shown that heavy metal
concentrations in shooting range soils worldwide are much higher than
background concentrations in agricultural soils, with Pb concentrations
tens or even hundreds of times higher (Sanderson et al., 2018).

The bioavailability and bioaccessibility of pollutants at the target
range determine the toxicity level of the pollutants, and higher
bioavailability indicates higher levels of soil toxicity, which, to a
certain extent, will lead to a decrease in the growth rate and level of
plant growth, a decrease in the abundance of microbial
communities, and an impediment to the cycling of soil nutrients,
etc. (Fayiga and Saha, 2016a; Sanderson et al., 2018). Due to their
inherent inertness in typical soil, groundwater, and surface water
conditions, the persistence of contaminants in range sites can be
prolonged in the absence of remediation efforts. Range pollution
also has potential impacts on the natural environment and human
health. For example, large quantities of metal fragments released
into the environment as a result of shooting activities can be partially
transformed into metal secondary minerals, thereby increasing the
potential for the transport of heavy metals in the environment and
expanding the scope of heavy pollution (Dermatas et al., 2006b).
Inorganic heavy metals and organic pollutants, efc., in the range may
pollute groundwater and nearby surface water through migration,
etc., affecting the health of aquatic ecosystems (Mendes et al., 2023).
In addition, direct exposure of humans to the environment around
shooting ranges, inhalation of dust, or ingestion of heavy metals
such as Pb, Zn, Ni, As and other (loid) heavy metals through the
food chain can lead to a certain degree to cardiovascular disease,
anemia, kidney damage and even cancer, efc. (Urrutia-Goyes et al.,
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FIGURE 1
WOS database literature publications in the field related to
remediation of contaminated sites at target ranges, 2001-2023.

2017; Kazery et al., 2021; Ni et al., 2023a). In contrast, only a small
amount of Pb contamination ingested by adults through the various
exposure routes enters their bloodstream, while the amount of lead
that enters a child’s bloodstream can be much higher. Pollutants of
all kinds (especially the heavy metal Pb) are particularly dangerous
to infants and young children, and can cause irreversible damage to
their developing brains and nervous systems (Fayiga and Saha,
2016b). Consequently, the remediation of contaminated range
sites and the mitigation of hazards posed to surrounding soils
and waters resulting from range activities hold paramount
importance in enhancing the environmental quality and public
health of such sites.

Based on our current understanding, a comprehensive
assessment of the contamination levels and remediation efforts at
range sites is lacking. In this study, we aim to provide a concise
overview of the significant research developments over the past
decades, followed by an examination of the present contamination
status across various countries. Furthermore, we will emphasize the
remediation strategies employed and the associated challenges
encountered in this context. In addition, we emphasize gaps in
future research with a view to harvesting better ways of managing
pollution at range sites.

2 Bibliometric analysis of
abandoned ranges

The detrimental impact of pollution stemming from military
activities extends to both the environment and human health
(Gomez-Sagasti et al., 2021). Of particular concern on a global
scale is the escalating issue of heavy metal contamination in soils
resulting from conventional shooting practices. Neglected
ranges, lacking any form of remediation, pose a significant
threat to environmental pollution (Sanderson et al, 2018;
2021). The
deterioration of ammunition contribute to heightened levels of

Reigosa-Alonso et al, disintegration and
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FIGURE 2

Keyword clustering of literature related to remediation of contaminated sites at the range, 2001-2023.

toxic metals within the soil, with the degree of contamination
intensifying as the range ages (Fayiga and Saha, 2016a). In spite of
the benefits offered by these metals in the production of
ammunition, the presence of heavy metals, such as lead, can
result in detrimental effects on the human nervous system,
kidneys, and other bodily functions by interfering with the
(Dinake and
Kelebemang, 2019). Current research on the remediation of
soil flora

proper functioning of biological enzymes

contamination at the range site focuses on
characterization, hyper-enriched plants, health risks, and the
uptake and transformation of pollutants (Lewinska et al,
2019; Wolf et al., 2020; Luo et al., 2023).

Figure 1 illustrates the quantity of publications pertaining to
pollution remediation of target range sites from 2001 to the present.
Since the onset of the 21st century, scholarly investigations in this
domain have experienced a gradual upsurge, reaching their pinnacle
during the period of 2017-2020, with an average annual publication
count of 24.5. Subsequently, the number of publications in this field
exhibited a decline. The 266 relevant literatures screened in the WOS
database were used as the data source and imported into the
bibliometric analysis software Citespace to draw the keyword
clustering map with keywords as the emergence (Figure 2). There
are 280 keyword nodes (N), and 507 connecting lines (E) in the
keyword clustering map. Among them, the top five keywords with
the highest frequency were heavy metals, remediation, lead,
phytoremediation, and accumulation, and the five keywords with
the highest centrality, i.e., the strongest connections to the rest of the
keywords, growth,
phytoremediation and accumulation (Supplementary Table S3).

were plants, shooting range soils,

The remaining research statistics in related fields are described in
detail in the Supplementary Material.

Frontiers in Environmental Science

3 Contaminants in contaminated sites
at firing ranges

The issue of soil contamination at firing ranges has garnered
growing scholarly interest in recent years, primarily due to the
substantial accumulation of pollutants resulting from shooting
activities and the extensive global distribution of these ranges.
Statistical data reveals that the U.S. Department of Defense is
responsible for supervising over 3,000 military ranges dedicated
to light weapons, alongside approximately 9,000 non-military
outdoor ranges. According to the National Shooting Sports
Foundation, it is estimated that there are approximately
10,000 firing ranges in the United States (Fayiga and Saha,
2016a). In comparison, Finland possesses around 2,000 firing
ranges, which accounts for 10% of the overall number of
contaminated sites. The range soils in these locations contain
various contaminants such as lead (Pb), antimony (Sb), copper
(Cu), selenium (As), zinc (Zn), nickel (Ni), chromium (Cr), and
polycyclic aromatic hydrocarbons (PAHs). These contaminants
primarily originate from warheads and warhead fragments,

cartridges and cartridge fragments, targets, and various additives.

3.1 Heavy metals and metalloids

After being discharged, bullets make contact with the soil and
undergo weathering, resulting in their fragmentation and
This leads
substantial amounts of heavy metals in the soil, with firing

pulverization. process to the accumulation of

ranges being recognized as a potential origin of soil

contamination by diverse heavy metals (Sanderson et al., 2018).
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Lead constitutes the predominant element in lead bullets,
comprising 93.1% of their overall mass (Laporte-Saumure et al.,
2011). Lead bullets have been extensively employed worldwide over
recent decades, establishing lead as the primary material utilized in
bullet production (Pain et al., 2019). Consequently, firing ranges
emerge as the second most significant source of lead (Pb)
contamination in the environment, following the battery
industry. Furthermore, copper (Cu) finds application in jacketed
bullets, antimony (Sb) serves as a hardening agent for lead, nickel
(Ni) or zinc (Zn) are employed as alloys in copper jacketed bullets,
arsenic (As) coexists with lead in shotgun shells, and chromium (Cr)
acts as an alloy in certain bullet varieties (ITRC, 2003; Laporte-
Saumure et al.,, 2011). Despite constituting a minor proportion of a
bullet’s overall mass, the persistent utilization of firing ranges is
anticipated to lead to the gradual buildup of these metallic elements,
particularly copper (Cu) and antimony (Sb), within range soils. The
prevalence of heavy metal contamination in shooting range soils has
garnered significant attention, with reports of such contamination
emerging from diverse regions across the globe.

According to data published by the American Lead Industry
Almanac, the utilization of lead in ammunition manufacturing
amounted to 85,300 and 79,300 tons in 2014 and 2015, respectively.
This accounted for 6% of the overall lead consumption mix in the
United States, ranking second highest after the usage of lead-acid
batteries (Guberman, 2017). The findings of a survey conducted by
Bannon et al. (2009) on firing ranges in eight states in the U.S. revealed
that the concentration of total Pb in topsoil ranged from 4,549 to
24,484 mg/kg, significantly surpassing the limit established by the
USEPA, which is set at 400 mg/kg. Furthermore, the soil is also
subjected to environmental risks due to elevated levels of Sb
(ranging from 7 to 91mg/kg), Cu (ranging from 223 to
2,936 mg/kg), Ni (ranging from 3 to 247 mg/kg), Zn (ranging from
102 to 284 mg/kg), Mn (ranging from 83 to 930 mg/kg), and As
(ranging from 2.8 to 27.9 mg/kg).

In Korea, there exists a considerable number of active small arms
firing ranges, totaling 1,400 (MOE, 2005). However, there is a dearth
of information regarding the impact of heavy metals found in lead
bullets on the soil within military firing ranges (Moon et al., 2013).
Lee and Park, (2008) conducted a comparative analysis of heavy
metal concentrations at the Maehyang-ri shooting range and other
firing ranges in Korea. Their investigation revealed the predominant
heavy metal contaminants at the Maehyang-ri shooting range.
Notably, the copper concentration in the study area was found to
be 23 times higher than the average soil concentration in Korea
(114.4 + 5.7 mg/kg), while the lead concentration exceeded the soil
contamination standard (362.3 + 20.5 mg/kg) by 1.2 times. In their
study, (Moon et al.,, 2013), conducted an analysis of the geochemical
properties of soils contaminated with heavy metals at a military
shooting range in South Korea. The findings revealed significant
contamination of Pb in the range soils, with evidence indicating
varying degrees of anthropogenic Pb sources. Specifically, the
surface (0-10 cm), subsurface (10-30 cm), and deep (30-50 cm)
soils exhibited concentrations of Pb ranging from 5,127 to
28,040 mg/kg,  4,147-24,043 mg/kg, and  185-19,763 mg/kg,
respectively. Additionally, trace amounts of Cu, Ni, Cd, and Zn
were also detected.

According to Okkenhaug et al. (2018), Switzerland possesses a
total of 2,000 firing ranges, which collectively contribute to the
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deposition of approximately 400-500 tons of lead bullets annually.
In a study conducted by Knechtenhofer et al. (2003) in Losone,
Ticino, Switzerland, the soil of these firing ranges was examined,
revealing the presence of various heavy metals such as Pb (ranging
from 22 to 12,533 mg/kg), Sb (ranging from 0.3 to 676 mg/kg), Cu
(ranging from 9.8 to 148.9 mg/kg), Ni (ranging from 43.9 to
64 mg/kg), Zn (ranging from 57.4 to 87 mg/kg), and Mn (ranging
from 180 to 550 mg/kg). In their study, Cesynaité et al. (2023)
investigated a military range located in Alytus, Lithuania. Their
findings revealed the presence of Pb concentrations reaching up to
54,600 + 5,300 mg/kg in soils situated 45 m away from the firing line.
Similarly, Cesynaité et al. (2021) conducted their own analysis on
soils within the same area, at distances ranging from —5-45 m from
the firing line. Their results indicated the presence of Pb
concentrations ranging from 217 to 53,023 mg/kg, as well as
varying concentrations of Sb, Cu, Ni, Zn, and Mn, with values
reaching up to 59,978 mg/kg, respectively. The concentrations of
antimony (Sb), copper (Cu), nickel (Ni), zinc (Zn), and manganese
(Mn) were observed to range from 0 to 599.78, 6.1 to 24, 3.7 to 11.5,
1.7 to 2.7, and 170-215 mg/kg, respectively.

In their study, Wang et al. (2022) examined the attributes of
heavy metal pollution in the uppermost layer of soil within a military
training field for heavy weapons in Tibet, China. Additionally, the
researchers assessed the potential ecological hazards associated with
heavy metal contamination in the uppermost layer of soil within an
artillery range situated at the aforementioned military training field.
The findings indicate that the concentration of heavy metal
elements, specifically As (ranging from 25.2 to 122 mg/kg) and
Cu (ranging from 20.6 to 116 mg/kg), in the soil of the firing
range exceeded the background levels observed in the
surrounding regional soil. This disparity can be attributed to the
dissimilar composition of gunpowder and metal materials used in
heavy weapons compared to light weapons. The extensive use of
copper-coated steel cartridges and arsenic-containing gunpowder
during artillery landing and bombing operations has resulted in the
contamination of heavy metal elements, namely As and Cu.

In Norway, there exists an estimated count of 3,000 firing ranges,
encompassing both civilian and military facilities. Among these,
1,700 are currently operational. Furthermore, the production of
bullets necessitates the annual consumption of approximately
700 tons of lead (Pb) and copper (Cu) (Okkenhaug et al., 2018).
Consequently, the utilization of these bullets engenders an
environmental hazard, impacting not only the soil within the
ranges but also the surrounding aquatic ecosystem. The study
(2017)
environmental conditions of mires and revealed relatively low
concentrations of Pb (13mg/kg), Sb (0.83mg/kg), Cu
(5.2 mg/kg), and Zn (1.1 mg/kg) in the soil. However, elevated
concentrations of Pb (2,500 pg/L), Sb (150 pg/L), Cu (900 ug/L),
and Zn (1,600 ug/L) were detected in the Subsurface soil water.

Mariussen et al. examined the

conducted by

These high concentrations of heavy metals in the Subsurface soil
water are consistent with the findings of Okkenhaug et al. (2018),
which also indicate heavy metal pollution in the groundwater and
downstream surface water surrounding the range. Bullets used on
firing ranges contain mainly Pb, Cu, Zn and Sb, while lead-free
bullets contain steel (Johnsen and Aaneby, 2019).

Table 1 presents a comprehensive compilation of reports
pertaining to the overall environmental heavy metal content
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TABLE 1 Total contents of heavy metals in shooting ranges from different countries.

Sample Pollutants and concentrations (mg/kg in soil and

position
Cu i Zn

in water)

Mn

10.3389/fenvs.2024.1352603

References

Norway Top soil 13 0.83 5.2 — — 1.1 — — Mariussen et al. (2017)
Discharge water 180 65 42 — — 63 — — Mariussen et al. (2017)
Subsurface soil water =~ 2,500 150 900 — — 1,600 — — Mariussen et al. (2017)
Groundwater 22+5 11 +2 16 + 6 — — — — — Okkenhaug et al. (2018)
Downstream surface 69+ 1 7.4 + 0.1 24 + 0.0 — — — — — Okkenhaug et al. (2018)
water
Botswana Field soil — — 67.4 ~ — — — 259 ~ — Dinake et al. (2018)
1,569 953.8
Field soil — 38 ~283 | — — — — — — Dinake et al. (2022)
Field soil 685 ~ 20,882 — — — — — — — Kelebemang et al. (2017)
Lithuania 5-30 m from the 390 + 90 <15 — 55+1.6 — — — — Cesynaité et al. (2023)
firing line
45 m from the firing = 54,600 + 530 £+ 50 | — 79+05 — — — — Cesynaite et al. (2023)
line 5,300
Field soil 217 ~ 53,023 0 ~ 6.1 ~24 3.7 — 1.7 ~ 2.7 170 — Cesynaité et al. (2021)
599.78 ~ 11.5 ~ 215
Field soil 6,758 ~ 8,272  — — — — — — — Sujetoviene and Cesynaite
(2020)
Cyprus Field soil 78 ~ 7,265 — — — — — — — Christou et al. (2022)
South Korea Surface field soil 5127 ~ — 273 ~ 7 ~27 n.d. — — — Moon et al. (2021)
28,040 1,073 ~ 267
Field soil (5-15 cm) 4,147 ~ — 183 ~927 | 7 ~13 n.d. — — — Moon et al. (2021)
24,043 ~ 170
Field soil (15-30 cm) = 185 ~ 19,763 — 9-623 2~13 0~63 — — — Moon et al. (2021)
Field soil 362.3 £ 20.5 1144 + 5.7 Lee and Park (2008)
Australia Field soil 399 ~ 10,403 | 6.57 28.7 ~ 1.35 — 5.63 — 3.08 Sanderson et al. (2012)
~ 252 1,250 ~ 8.8 ~ 153 ~ 15.8
Spain Field soil 55 ~ 6,309 19 ~ 98 11~33  40~79  34~264  — — Rodriguez-Seijo et al.
(2016a)
Switzerland Field soil 22 ~ 12,533 <0.3 9.8 ~ 1489 | 439~64 — 574 ~ 87 | 180 — Knechtenhofer et al.
~ 676 ~ 550 (2003)
Finnish Shotgun field soil 350 ~ 1,300 nd. ~ 20 ~ 59 4~ 15 — 21 ~ 90 — n.d. Sorvari (2007)
1,200 ~ 200
Rifle field soil 9,600 ~ 22 ~ 330 320 ~ 970 85~16 — 52 ~ 76 — n.d Sorvari (2007)
19,800
America Field soil 4,549 ~ 7 ~91 223 ~ 3~ 247 — 102~284 83 ~930 | 28 Bannon et al. (2009)
24,484 2,936 ~ 279
Canada Field soil 14,400 ~ 150 ~ 570 | 1830 ~ — — 260 ~ — — Laporte-Saumure et al.
27,100 7,720 1,080 (2011)
Field soil 3,368 + 170 735 245 £ 11 — — 177 £ 2 — — Lafond et al. (2014)
China Field soil 37.2 ~ 66.9 — 20.6 ~ 116 | 18.8 29.1 71.1 497 252 Wang et al. (2022a)
~ 28.8 ~ 56.4 ~ 142 ~ 696 ~ 122

n.d. = not detected,/ = not determined.
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TABLE 2 Total contents of various pollutants in shooting ranges.

Molecular
formula

Pollutants

Country

Sample
position

10.3389/fenvs.2024.1352603

Concentrations (mg/kg in soil, pg/Lin References

water)

PAHs — Spain Soil 38 ~ 360 Rodriguez-Seijo et al.
(2017)

America Soil 373 Wolf et al. (2020)

America Soil 2,431

America Soil 1,324 Frakes et al. (2007)
Nitroglycerine C;H5N;04 America Soil <0.02 ~ 69.64 Clausen et al. (2011)
2,4- C;HgN,O4 America Soil <0.014 ~ 1.51 Clausen et al. (2011)
Dinitrotoluene

America Soil 205.69 + 54.44 He et al. (2007)

Canada Soil 0~2474 Jugnia et al. (2018)
2,6- C;HegN,O4 America Soil <0.18 Clausen et al. (2011)
Dinitrotoluene

America Soil 34.84 + 8.09 He et al. (2007)
TNT C;HsN;04 Canada Soil <0.25 ~ 0.49 Robidoux et al. (2004)
2-ADNT C,;H;N;0, Canada Soil <0.25 ~ 1.06 Robidoux et al. (2004)
4-ADNT C;H,;N;0, Canada Soil 0.25 ~ 6.68 Robidoux et al. (2004)
HMX C4HgNgOg Canada Soil 14 ~ 696 Robidoux et al. (2004)
RDX C3HeNgOg Canada Soil <0.25 ~ 2.8 Robidoux et al. (2004)

Canada Groundwater 3.52 ~ 196.7 Jugnia et al. (2019)

Canada Soil 0~04 Jugnia et al. (2018)

found in firing ranges across various countries. The concentrations
of copper and lead in the soils of these firing ranges exhibit
significant variability, which can be attributed to factors such as
range utilization, soil properties, and geographical location.

3.2 Organic substance

In contrast to the extensive attention given to the public health
implications associated with heavy metals like Pb and Sb in shooting
range soils, there exists a notable dearth of research conducted by
scholars on the topic of organic matter in these soils. The
concentrations of various organic contaminants at contaminated
sites are provided in Table 2 for reference.

Clay targets were composed of coal tar pitch or petroleum
(30-32wt%), clay or limestone (67-70wt%), and fluorescent
paint. Each kilogram of clay targets contains 3,000 ~ 40,000 mg
of PAHs. Significant PAHs contamination was generated at the
outdoor range due to the accumulation of clay target debris.
Rodriguez-Seijo et al. (2017) investigated soil from an abandoned
shooting range in Monforte de Lemos, NW Spain. PAHs detected
included acenaphthylene (6.0 ~ 56 mg/kg), acenaphthene + fluorene
(0.58 ~ 5.4 mg/kg), phenanthrene, anthracene (0.25 ~ 2.4 mg/kg),
fluoranthene (5.5 ~ 30 mg/kg), pyrene (3.5 ~ 28 mg/kg), Benzo [a]
anthracene (2.8 ~ 29 mg/kg), Chrysene (2.7 ~ 27 mg/kg), Benzo[b]
fluoranthene (6.8 ~ 70 mg/kg), Benzo[k|fluoranthene (1.9 ~
[a]pyrene (3 ~ 35mg/kg), Dibenzo[ah]
anthracene (2.1 ~ 26 mg/kg) and Indeno[l,2,3-c,d]pyrene +

19 mg/kg), benzo

Frontiers in Environmental Science

benzo[gh,i]perylene (1.8 ~ 23 mg/kg). The total concentration of
polycyclic aromatic hydrocarbons (PAHs) in the soil ranged from
38 to 360 mg/kg, significantly surpassing the background value for
natural Spanish soils (0.61 mg/kg). Based on chemical and
ecotoxicological data, the soils in this particular area pose a high
risk. In a study conducted in California and Florida, United States,
researchers investigated outdoor range soils and found total PAH
concentrations of 2,431 and 1,324 mg/kg, respectively (Frakes et al.,
2007). Wolf et al. (2020) demonstrated that decommissioned firing
ranges in California, USA, had a total PAH concentration of
373 mg/kg, with high molecular weight PAHs accounting for
84% of the total.

Nitroglycerine (NG), 2,4-dinitrotoluene (24-DNT) and 2,6-
Dinitrotoluene (2,6-DNT) are commonly used as energetics,
stabilizing agents, or filler compounds in small arms ammunition.
They are therefore deposited in the soil during military training. In their
study, Clausen et al. (2011) examined the presence of NG, 2,4-DNT,
and 2,6-DNT in soils at Camp Edwards, United States. The
concentrations of these contaminants were found to be below 0.02 ~
69.64, below 0.014 ~ 1.51, and below 0.18 mg/kg, respectively. Through
their analysis of NG, 2,4-DNT, and the fate of 2,6-DNT, the authors
established the existence of a potential threat to the groundwater at
Camp Edwards, Massachusetts Military Reservation.

The release of chemical constituents and degradation
both during the
manufacturing process and as a result of explosions in military

intermediates from munitions occurs

activities. Examples of such compounds include RDX (1,3,5-

trinitro-1,3,5-triazine), =~ TNT  (2,4,6-trinitrotoluene), HMX
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TABLE 3 Comparison of several major remediation technologies for contaminated sites at shooting ranges.

Restoration
type

Physical
remediation

Chemical
remediation

Biological
remediation

Restoration

techniques

Soil replacement

Mechanical
screening

Electrokinetic
remediation

Solidification/
Stabilization

Chemical leaching

Principle

Replacement of
contaminated soil
with clean
uncontaminated
soil

Sieving of soil
into particles of
different sizes to
remove
contaminants

Utilizes the
electrodynamic
effect to drive
contaminants
from the soil to be
removed with the
fluid medium

Immobilizes the
contaminant in
the medium and
keeps it in a more
stable state

A solution
containing a
flushing aid is
injected into the

Applicability

Suitable for surface
soil remediation of
small

contaminated sites

Suitable for soil
remediation of
small
contaminated sites

Suitable for soil
remediation of low
permeability
contaminated sites

Suitable for soil
remediation of
heavy metal and
highly polluted
sites

Suitable for soil
remediation of
highly permeable
and contaminated

Restoration
efficiency

Removal of soil
contaminants can
be achieved in a
relatively short
period of time

Shorter repair
cycles

Rapid removal of
soil contaminants

Removal of soil
contaminants can
be achieved in a
relatively short
period of time

Removal of soil
contaminants can
be achieved in a
relatively short

Advantages

Efficient
remediation of
small areas of
heavily
contaminated
topsoil in a short
period of time

Low cost;
environmentally
friendly

Low cost; easy
operation; not
limited by soil
permeability

Low cost; easy
operation; better
treatment results

Efficient and
rapid; suitable for
large-scale
remediation of

10.3389/fenvs.2024.1352603

Disadvantages

High cost; need to
consider reprocessing
of raw contaminated
soil; not applicable to
large-scale site
contaminated soil
remediation

Does not completely
remove contaminants;
not widely applicable

Low removal
efficiency for non-
migratory pollutants;
may cause changes in
soil pH, temperature

Cannot remove
contaminants; long-
term monitoring is
required after repair

High cost; potential
for secondary
pollution problems;
leads to reduced soil

References

Douay et al.
(2008), Jiang
et al. (2021)

Zhang et al.
(2020), Chang
et al. (2022)

Ouhadi et al.
(2010), Saini
et al. (2021)

Scanferla et al.
(2009), Kim et al.
(2023)

Xu et al. (2021),
Uwayezu et al.
(2024)

soil to clean and  sites period of time heavily fertility
elute the contaminated
contaminants soils
therein
Electrodialysis Porewater in the = Suitable for soil Faster repair time | Low cost; easy Low removal Ottosen et al.
remediation soil moves under = remediation of low operation; not efficiency for water- (2005), Pedersen
the force of an permeability limited by soil insoluble pollutants; et al. (2018),
applied electric contaminated sites permeability may cause changes in = Skibsted et al.
field, carrying soil physical and (2018)
away pollutants chemical properties
Phytoremediation | Effective soil Suitable for surface = The restoration Low cost; Time-consuming; low =~ Khan et al.
remediation by soil remediation of | cycle is long environmentally biomass; poor deep (2021a), Manke
utilizing the small friendly; less soil remediation; there = et al. (2024)
purification contaminated sites destructive to soil | are limitations to the
function of plants structure scope of adaptation
themselves
Microbial Microorganisms  Suitable for Longer restoration | Strong Complex screening Kim et al. (2010),
remediation degrade and remediation of time enrichment and incubation, not Rodriguez-Seijo
metabolize specific types of capacity; good suitable for treating et al. (2016b)

pollutants as
energy sources,
among other
things

contaminated site
soils

(1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane), among others. These
substances, even at low concentrations, have the potential to
endanger the ecosystem. Robidoux et al. (2004) conducted an
assessment of the toxicity levels of RDX, TNT, and HMX in soil
samples obtained from a military contaminated site located in

Western Canada. The concentrations of these substances were
measured to be less than 0.25-2.8 mg/kg for RDX, less than

0.25-0.49 mg/kg  for

TNT,

and

14-696 mg/kg  for

HMX.

Additionally, the study also determined the presence of two
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restoration effect;
environmentally
friendly

high concentrations of
pollutants

metabolites of TNT, namely, 2-amino-4,6-dinitrotoluene (2-

ADNT)

and 4-amino-2,6-dinitrotoluene

(4-ADNT),

with

concentrations ranging from less than 0.25-1.06 mg/kg for 2-
ADNT and less than 0.25-6.68 mg/kg for 4-ADNT. The findings
of Jugnia et al. (2019, 2018) revealed that soil from contaminated

sites in Eastern Ontario, Canada, may potentially endanger soil
organisms, as indicated by toxicity evaluations conducted on

microorganisms, earthworms, and plants. The concentration of

RDX, a military-related contaminant, was determined to range
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FIGURE 3
Physical restoration techniques. (A) Schematic cross-section of the soil filling process. This figure has been reprinted from Liu et al. (2018), with
permission of the publisher. (B) Removal of ionic contaminants from soil by electrokinetic remediation techniques and its main mechanisms. This figure
has been reprinted from Cameselle et al. (2013), with permission of the publisher.

Leachate storage
and treatment

c i C
system

system

Conditioning of
anode solution

Conditioning of
cathode solution

Anode | Cathode

Fluid circulation
system

Fluid circulation
system

Soil Particles

from 0 to 0.4 mg/kg in soil and 3.52 ~ 196.7 ug/L in groundwater at
the aforementioned site.

4 Contaminated site remediation
technologies for decommissioned
firing ranges

Currently, contaminated soils at range sites are remediated
mainly by physical remediation, chemical remediation, and
bioremediation (Table 3). Among them, physical remediation
mechanical electric

includes soil replacement,

remediation and vitrification. Physical remediation technology

screening,

has a shorter remediation cycle and is suitable for short-term

pollution remediation. Chemical remediation is mainly
represented by curing/stabilization, chemical drenching and
electrodialysis ~ remediation, which can realize efficient
remediation of highly polluted sites (Befkadu and Chen, 2018; Ni
et al., 2023b). Bioremediation has become more popular in recent
years, and microbial

remediation, which is low-cost and a kind of environmentally

mainly including phytoremediation

friendly in-situ remediation technology with a broader

development prospect (Xu et al., 2019; Raimondo et al., 2020).

4.1 Physical restoration techniques

Common physical remediation techniques employed for
contaminated soils at firing ranges encompass soil replacement,
electrokinetic ~ remediation  and

mechanical  screening,

vitrification (Figure 3).

Frontiers in Environmental Science

4.1.1 Soil replacement

The conventional approach of directly excavating and
transporting contaminated soil to a landfill is merely a customary
method (Sorvari et al., 2006). Nevertheless, given the remote nature
of range locations and their limited asset worth, the utilization of
such mass transportation proves to be economically unviable and
unsuitable for the remediation of contaminated soils originating
from firing ranges (Allen, 2001).

4.1.2 Mechanical screening

Mechanical screening can be effective in removing large particle
size contaminants such as bullets and their fragments. In their study,
Yin et al. (2010) employed three effective management practices to
address the detrimental environmental effects of lead bullets in
range soils. These practices included the substitution of soil berm
with sand berm, the application of lime to the sand berm, and the
removal of lead bullets from berm soils through mechanical sieving.
The replacement of soil berm with sand berm resulted in a reduction
of the total soil Pb content from 277 to 57 mg/kg after a period of
11 months. The substitution of a soil berm with a liming sand berm
resulted in a decrease in the overall concentration of lead (Pb) in the
soil, reducing it from a range of 497-777 mg/kg to a range of
302-362 mg/kg after a period of 15 months. Despite the
elimination of the initial source of soil Pb through mechanical
sieving, the sieving process itself introduced metallic Pb into the
soil particles smaller than 2 mm, leading to an increase in the total
soil Pb content from 4,694 to 11,479 mg/kg. Thangavadivel et al.
(2018) employed a heavy particle concentrator and orbital screening
technique to eliminate lead particles. Subsequently, they subjected
the treated soil to high-performance concrete as a secondary
treatment. This combined approach successfully achieved a 91%
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Examples of chemical remediation techniques. (A) Chemical immobilization technique; (B) Schematic diagram of the chemical leaching process.
This figure has been reprinted from Khan et al. (2021), with permission of the publisher.

removal of total lead content. Moreover, the resulting lead
concentration in the treated soil fell below the threshold set by
the Australian National Environmental Protection Measure Health
Investigation Level for Soil Contaminant.

4.1.3 Electrokinetic remediation

Electrokinetic remediation is a class of in situ physical
remediation technology, mainly by applying a small electric
current between the anode and cathode in the contaminated soil
to achieve the removal of pollution (Saini et al., 2021). Cai et al.
(2022) found that both continuous power supply and intermittent
power failure can effectively remove Cd contamination from soil
through a comparative experiment of soil electrokinetic
remediation, in which the efficiency of remediation with
intermittent power failure is higher. In addition to effective
remediation of inorganically contaminated soils, electrokinetic
remediation technology can be used in combination with
surfactants, nanoparticles and oxides for effective removal of soil

organic matter (Cameselle and Gouveia, 2018).

4.1.4 Vitrification

In-situ  vitrification  technology  converts  heavily

contaminated soils into inert and non-migratory vitrified
briquettes, reducing the
contamination (Shu et al, 2020). The technology can

spread and dispersion of soil
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effectively control the contamination of soil with many heavy
metals, including radionuclides (Buelt and Farnsworth, 1991;
Yasunari et al., 2011). However, the soil vitrification treatments
were relatively long and the soil immobilization was not
homogeneous (Chen et al., 2019).

4.2 Chemical remediation technology

There are very extensive studies on chemical remediation
techniques for remediating contaminated soils at the range,
solidification/stabilization, ~ chemical

including leaching,

electrodialysis, and others.

4.2.1 Solidification/stabilization

The process of solidifying/stabilization involves the
incorporation of solidifying/stabilizing agents into the treated
soil, resulting in the transformation of toxic heavy metals present
in the soil into insoluble forms that exhibit reduced mobility and
toxicity (Figure 4A). This process effectively hinders the leaching of
heavy metals, thereby rendering it environmentally sustainable.
Additionally, the treated soil can be reused, further enhancing
the overall efficacy of this technology. Furthermore, the versatility
of this approach allows for its application in various scenarios

(Mulligan et al, 2001; Guo et al, 2006). Notably, in certain
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instances, this technology has demonstrated the capability to
diminish soil lead concentrations to levels that comply with the
maximum contamination limits established by both the U.S.
Environmental Protection Agency (USEPA) and the World
Health Organization (WHO) (Dinake and Kelebemang, 2019).
Stabilization techniques can also be used in conjunction with
other remediation tools to achieve higher removal results.
Remediation of co-contaminated soil by extraction/degradation of
organic contaminants and stabilization of Pb, Islam and Park, (2017)
investigated the effect of hydrothermal treatment under subcritical
conditions on the immobilization of lead in contaminated soil from
a target range. The process resulted in a substantial conversion of the
bioavailable portion of lead into a comparatively stable fraction,
leading to a reduction in the bioavailable fraction from 41.33% to
14.66%. The application of high-temperature treatment appears to
be effective in reducing the bioavailability and ecotoxicity of soils
contaminated with Pb. Furthermore, the remediation of the affected
range soils resulted in a shift from a high risk of pollution and
ecological risk to a medium risk (Islam and Park, 2017). Commonly
used solidification/stabilization materials include phosphorus-
containing materials (poultry wastes, waste cattle bones, and
gypsum wastes) (Cao et al, 2009), lime-containing materials
(lime, eggshells, oyster shells, and mussel shells) (Cui et al,
2023), biochar materials (Shen et al, 2016), and iron-based
materials (iron salts, nanoFe) (Azizi et al., 2017).

Phosphate-stabilized remediation has been implemented as a
means of regulating the movement and accessibility of heavy metals
within range soils, owing to its capacity to stabilize lead-phosphate
deposits across a broad pH spectrum. The substances employed for
phosphate stabilization encompass hydroxyapatite, phosphate rock,
and phosphates (Ogawa et al., 2015; Han et al., 2022; Mi et al., 2023).
The findings of the investigation conducted by Fayiga and Saha,
(2016a) demonstrated a substantial decrease in Pb levels, from
800 mg/L to below 1 mg/L, subsequent to the application of
phosphate rock and phosphoric acid in range soil. In their study,
Sanderson et al. (2015) employed phosphate amendments for the
remediation of polluted soils in a firing range. The application of
phosphate resulted in a notable reduction of lead bioavailability in
the soil, with a decrease of 55%. Furthermore, the leaching rate and
weathering degree of lead bullets exhibited a significant decline,
reaching up to 98%, following the application of phosphate onto the
bullet surfaces. In their study, Ogawa et al. (2015) employed a
combined application of hydroxyphosphate lime and ferrihydric
compounds, resulting in the inhibition of 99.9% of water-soluble Pb
and 95.5% of water-soluble Sb. These inhibitory effects were found
to be superior to those observed when hydroxyphosphate lime or
ferrihydric compounds were applied individually. Similarly, Yan
et al. (2016) utilized alkali residues obtained during phosphorus
adsorption to immobilize lead in soil within a limited area in Jiangsu,
China. Phosphorus-loaded alkali slag and calcined phosphorus-
loaded alkali slag exhibited conversion rates of over 60% and
90% for soil Pb into residual fractions, respectively. Conversely,
raw alkali slag and calcined alkali slag without phosphorus only
achieved conversion rates of 14% and 35% for soil Pb into residual
fractions, respectively. It is important to acknowledge that the
remediation of phosphate in range soils necessitates careful
consideration of the potential eutrophication risk stemming from
elevated phosphorus application rates.
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Lime-based materials have proven effective in serving as
remediation agents for contaminated soils at the range due to
their ability to adsorb heavy metals and/or form insoluble
minerals in the soil (Li et al., 2019; Sun et al, 2023). In a study
conducted by Levonmiki and Hartikainen, (2007), the remediation
efficiencies of two lime-based agents with varying reactivities,
namely, calcium carbonate and blast furnace slag, were compared
in relation to Pb remediation in range soils. After a 21-day reaction
period, it was found that calcium carbonate exhibited greater
mobility in reducing Pb compared to blast furnace slag. In their
study, Conesa et al. (2010) effectively employed the application of
Ca(OH), and humic acid amendment to extract metallic antimony
from various soil samples in Switzerland. Ahmad et al. (2012), on the
other hand, utilized eggshell waste as a means to immobilize Pb in a
military firing soil in South Korea. Their findings revealed that the
inclusion of 5% eggshells and calcinated eggshells resulted in a
significant reduction of the TCLP-Pb content in the soil by 68.8%.
Moreover, the Pb content and performance achieved with these
additions were comparable to those achieved with pure CaCO; and
CaO, respectively. Therefore, these modifiers have the potential to be
used as lead fixatives as alternatives to calcium carbonate and
calcium oxide.

In recent years, there has been a growing interest in the
utilization of natural or waste materials for the immobilization of
trace metals, primarily due to their cost-effectiveness. One such
material, biochar (BC), has been recognized as an effective adsorbent
for the immobilization of trace metals (Zou et al., 2023). In a study
conducted by Ahmad et al. (2012), highly contaminated military
range soil in South Korea was treated using mussel shells, bovine
bone, and biochar. The findings revealed that the bioavailability of
lead in the soil treated with mussel shells, cow bones, and biochar
was reduced by 92.5%, 84.8%, and 48.5%, respectively. In their study,
Ahmad et al. (2016) conducted an investigation utilizing soybean
straw and pine needle derived biochar to assess the immobilization
of Pb and Cu in range soils. The results demonstrated that the
soybean straw based biochar exhibited a higher efficacy in
immobilizing Pb (88%) and Cu (87%) compared to the pine
needle based biochar. In their study, Rajapaksha et al. (2015)
examined the impact of various soil amendments, including
trichocarp ragweed biomass and its derived biochar at different
temperatures (300°C and 700°C), natural iron oxides (NRE),
the
immobilization of heavy metals in the soils of the designated site

alumina  trihydrate, and silver nanoparticles, on
following 1 year of soil cultivation. The findings revealed that all of
these soil amendments resulted in a reduction in the concentration
of extractable Pb and Cu in the soil. Notably, the biochar produced at
300°C exhibited the highest efficacy in immobilizing the heavy
metals. In their study, Vithanage et al. (2017) examined the
impact of carbon nanotubes and biochar derived from soybean
straw on the bio-efficacy of Pb, Cu, and Sb in range soils. The
researchers discovered that biochar produced from soybean straw
effectively immobilized bioeffective Pb and Cu in the range soils,
resulting in reductions of 17.6% and 16.2% respectively. This
immobilization was achieved at a lower cost. However, neither
modifier proved effective in immobilizing Sb. In a separate study,
Silvani et al. (2019) developed a waste wood biochar and a wood
shrub iron enriched design biochar for the remediation of low TOC

range soils. The findings indicate that the inclusion of 20% BC
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resulted in a 61% reduction in Pb leaching and a 12% reduction in Sb
leaching, while the addition of Fe-BC led to a 99% decrease in Pb
leaching and a 40% decrease in Sb leaching. These results
the
remediating contaminated soils within the desired range.

demonstrate efficacy of modified biomass waste in

It is worth noting that iron-based materials, including iron
hydrate and acicular ferrite, are commonly employed as
amendments in contaminated soils within the range. These iron-
based adsorbents function by immobilizing heavy metals through
the process of adsorption (Zhao et al., 2023). The weathering and
corrosion of zero-valent iron (Fe®) occurs when exposed to air and
moisture, resulting in the formation of different iron (hydrogen)
oxides. These oxides create additional adsorption and binding sites
for heavy metals in the soil (Wang et al., 2022). Okkenhaug et al.
(2016) successfully employed iron-based adsorbents to immobilize
Pb and Sb, achieving immobilization rates of 89%-90% for Sb and
89%-99% for Pb in heavy metal-contaminated soil at the Norway
Range. Tandy et al. (2017) conducted a study to assess the impact of
two red mud amendments (ViroSoilTM 1 and 2) and two reductant
treatments (zero-valent iron and ferrous sulfate) on the leaching of
metal (loid) from the soil in the Switzerland range. The purpose of
their research was to investigate the effects of these treatments. The
findings of the study demonstrated that the utilization of ferrous
sulfate resulted in the reduction of SbV to SbIIl, -effectively
preventing Sb leaching. However, it was observed that the
acidifying effect of ferrous sulfate, along with the reducing and
dissolving impact of manganese oxides, had a detrimental influence
on Pb leaching. Moreover, the combination of red mud amendment
and ferrous sulfate exhibited comparable efficacy to FeSO4 alone in
immobilizing Sb and reducing Pb leaching. In a separate study
conducted by Mariussen et al. (2017), ferric hydroxide powder and
zero-valent iron powder were mixed in range soils to assess their
overall effectiveness as stabilizers for contaminated soils in the
range. The concentration of Pb, Cu and Zn in soil leachate was
reduced by 79%-99% when these two additives were mixed into
acidic soil. In their study, Barker et al. (2023) performed soil column
experiments to investigate the impact of two remediation
treatments, namely, ferric chloride/calcium carbonate and nano-
zero-valent iron (nZVI), on the immobilization of Pb and Sb in
range soils. The results revealed that the incorporation of nZVI had
minimal effect on the immobilization of Pb and Sb in the soils. On
the other hand, the amendments of FeCl, and CaCO; led to a
reduction of over 80% in the concentrations of Sb in the soil pore-
water. In their study, Khan et al. (2023) conducted the preparation of
biochar derived from pine-one waste, followed by the enrichment of
biochar with Fe and Al salts to create engineered biochar. The results
indicated that all three biochars effectively immobilized Sb (V)
within the soil range. Notably, the Fe biochar exhibited superior
immobilization capacity compared to the other two biochars,
attributed to the heightened affinity of Sb (V) towards the Fe-
binding functional groups present on its surface.

4.2.2 Chemical leaching

Chemical leaching, which involves the use of acids, bases, and
chelating agents, is a commonly employed and effective method for
treating heavy metals in range soils due to its rapid remediation
capabilities and cost-effectiveness (Figure 4B and Figure 5). In the
study conducted by Lafond et al. (2012), it was found that the
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application of 1M sulfuric acid and 4 M sodium hydroxide
effectively eliminated 75% of the Pb in the contaminated soil
from a Canadian range, as well as Cu, Sb, and Zn. Lafond et al.
(2013) employed chemical leaching techniques to eliminate heavy
metal contaminants from a small Canadian military range. Through
their investigation, they determined that the combination of sulfuric
acid leaching and the introduction of sodium chloride proved to be
the most efficient approach. Furthermore, when implemented
alongside a continuous leaching process, this method achieved a
removal rate of 96% for Cu, 99% for Pb, 84% for Sb, and 86% for Zn
in Canadian military small ranges. Subsequently, a counter-current
leaching process was employed, resulting in the removal of 93.2% +
3.5%, 91.5% + 5.7%, 82.2% * 10.9%, and 30.0% * 11.4% of Cu, Pb,
Sb, and Zn, respectively, from the targeted range soils (Lafond
et al., 2014).

Although acid (EDTA)
commonly used chelating agent, its toxicity and persistent

ethylenediaminetetraacetic is a
presence in the environment make it unsuitable for long-term
application (Wu et al, 2015). In their study, Ni et al. (2023a)
investigated the substitution of [S,S]-ethylenediamine succinic
acid, N,N-dicarboxymethyl glutamic acid, and 3-hydroxy-2,2-
iminodisuccinic acid for EDTA in the Japanese Imari Range soil
to facilitate cleaning and chemical immobilization. The authors
found a positive correlation between the soil washing parameters
and the Pb removal effect of the chelating agents. Furthermore, the
application of FeCl; and CaO as post-treatment significantly
reduced the soluble Pb content in the soil that underwent
chelator washing. This remediation strategy, which combines
chemical leaching with curing/stabilization, can be a practical
treatment method for extracting large amounts of lead from soil
and inhibiting residual lead leaching. Etim, (2017) employed acetic
acid in conjunction with varying concentrations of potassium
chloride and the electrochemical reduction method to address
soil remediation in Nigeria. Notably, the utilization of a 5%
acetic acid and 5% KCL wash solution yielded the most favorable
outcomes, with lead removal rates ranging from 74.9% to 86.9%.
This particular solution exhibits potential as a viable alternative to
potent acids and chelating agents. Moreover, subsequent treatment
of the leachate containing Pb through the utilization of Al-Al and
Al-Fe bipolar electrodes resulted in removal rates of 93.7% and
94.5% respectively.

The presence of high concentrations of strong acids in heavy
metal-contaminated range soil, which is intended for reuse, poses a
significant risk to soil microorganisms and can adversely affect the
soil’s physicochemical properties. Additionally, chelating agents are
not a viable option for treating range soil due to their costly nature
and drawbacks, including limited treatment efficacy and the
requirement for subsequent treatment.

4.2.3 Electrodialysis remediation technology
Electrodialysis remediation technology offers a solution by
effectively extracting heavy metals from the soil, resulting in a
final concentration below the established effects levels (Figure 6).
In their study, Pedersen et al. (2019) employed multivariate analysis
to concurrently evaluate the impacts of soil properties and
experimental variables on the electrodialysis process for the
elimination of Cu and Pb from soils at three designated
To in situ and ex situ remediation

locations. represent
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Schematic diagram of soil electrodialysis remediation
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conditions, laboratory-scale fixed and agitated units were utilized.
The agitation unit exhibited higher removal rates of Cu and Pb
(ranging from 9% to 81%) compared to the fixed unit (ranging from
0% to 41%) within the identical experimental setting. The findings of
the multivariate analysis (MVA) indicate that the impact of soil type
on the effectiveness of remediation is contingent upon the specific
metal being targeted and varies across different fixation and
agitation configurations. Enhancing the removal of copper
through adjustments to the experimental setup is more feasible
in the agitation setup, which can be achieved by augmenting the
current density. On the other hand, optimizing the removal of lead
can be accomplished by prolonging the treatment duration and, in
the agitation setup, by also increasing the current density.

4.3 Bioremediation

Bioremediation is currently a popular remediation technology
for site contamination remediation (Figure 7). This remediation
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method utilizes a biodegradation process to remove contaminants
from the environment, thereby minimizing environmental risks
(Seagren, 2024). For various types of inorganic metals and
organic pollutants such as polycyclic aromatic hydrocarbons
(PAHs) in the contaminated soil of the target range, common
bioremediation methods include phytoremediation and microbial
remediation techniques (Ni et al., 2023a; Ansari et al., 2023).

4.3.1 Phytoremediation

Certain plant species possess the capacity to assimilate and
endure deleterious heavy metals present in the soil within a given
area. These plants can be employed to hyperaccumulate the
aforementioned heavy metals, thereby facilitating the utilization
and regulation of soil contaminated with heavy metals in the
above-mentioned area (Figure 8). Consequently, this procedure
curtails the movement and percolation of heavy metals in the soil
by immobilizing and stabilizing them, thereby diminishing their
with
phytoremediation. Hyperaccumulating plants can transfer toxic

interaction organisms, a phenomenon known as
heavy metals that they have absorbed to the above-ground parts
of the plant, such as shoots and leaves, at concentrations significantly
higher (ranging from 100 to 1,000 times) than those observed in
non-hyperaccumulating plants. Additionally, it is noteworthy that
the absorption of these high concentrations of heavy metals does not
elicit any toxic effects on the plant (Singh et al., 2016). The ability of
plants to accumulate metals is regulated by their growth rate and
their capability to translocate metals to aboveground tissues. In situ
phytoremediation can manifest in various forms, including
phytoextraction, root filtration, phytostabilization, — and
phytovolatilization. However, two main forms of phytoextraction
and phytostabilization have been used in the contaminated soil of
the range.

Phytoextraction is the process of utilizing specific plant species
to extract contaminants from the soil, thereby reducing the overall

concentration of soil pollutants (Suresh and Ravishankar, 2004).
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Soil bioremediation techniques for heavy metal and organic pollution.
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FIGURE 8

Phytoremediation mechanism diagram. Main pathways of
Phytoremediation includes phytodegradation, phytovolatilization,
phytoextraction, phytostabilization and phytostimulation.

Perennial herbaceous plants, due to their rapid growth, substantial
biomass, extensive root systems, and moderate tolerance to
pollutants, are generally considered suitable candidates for
remediating heavy metal contamination (Yang et al, 2005).
Numerous plant species, including various brassicas, clover
(Pennisetum), trillium (Panikum), willow, and tobacco, have been
extensively studied for their phytoextraction capabilities to different
metals (Grispen et al., 2006; Abdel-Sabour and Al-Salama, 2007;
Neugschwandtner et al., 2008; Purakayastha et al., 2008). Significant
advancements have been achieved in the utilization of this technique
for the improvement and restoration of range soil. In their research,
Koelmel and Amarasiriwardena, (2012) employed laser ablation-
inductively coupled plasma mass spectrometry (LA-ICP-MS) to
investigate the spatial distribution of Cu, Pb, Sb, and Zn within
the rhizomes of herbaceous ferns in range soils. The findings of their

Frontiers in Environmental Science

13

study indicated that the inner amyloplast cortex adjacent to the
cortex exhibited elevated concentrations of Pb, Cu, and Zn within
the rhizome tissue. In the outer amyloplast cortex, Pb was found to
be concentrated, while Cu and Zn were evenly distributed in the
cortex on both sides at the control site. This finding provides a basis
for the effective implementation of phytoextraction techniques in
the remediation of soils containing Pb and Sb. According to a study
conducted by Tariq and Ashraf, (2016), which compared the uptake
of Pb by oilseed rape, sunflower, pea, and maize in soils with high Pb
concentrations (1,331 mg/kg), peas demonstrated the ability to
uptake up to 96.23% of Pb and exhibited the highest
Coefficient (BCF), hyper-
enrichment properties. (KKhan et al,, 2021). examined the efficacy

Bioaccumulation indicating its
of phytoremediation in addressing soil contamination caused by
firing ranges in Pakistan. Through conducting room temperature
experiments, the researchers discovered that both dogbane and
annual herb quinoa demonstrated the capacity to absorb Pb from
the soil via their root systems and subsequently transport it above
ground. Moreover, these plants exhibited resilience even when
thus qualifying them Pb
hyperaccumulating plants. However, it is worth noting that

exposed to higher doses, as
quinoa displayed necrotic/greening toxic effects. Consequently,
dogbane emerges as a more effective candidate for remediating
Pb in shooting range soils. In their study, Conesa et al. (2011)
conducted potting experiments to investigate the uptake of three
Swiss plants in Pb-contaminated range soils. The results indicated
that common wheat exhibited a higher absorption of Pb in its root
system (~200 mg/kg) compared to perennial ryegrass (130 mg/kg)
longleaf  plantain (110 mg/kg).  Furthermore, the

bioconcentration factors (BCFs) for all three plants were found

and

to be less than 1, suggesting that the utilization of these plants in
phytoremediation practices for range soil contamination can
effectively mitigate the risk of lead transfer to the food chain.
Hockmann et al. (2018) examined the uptake of Sb, Pb, Cu, and
Zn by four commonly found forage grasses, namely, perennial
ryegrass, white clover, longleaf plantain, and bluntleaf sourmilfoil.
The investigation took place in the field, specifically on abandoned
and aerobic range soils, and involved both flooded and drained
conditions. The findings revealed significant variations in the uptake
of Pb, Cu, and Zn among the different species, with Pb and Zn
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exhibiting the most pronounced impact on metal uptake.
Interestingly, the levels of lead and zinc in blunt-leaved Rhodiola
rosea were found to be 2-4 times higher under drained conditions
compared to flooded conditions.

Phytostabilization encompasses the utilization of plants,
fertilizers, and soil amendments to sequester and immobilize
micronutrient-contaminated soils, thereby diminishing their
bioavailability (Nsanganwimana et al, 2015). Notably, certain
biofuel crops, namely, manzanita and willowherb, have exhibited
promising capabilities for plant stabilization in Eastern Europe and
the United States of America (Andrejic¢ et al., 2019). Additionally,
grass species offer advantages as phytostabilizing plants due to their
tendency to accumulate fewer metals in their above-ground tissues
compared to other species. Wilde et al. (2005) observed a
noteworthy increase in Pb concentration within the root system
of vetiver, while the leaves showed minimal enrichment. This
accumulation of Pb in the root system highlights the potential of
vetiver for phytostabilization, as it can effectively control Pb levels in
the soil and subsequently reduce the risk of contaminant diffusion.
Furthermore, the study showcased the significant potential of
utilizing vetiver in conjunction with diverse amendments for the
treatment of lead-contaminated range soils. Andrés Rodriguez-Seijo
et al. (2016a) discovered that filamentous shearwaters have the
potential to serve as an effective plant stabilizer for lead in the
soils examined, as well as in soils with comparable attributes. The
findings revealed that the roots of the grass exhibited high
concentrations of Pb (1,107 mg/kg), while the branches displayed
lower concentrations.

The incorporation of amendments in the phytoremediation
process of range soils can effectively enhance the plant’s ability to
remediate such soils. Liu et al. (2013) observed a noteworthy rise in
the quantity of exchangeable Sb in range soils after biochar
treatment, but a decrease in accumulation in corn plants.
(2008) that
amendments, specifically poultry waste, into Panicum maximum
Jacq. plants effectively stabilized high levels of Pb (19,600 +
730 mg/kg) in the soil within a designated target range. This

Hashimoto et al discovered incorporating

approach not only mitigated the cumulative dissolution of Pb in
leachate and the concentration of Pb in water within the soil profile
but also minimized the potential risk of Pb contamination in the
target area. The findings of Alasmary et al. (2021) demonstrated that
the incorporation of manzanita along with organic and inorganic
phosphorus amendments yielded favorable outcomes in terms of
stabilizing Pb in range soils, while concurrently mitigating potential
environmental hazards and enhancing soil health.

4.3.2 Microbial remediation

Furthermore, alongside plants, the utilization of certain
microorganisms can also be considered for range restoration
purposes. Studies have shown that in response to environmental
stresses at contaminated sites, microbial communities in soil
adopt different strategies to cope with such environmental
changes (Liu et al, 2023). Jugnia et al. (2019) observed that
microorganisms effectively reduced RDX levels in groundwater
in the range to below 0.1 ug/L. Notably, Geobacter, Clostridium,
Klebsiella and Bacteriodales exhibited predominant activity as
active organisms, and the introduction of waste glycerol further
augmented the biodegradation of RDX. The utilization of waste
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glycerol in range soils demonstrated comparable enhancement of
RDX biodegradation, while exhibiting limited impact on the
biodegradation of 2,4-DNT (Jugnia et al., 2018). According to
Lee and Kim, (2010), the utilization of a microbial-mediated
leaching process known as bioleaching has been suggested as a
means to eliminate heavy metals from soils and sediments.
Among the microorganisms commonly employed in this
process, Thiobacillus thiophilus sulfoxidans stands out as a
prominent choice due to its capacity to support growth
through the oxidation of reduced sulfide and utilization of
carbon dioxide as an energy source for cellular metabolism.
The
employed by the researchers to augment the biological activity

acidophilic  oxidizing Thiobacillus thiophilus was
in the bioleaching process. Additionally, they integrated acid-
enhanced and EDTA-enhanced electrokinetic techniques, which
demonstrated a notable removal of lead (92.7%) compared to
non-biological methods. Moreover, plant roots contribute
nutrients to root microorganisms, facilitating a synergistic
plant and microbial remediation approach that exhibits
exceptional efficacy (Sas-Nowosielska et al., 2008). Wolf et al.
(2020) conducted a study utilizing integrated bioremediation
techniques to address the presence of polycyclic aromatic
hydrocarbons (PAHs) in soils contaminated by outdoor
ranges. The researchers evaluated the effectiveness of various
remediation  approaches,

bioaugmentation with Mycobacterium wambachii PYR-1, and

including  phytoremediation,
the use of surfactant modifiers, either individually or in
combination. The investigation revealed that the dissipation of
PAHs, particularly in the inter-root region, notably in dogbane
plants, was accompanied by alterations in enzyme activities and
enhancements in lettuce seed germination. Repeated applications
of Mpycobacterium avium subspecies PYR-1 resulted in a
significant enhancement in the dissipation of high molecular
weight PAHs when compared to the control group without
the of
rhamnolipid biosurfactant or Brij-35 was found to be limited,

inoculation.  Conversely, application  efficacy
necessitating further investigations to determine the optimal
concentration of surfactant and the interval for repeat
application.

Bioremediation offers an advantage over alternative soil
remediation techniques due to its minimal disruption to the
ecosystem (Tangahu et al, 2011), and its ability to preserve soil
structure throughout the remediation process. Significantly,
bioremediation is characterized by minimal chemical usage, cost-
effectiveness, and environmental friendliness (Sanderson et al,
2018).  Moreover, encompasses  additional

advantageous processes, including the capacity of plants to

bioremediation

mitigate heavy metal accumulation in the soil through root
system immobilization, thereby reducing soil erosion and
weathering-induced dust emissions, as well as mitigating the

adverse effects of rainwater runoff on soil quality.

5 Prospects

This paper highlights the research gaps and technical challenges
that are crucial for the advancement of efficient remediation
technologies in addressing range sites. Current research on
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pollution remediation technologies for range sites still has certain
deficiencies. For example, most of the current research only stays at
the level of theoretical and laboratory validation of pollution control,
and the feasibility of practical operation is not fully considered.
Meanwhile, experimental validation generally selects only a small
sample, limiting the generalizability of the results. In addition, most
of the current studies do not pay enough attention to the correlation
between environmental factors such as temperature and
precipitation at the range site and factors such as anthropogenic
activities and site contamination, which also makes the research
perspective more one-sided. The following aspects can be
considered in the future to optimize the current research on

contamination-free management of range sites.

(1) It emphasizes the predominant presence of Pb as the
primary pollutant in firing ranges and the limited focus
of researchers on remediating this pollutant. However, it is
important to recognize that the associated contaminants,
such as Sb, Cu, Zn, Ni, As, PAHs, and RDX, which are
introduced through the weathering of munitions and clay
targets, may possess equal or greater ecotoxicity. This is
because these pollutants have a higher proportion of
bioavailable metals than Pb or are highly bioconcentrated.
Simultaneously, the researchers’ remediation measures were
exclusively aimed at addressing soil contamination within
the range area. However, it has been reported that elevated
levels of contamination have also been detected in the
surrounding groundwater and surface water (Okkenhaug
et al, 2018; Jugnia et al., 2019). Furthermore, it is

noteworthy that mercury (Hg) compounds were
historically utilized as primers for rifle and pistol
ammunition  (Stauffer et al., 2017). Despite the

discontinuation of mercury-containing munitions in the
1960s, the resulting pollution cannot be disregarded.
Regrettably, limited research has been conducted in this
area, and the natural recovery processes tend to be sluggish.
Hence, it is imperative to direct attention towards the
comprehensive contamination level of the range site,
prioritizing the overall efficacy of site remediation rather
than solely pursuing high removal efficiency of individual
matrices and contaminants.
(2) Emerging bioremediation technologies are being developed to
offer economically feasible and environmentally sustainable
solutions for the decontamination of firing range sites,
capable of effectively addressing large-scale contamination.
However, there is a lack of comprehensive understanding
regarding the precise mechanisms of remediation. Therefore,
it is imperative to integrate spectroscopic, imaging, genomics,
metabolomics, and proteomics techniques to elucidate the
fate of pollutants during the remediation process. This will
enable a thorough comprehension of the purification
mechanisms associated with each remediation measure
employed at contaminated sites.
(3) It is important to note that while various remediation
measures can mitigate the risks posed by elevated levels
of contaminants in soils and decrease the ecotoxicity of
metals and organics, their effectiveness may vary depending
on the receptors and contaminants present at specific study
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sites. Even though these measures generally led to a decrease
in exchangeable metals or the removal of contaminants from
the site, the bioavailability of co-contaminants in the treated
soils remained relatively elevated. To achieve equilibrium in
the immobilization of various contaminants across diverse
soil properties, it is imperative to use suitable models for
contaminant removal that are tailored to the specific site,
soil characteristics, contaminant quantity and composition,
as well as the binding mechanisms of contaminants in the
in the
exchangeable state in the soil, due attention should also

soil. In addition to the reduction of metals

be given to the possibility of re-activation of stabilized metal
fractions. Additionally, a comprehensive approach that
combines existing remediation technologies should be
considered to enhance the efficacy of remediation, while
also taking into account cost-effectiveness. For
phytoremediation techniques, the rational post-treatment
of metal-accumulating plants is also a current and urgent
consideration. Subsequently, pilot-scale treatability studies
are conducted to evaluate the ecological risk posed by toxic
establish  safety thresholds for
thereby  customizing the

implementation of remediation strategies to individual sites.

contaminants and

environmental elements,
The majority of previous research about the remediation of
range contamination has predominantly concentrated on
the examination of contaminated area samples within
controlled laboratory settings. Consequently, there exists
the
implementation of these remediation strategies for the

a scarcity of information regarding practical
treatment of contaminated soil and groundwater in their
natural environment. Hence, it is imperative to devise in situ
remediation technologies that possess distinct advantages,
remediation

the

including reduced expenses, expedited

duration, and minimal adverse impact on
surrounding ecosystem.

(5) The utilization of artificial intelligence can enhance the

comprehension of range site contamination and pollution,

facilitating improved management of contaminated sites.

6 Conclusion

The issue of site contamination resulting from range activities
has garnered heightened attention in recent years. Currently,
worldwide range pollution is still a persistent environmental
problem that needs to be solved. A number of studies have
shown that range pollution is widespread and that the organic
and inorganic pollutants produced have serious adverse effects on
the surrounding soil and groundwater environment, and even on
human beings in the vicinity. Starting from the current status of
range contamination, this review systematically describes several
major types of contamination remediation technologies and draws
the following conclusions:

(1) Traditional military shooting methods result in a large
number of toxic heavy metals and organic pollutants
remaining in the shooting range soil environment, and the
degree of contamination increases with the aging of the soil.
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(2) Through bibliometric statistics, it was found that current

rescarch on the remediation of shooting range
contamination is centered on several aspects, such as soil
flora characteristics, human health risks, and pollution uptake
and transformation.

(3) This review article systematically discusses measures taken to
address contamination at firing ranges, with a specific
emphasis on the effectiveness of bioremediation,
physicoremediation, and chemoremediation in addressing a
wide range of inorganic and organic pollutants found in water
and soil. A substantial body of academic literature suggests
that these remediation techniques hold significant promise
for on-site remediation of contaminants in both soil and
groundwater at contaminated sites.

(4) The review further identified several crucial areas for research
and highlighted gaps in existing knowledge, which can serve
as a valuable guide for the future implementation of these

promising remediation strategies.

Further investigation in this field is anticipated to enhance our
comprehension of the destiny, transportation, and remediation of
contaminants at range sites, as well as improve our ability to assess
and mitigate the risks associated with range site contamination.
Moreover, it will enable us to effectively respond to the resultant
contamination, thereby safeguarding the ecological security of range
sites and human health, which holds immense importance.
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