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Quantitative assessment of environmental risk from lead pollution of
shooting range soils
Pogisego Dinake a, Rosemary Kelebemanga, Nicholas Sehubea, Obed Kamwib and Masego Laetsangc

aDepartment of Chemical and Forensic Sciences, Botswana International University of Science and Technology, Palapye, Botswana;
bSafety Health and Environment, Botswana Defence Force, Mogoditshane, Botswana; cChemistry Section, Botswana Geoscience Institute
(BGI), Lobatse, Botswana

ABSTRACT
Risk assessment indices such as risk assessment code (RAC), potential ecological risk index
(PERI), geoaccumulation index (Igeo), contamination factor (CF) and enrichment factor (EF)
provide a good measure of environmental risk posed by Pb accumulated in shooting range
soils as opposed to total Pb concentration. For this reason, the S/P Pistol shooting range, even
though accumulated lower concentration of Pb (685±218 mg/kg), exhibited ‘very high risk’ to
the environment with RAC value of 77 exceeding the 51 set guideline value for ‘very high risk’
with a significant margin compared to MAT R2 (20888±5419 mg/kg) at RAC value of 48 and
highest total Pb concentration. This implies that mobility and bioavailability of Pb at S/P Pistol
shooting range will be higher posing a greater risk to biota even though contamination from
Pb is low. Best shooting range management practices and low cost remedial actions such as
phytoremediation and chemical immobilization should be carried out as soon as possible to
minimize the bioavailability and mobility of Pb in the studied shooting ranges.
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1. Introduction

Many previous studies have concentrated on total Pb
concentrations in shooting range soils omitting quantifi-
cation of environmental risks associated with such pollu-
tion. Elevated concentrations of Pb in the range 300 –
58,300mg/kg in shooting range soils have been reported
in the United States of America, Netherlands, Denmark,
Sweden, Finland and England with little information on
the risk assessment of such large quantities of Pb deposi-
tion [1–6]. The total concentration of Pb only depicts the
amount of Pb stored in the environment and does not
give details on the bioaccessibility, bioavailability and
toxicity of Pb to the biota [7]. In recent years, research
into speciation of Pb in shooting range soils has provided
information on the extent of Pb mobility and bioavail-
ability [8–12]. However, chemical speciation in this regard
involves identification and quantification of the different
species and forms of Pb present in shooting range soil
compartments [13]. This process details the distribution
of Pb among the different soil fractions giving qualitative
insight into the main binding sights and phase associa-
tions of Pb and its potential ecotoxicity to biota. The
chemical speciation identifies Pb species in the soil into
the labile and inert fractions [14]. The inert fractions are
less hazardous to the environment while the labile frac-
tions are considered toxic and harmful.

Speciation of Pb has been achieved through carry-
ing out such speciation methods and techniques such
as the method of sequential extraction by Tessier

et al. (1979) [15] and the Bureau Communautaire de
Reference (BCR) sequential extraction method [16].
The existence of different chemical forms of Pb in
shooting range soils account for the extent of bioac-
cumulation and uptake of Pb by plants [17]. Some
forms of Pb such as lead phosphate (Pb3(PO4)2, lead
sulphate(PbSO4), lead sulphite (PbS) and lead chloride
phosphate (Pb5(PO4)3Cl are immobile in the soil sig-
nificantly reducing their bioavailability and transloca-
tion in plants [14]. On the other hand, the chemically
active fractions of Pb-particulate matter such as lead
nitrate (PbNO3), lead acetate (PbCOOCH3) and lead
chloride (PbCl2) have the potential to be translocated
into plants and contaminate both surface and under-
ground water sources thereby finding their way into
the food chain [8,9]. Consequently, Pb speciation pro-
vides partial information on the degree and risk of
environmental pollution from Pb.

In addition to Pb speciation methods such as the
Tessier sequential extraction method and BCR meth-
ods, the synthetic precipitation toxicity leaching pro-
cedure (SPLP) has also been used to ascertain the
extent of Pb pollution of shooting range soils and
eventual contamination of surface and underground
water [18]. However, the SPLP procedure does not
provide an accurate measure of the risk posed by
high concentration of Pb in soil to water sources.
Metal contaminants such as Pb, their associations
with reactive phases and chemical forms are very
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important controls on their release, transport and
environmental impact [9].

The first preliminary investigation into Pb pollu-
tion in Botswana emanating from shooting range
exercises was first carried out by our research
group [19]. This pioneering study looked into the
degree of Pb deposition in the various military shoot-
ing ranges found in Botswana followed by a study
that attempted to ascertain for the speciation and
mobility of Pb [20]. The two preceding studies were
able to establish that military shooting ranges in
Botswana are highly contaminated with Pb, with Pb
concentrations reaching highs of 38 406.87 mg/kg
[19]. In all the fifteen shooting ranges that have been
studied, it was found out that Pb is mostly confined
to the carbonate fraction and to a larger extent to
the Fe-Mn oxide fraction. It is important to note that
no integrated research has focused on the environ-
mental risk assessment of Pb contamination of
shooting range soils and this is the first of such
kind of attempt. As a consequence, we continue
our quest to provide baseline data for the control
and risk management of Pb pollution of shooting
range soils, four risk assessment methods have
been applied in order to determine and ascertain
the extent of shooting range soil pollution. The
objectives of the current study were; (1) to assess
and quantify shooting range soils contamination
using five pollution risk assessment methods,
namely; (i) risk assessment code (RAC), (ii) potential
ecological risk index (PERI), (iii) geolochemical accu-
mulation index (Igeo), (iv) contamination factor (CF)
and (v) enrichment factor (EF). The analysis of these
results will provide a better comprehension of the
environmental risks posed by deposition into shoot-
ing range soils of Pb emanating from ammunition
used for shooting practices. The investigation into
the environmental contamination risk posed by Pb
deposition into shooting range soils can help

enhance shooting range best management practices,
in particular the need for soil cleaning and disposal
of contaminated soils. The evaluation of the pollu-
tion risk will help inform the choice of method for
soil remediation among the many methods that are
available such as excavation, phytoremediation,
washing techniques, mineralogical techniques and
chemical immobilization [21].

2. Materials and methods

2.1. Features and descriptions of study sites

Seven shooting ranges located in the eastern and
north eastern part of Botswana were used in this
study (Figure 1 (a, b)). A detailed description of the
location of the shooting ranges is given by
Kelebemang et al. (2017). All the seven shooting
ranges studied were small arms ranges.

2.2. Soil sampling

Soil sampling was done at the berm of the shooting
ranges using a soil recovery probe. The berm was
divided into three sampling points; upper, middle
and lower sampling point. Four soil samples were
collected into butyrated zip-lock plastic bags from
each sampling point of 150 cm radius along a central
transact as shown on Figure 2 below. The soil samples
were then transported to Botswana Geoscience
Institute (BGI) chemistry laboratory for analysis. A
total of 84 soil samples were collected at a depth of
20 cm in seven shooting ranges. At the laboratory, the
four soil samples from the three soils were mixed
together to make three composite samples for each
berm. Background soil samples were collected at a
distance of 200 m away from the shooting ranges as
control samples.
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a. Location of shooting ranges sampled
in the eastern and northern Botswana.
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Figure 1. (a) Location of shooting ranges sampled in the eastern and northern Botswana. (b) Map showing southern african
countries.
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2.3. Total Pb concentration in shooting range
soils

Total Pb concentrations used in this risk assessment
study were obtained using inductively coupled
plasma optical emission spectrometry (ICP-OES;
Perkin Elmer, Optima7300DV) after digestion using
USEPA Method 3050 with 1:1 nitric acid. Standard
reference material of soil, NCS DC 73,320 was
obtained from the Botswana Geoscience Institute
(Chemistry Lab) and used for quality assurance after
taking it through the same sample preparation proce-
dure as the shooting range soil samples. The total
concentration and fractionation data of Pb used in
this study for the pollution risk assessment of Pb
deposition in shooting range soils were obtained
from our previous work [20].

2.4. Pollution risk assessment of Pb deposition in
shooting range soils

2.4.1. Risk assessment code (RAC)
The speciation of Pb in the different soil compart-
ments through sequential extraction procedure
gives insight into the bioavailability and mobility
of Pb in shooting range soils. However, this does
not give quantitative information on the risk posed
by the bioavailable and labile Pb in the soil. As a
result, the risk assessment code (RAC) helps assess
the environmental risk posed by the presence of Pb
in shooting range soils. It provides a better under-
standing of the correlation between Pb in bioavail-
able fractions and Pb mobility, as well as the
environmental risk of Pb. The risk assessment code
(RAC) was first suggested by Perin et al. (1985) and
it describes a hazard number ranking of the shoot-
ing ranges from the lowest level of risk (Code 1) to
the highest level of risk (Code 5) [22]. This method
has been extensively applied in establishing the
pollution risk of heavy metals such as Pb [7,23,24].
It is determined from the ratio of metal fractions
that are exchangeable or bound to carbonates to
the total metal concentrations of all the five frac-
tions as in Equation (1) below [25];

RAC ¼C1 þ C2

Ct
� 100 (1)

Where C1 and C2 are concentrations of Pb in exchange-
able and carbonate fractions respectively, Ct is the total
concentration of Pb in all the five fractions. RAC gives a
deeper understanding on the bioaccessibility and bioa-
vailability of heavy metals in the soil. The pollution risk
level associated with soil contamination from heavy
metals is given in Table 1 below.

2.4.2. Potential ecological risk index (PERI)
The risk assessment of environmental pollution from Pb
can also be determined through the potential ecologi-
cal risk index (PERI), initially introduced by Hakanson
(1980) [26]. PERI does not only assess the pollution
status in shooting range soils but also integrates the
ecological and environmental effects with toxicology,
providing an effective estimation of the potential risk of
Pb contamination with the index level [24,27]. It is made
up of three constituents being (1) degree of contamina-
tion (CD), (2) toxic-response factor (TR) and (3) potential
risk factor (ER). These three constituents of PERI can be
determined through the equations given below;

C2
f ¼ Ci

D=C
i
R (2)

EiR ¼ TiR � Ci
f (3)

RI ¼
Xm

i�1

EiR (4)

Where CiD is concentration of heavy metal contami-
nant i in each sampling point of element i; CiR is the
reference concentration of heavy metal contaminant i
given by the background concentration of the heavy
metal in the soil; Cif denotes the pollution coefficient

berm

bottom
middle

upperbullets
direction

Shooting range

sampling points
Firing bay

Figure 2. Schematic of sampling points in the shooting range.

Table 1. Risk assessment code (RAC) and corresponding pol-
lution risk level [22].
Risk assessment code range Risk assessment code Risk level

RAC < 1% 1 No risk
1% < RAC ≤ 10% 2 Low risk
11% ≤ RAC ≤ 30% 3 Medium risk
31% ≤ RAC ≤ 50% 4 High risk
RAC ≥ 51% 5 Very high risk
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of a single heavy metal; EiR refers to the potential
ecological risk index of a single heavy metal; RI sig-
nifies the comprehensive potential ecological risk
index involving many heavy metals in the system
while TiR denotes the biological toxic factor of a single
heavy metal as determined by Hakanson (1980). TiR
for Pb is 5 [26]. The comprehensive pollution risk from
a heavy metal can be obtained through the PERI
method. According to Hakanson (1980), the signifi-
cance of the EiR values can be summarized as in
Table 2 below.

2.4.3. Geoaccumulation index (igeo)
The geoaccumulation index compares the accumu-
lated concentration of Pb in shooting range soils to
its local background concentration found in the stu-
died area. It is given by the Equation (5) below [28];

Igeo ¼ Log2½Ci=ð1:5 � CbÞ� (5)

Where Ci is the measured concentration of the heavy
metal i in the soil while Cb is the local background
concentration of heavy metal i. The constant 1.5 is a
factor that denotes the background value correlation
factor [27]. The extent of contamination of shooting
range soils from Pb can be classified according to one
of the seven Igeo grades as shown in Table 3 below.

2.4.4. Contamination factor (CF)
The contamination factor describes the level of heavy
metal contamination in the soil. It is calculated using
Equation (6) given below,

CF ¼ Ci=Cb (6)

where Ci and Cb are the mean concentrations of the
target heavy metal in the soil and background respec-
tively. Table 4 below depicts individual element soil
contamination levels [29].

2.4.5. Enrichment factor (EF)
The enrichment factor [EF] provides important knowl-
edge on how anthropogenic activities such as shoot-
ing practices have deposited heavy metals into the
soils relative to the original unperturbed condition of
the soils. A method adapted from Mmolawa et al.
(2011) was used to ascertain for environmental pollu-
tion due to the shooting practices carried out in
Botswana [29].

EF ¼ Ci
½Median Ci B ackground þ ð2 � MAD Ci BackgroundÞ�

(7)

Where Ci is the concentration of heavy metal i in
shooting range soils; median Ci Background is the
concentration of heavy metal i in background soils
and MAD Ci Background is the median absolute devia-
tion from median with the following definition;

MAD ¼ medianð Ci Background�medianðCi Backgroundj jÞ

The above definition is read as; find the median of
replicate soil concentration of soil background metal i;
then subtract the median from each background
heavy metal i concentration; take the absolute value
of the differences between the individual background
heavy metal i concentrations and their median and
finally obtain the median of these absolute differ-
ences. The extent of soil enrichment can be categor-
ized as depicted in Table 5 below.

3. Result and discussion

3.1. Total Pb concentration in seven military
shooting ranges

Our preliminary studies were able to establish high
concentrations of total Pb in all the seven shooting
ranges [20]. Total concentrations of as high as
685 mg/kg to 21,000 mg/kg were found in S/P Pistol
and MAT R2 shooting ranges respectively. The lowest
total Pb concentration found at S/P Pistol exceeded

Table 2. Ecological risk index and resultant ecological risk
level [26].
Ecological risk index Ecological risk level

<40 Low
40 < Er ≤ 80 Moderate
80 < Er ≤ 160 Considerable
160 < Er ≤ 320 High
Er ≥ 320 Very high

Table 3. Classification of pollution risk into Igeo grades [27].
Igeo Index Grade Pollution risk

<0 1 Practically unpolluted
0 < Igeo < 1 2 Unpolluted to moderately polluted
1 < Igeo < 2 3 Moderately polluted
2 < Igeo < 3 4 Moderately to heavily polluted
3 < Igeo < 4 5 Polluted
4 < Igeo < 5 6 Heavily to extremely polluted
Igeo > 5 7 Extremely polluted

Table 4. Classification of individual metal contamination level
[29].
Contamination Factor (CF) Contamination level

CF < 1 Low contamination
1 ≤ CF < 3 Moderate contamination
3 ≤ CF ≤ 6 Considerable contamination
CF > 6 Very high contamination

Table 5. Categories of level of soil enrichment from Pb [29].
EF Level of enrichment

<1 No enrichment
1 ≤ EF < 3 Minor enrichment
3 ≤ EF < 5 Moderate enrichment
5 ≤ EF < 10 Moderately severe enrichment
10 ≤ EF < 25 Severe enrichment
25 ≤ EF < 50 Very severe enrichment
EF ≥ 50 Extreme enrichment
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the 100 mg/kg maximum permissible limit set by the
World Health Organization (WHO) [30] and 400 mg/kg
as set out by the United States Environmental
Protection Agency (USEPA) [20]. Total Pb concentra-
tions measured in shooting range berm soils were
more than a thousand times higher than the USEPA
15 µg/L maximum contaminant limit (MCL) and the
Botswana Bureau of Standard (BOBS) and World
Health Organization (WHO) 10 µg/L of Pb in water
which may pose a serious risk to water pollution.
Our two previous preliminary studies put emphasis
on ascertaining for pollution of shooting ranges
from total Pb and the different species of Pb respon-
sible for Pb mobility and bioavailability. However,
previous studies have shown that total Pb present in
the soil may not necessarily pose a serious pollution
threat for as long as it is restricted to the immobile
and inert species such as Pb3(PO4)2, PbSO4, PbS and
Pb5(PO4)3Cl [14]. In order to establish the mobility and
bioavailability of Pb in shooting range soils, we have
successively carried out sequential extraction proce-
dures and found out that Pb existed mostly in the
carbonate fraction in all the shooting ranges studied.
Pb in the carbonate fraction is considered labile and
bioavailable, hence the need to quantify the pollution
risk associated with such Pb species.

3.2. Speciation of Pb in shooting range soils by
applying the sequential extraction procedure

We have shown using the sequential extraction pro-
cedure by Tessier et al. (1979) that partitioning of Pb
in shooting range soil profiles was mainly in the car-
bonate fraction [20]. The carbonate (CB) soil compart-
ment held 36–53% of Pb followed by the organic
bound (OB) fraction (2–41%) [20]. The eco-toxicity
and bioavailability of the fractions has been classified
in previous studies as shown in Table 6 below [31].
The water exchangeable (WE) and carbonate bound
(CB) fractions are considered to have direct toxicity
and direct effect to the biota while the Fe-Mn oxide
(Fe-Mn) and organic bound (OB) have potential toxi-
city and effect to the biota depending on the favour-
ability of the environmental conditions [31]. Our
sequential extraction studies indicate that Pb accumu-
lated in all the seven shooting ranges studied existed
in fractions (WE and CB) exhibiting direct toxicity to
the ecosystem. The high concentration of Pb

distributed in these labile fractions was also found to
be directly bioavailable to the biota. It was therefore
paramount that this direct toxicity be evaluated and
quantified using risk assessment methods and
procedures.

3.3. Risk assessment of environmental
contamination from Pb deposition

The assessment of shooting range soils contamination
was carried out using five pollution risk assessment
methods, namely; (i) risk assessment code (RAC), (ii)
potential ecological risk index (PERI), (iii) geolochem-
ical accumulation index (Igeo), (iv) contamination fac-
tor (CF) and (v) enrichment factor (EF).

3.3.1. Evaluation of risk of environmental
pollution using the risk assessment code (RAC)
method
In accordance with the RAC guidelines, all the seven
shooting ranges pose an environmental pollution risk
with RAC of over 37% – 77% experienced by all the
shooting ranges (Figure 3). MAT R1, MAT R2 and LEBO
ranges pose ‘high risk’ to the environment with RAC
values of 37%, 48% and 49% respectively. The S/P
Pistol range posed a ‘very high risk’ to environmental
pollution of all the seven shooting ranges studied at
an RAC value of 77% and risk assessment code of 5.
The S/P Pistol shooting range had a total Pb concen-
tration of 685 ± 218 mg/kg, however this shooting
range exhibited a very high pollution risk to the envir-
onment compared to other shooting ranges that con-
tained more than three times the total Pb such as the
MAT R2 which accumulated the highest concentration
of 20,888 ± 5419 mg/kg. This is an indication that the
eco-toxicity and bioavailability of Pb in contaminated
shooting range soil depends not only on the total
concentration but also on the different soil fractions
that Pb is confined to in the soil. These are the per-
centages of Pb species existing in the labile

Table 6. Eco-toxicity and bioavailability of Pb in the different
fractions [31].
Fraction of Pb using Tessier method Eco-toxicity Bioavailability

Water exchangeable (WE) and
carbonate bound (CB)

Direct
toxicity

Direct effect
fraction

Fe-Mn oxide (Fe-Mn) and organic
bound (OB)

Potential
toxicity

Potential effect
fraction

Residual fraction (RS) No toxicity Stable fraction

0
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90

S/P
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l
S/P

R2
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R1

MAT R2
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%
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Figure 3. RAC of Pb in berm soils of seven shooting ranges
found in eastern and nothern Botswana. Mean of n = 3;
Standard error of the mean, δ= δ/√n, where δ = standard
deviation.
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compartment mainly carbonate fraction and water
exchangeable. Pb species in these soil fractions can
easily enter the food chain. Small variations in envir-
onmental conditions such as pH, moisture, cation
exchange activity can increase the bio-toxicity of Pb
to the biota. These results buttress our earlier findings
that all the seven shooting ranges experienced high
Pb mobility factor of over 90% in all the shooting
ranges [20]. The implication of our investigations is
that, there are high chances that Pb deposited into
shooting range soils will be mobilized into nearby
surroundings which mostly are agricultural areas as
soil conditions become favorable leading to contam-
ination of soils in such areas. The high risk assessment
codes also correlates well with the high bioavailability
factor determined in our previous study [20]. Other
previous studies have also found that Pb presented a
high pollution risk to the environment with RAC > 40
at both the We-rye and Cho-do shooting ranges stu-
died in the Republic of Korea [32]. High RAC values of
up to 44.5 have successfully quantified the pollution
risk posed by accumulation of cadmium (Cd) in shoot-
ing range soils [33] The high RAC’s experienced by the
soils in the seven shooting ranges studied triggers the
urgency of taking some remedial actions in order to
minimize the spread of pollution before it spirals out
of control. Islam et al. (2017) were able to show that
immobilization of Pb using hydrothermal treatment
greatly reduced the percentage of Pb associated with
the labile fractions (carbonate bound and water
exchangeable) and thereby greatly decreasing the
pollution risk of Pb [34]. A drastic decrease in the
RAC values of 41.33% for the untreated soils were
much lower than those of the treated soils at
14.66% implying redistribution of Pb in the inert com-
partments after the hydrothermal treatment. Other
studies have shown that the labile CB and WE frac-
tions could be transformed into stable fractions after
the subcritical water treatment (SCW) process at high
temperatures [33].

3.3.2. Assessment of the ecological and
environmental effects of Pb pollution using the
potential ecological risk index (PERI)
All the seven shooting ranges studied experienced an
unprecedented high ecological risk index (≫320). Our
findings imply very high Pb pollution of shooting
range soils (Figure 4). Potential ecological risk index
was in the range 1192–56,272, exceedingly larger
than required by the guidelines. Even though all the
seven shooting ranges posed high risk to the ecolo-
gical system of the environment, MAT R2 was found
to possess immense risk to the environment at ecolo-
gical risk index of well over 50,000. Previous studies
by Shen et al. (2017) have determined potential eco-
logical risk index of up to 1158 for heavy metals such
as Cd in soils [35]. Islam et al. (2016) were able to find

that the ecological potential risk indices of Pb in
shooting range soils were 3446 and 725 at Cho-do
and We-rye respectively, implying a very high risk to
the biota [32]. It is important to note that PERI evalu-
ates the relative sensitivity of the biota to toxic Pb and
gives a measure of the potential ecological risk caused
the toxic Pb element. Such high ecological risk indices
call for remedial actions to be employed immediately
in order to arrest the situation before it spirals out of
control. Preliminary control measures such as the
immobilization of Pb in the soil can be taken as initial
measures to curb the mobility and bioavailability of
Pb. Immobilization techniques and methods such as
chemical [36], phytoremediation [37] and hydrother-
mal treatment [34] have been employed in restricting
the mobility of Pb.

3.3.3. Comparison of the accumulated Total Pb
and background Pb concentrations by applying the
geoaccumulation index (Igeo) approach
The geoaccumulation indices (Igeo) were in the range
7.3–12.8, much high than the extreme limit of 5, an
indication of extremely polluted shooting range soils
(Figure 5). This implied that the shooting practice
anthropogenic activity has to a very large extent con-
tributed to the soil contamination from Pb relative to
the background Pb concentrations which were in the
range 1.90–16.1 mg/kg [20]. These findings corrobo-
rate the RAC and PERI results discussed earlier. MAT R2
experienced the highest pollution from Pb of all the
shooting ranges. The Igeo correlates well with total Pb
concentration found at MAT R2 which accumulated
the largest concentration of Pb. High Igeo values for Pb
in shooting ranges have also been recorded in other
previous studies. Islam et al. (2016) were able to
determine that the two shooting ranges they investi-
gated were highly polluted with Pb at Igeo values of
6.6 and 8.8 [32]. Urrutia-Goyes et al. (2017) established
that the soil in a historic shooting range to be

0

10000

40000

60000

S/P
Pist

ol

S/P
R2

S/P
R1

M
AT R2

M
AT R1

LEBO
TSHU

20000

30000

50000

V
er

y
hi

gh
r i

s k
E

P
b r

>
>

32
0

Shooting ranges

70000

E
P

b r

Figure 4. Potential ecological risk index (EPbr) of berm soil Pb
of seven shooting ranges found in eastern and nothern
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rehabilitated into a public urban park in Greece was
extremely polluted mainly with Pb at an alarming Igeo
values of 5.95 to 6.31 [38]. Their study was also able to
establish the high non-carcinogenic risk posed by
high concentrations of Pb in the soil. The Igeo results
support the RAC and PERI results, an indication that
the military shooting ranges are highly polluted with
Pb and that remedial actions should be implemented
as soon as possible since all these ranges are still
in use.

3.3.4. Determination of level of pollution through
the contamination factor (CF)
The contamination factors (CB) were found to be high
for the soils in all the seven shooting ranges studied
indicating very high contamination (Figure 6). The
MAT R2 shooting range was again found to have
accumulated the highest amount of Pb at contamina-
tion factor (CF) of 11,255 depicting a highly contami-
nated shooting range (Figure 6). The high CF in these
shooting ranges imply high retention time of Pb in

the soil and increased risk to the environment [27].
The high CF in the seven shooting ranges correlates
well with the RAC, PERI and Igeo findings which all
showed elevated risk from Pb to biota.

3.3.5. Evaluation of the anthropogenic impact of
Pb in the soil using the enrichment factor (EF)
approach
The anthropogenic impact of Pb in the seven shoot-
ing ranges soils was evaluated using the enrichment
factor (EF) approach. The concentrations of total Pb in
the shooting ranges arising from shooting activities
were compared with the background Pb concentra-
tions in order to establish the degree of pollution
brought about by shooting practices. Enrichment fac-
tors of much higher than 50 showed extreme enrich-
ment (Figure 7). The enrichment factors were in the
range 146 to 7467 with MAT R2 shooting range exhi-
biting extreme Pb enrichment among all the shooting
ranges studied (Figure 7). The enrichment factor
results correlate well with the RAC, PERI, Igeo and CF
risk assessment indices, an indication of high level of
pollution of shooting ranges and potential risk to the
ecosystem. Extremely high Pb enrichment in shooting
ranges has also been reported elsewhere in Pantex
shooting range soils (Texasm USA), with enrichment
factor of over 277 and total Pb concentration of up to
4675 mg/kg [39]. Extremely high Pb enriched shoot-
ing range soils were found in Kesariani, Greece, pos-
sessing an enrichment factor of 115 [38]. The degree
of soil enrichment with Pb can help in deciding the
best remedial method soil cleaning and reclamation.

3.4. Statistical analysis

Pearson correlation coefficient (r) was carried out in
order to establish the effects of physico-chemical
properties of the soil on the degree of Pb pollution
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of shooting ranges. The significance of the Pearson
correlation coefficient is shown on Table 7 below.

The relationship between the total Pb concentration
of shooting range soils and the accompanying soil pH
show a positive direct correlation (r = 0.87) between pH
of the soil and the deposition of Pb into the soil
(Figure 8(a)). In our preliminary studies we have
shown that at high pH the stability of the Pb fractions
is enhanced leading to high total Pb concentrations in
the soil and thereby increasing pollution risk to the
ecosystem [19,20]. We have also shown that MAT R2
displayed high accumulation of carbonate bound Pb at
an alkaline pH of 8.36 [20]. A high Pearson correlation
coefficient of r = 0.92 also showed a direct relationship
between the risk of environmental pollution from Pb
and organic matter present in the shooting range soil
(Figure 8(b)). The cation exchange capacity (CEC) of the
soil plays an important role in the mobility and bioavail-
ability of Pb. A medium positive direct correlation
(r = 0.55) was found between the soil CEC and high
concentration of Pb accumulated on shooting range
soils (Figure 8(c)). MAT R2 experienced the highest
concentration of Pb with the highest CEC value of
21.87 cmol/kg. The binding capacity of Pb to other

species is increased in soils with higher CEC leading to
reduced mobility and bioavailability of Pb [40]. Previous
studies have found elevated Pb concentrations of 48
400 mg/kg in MPR shooting ranges possessing high
CEC of 43.2 cmol/kg compared to Pb concentration of
12 710 mg/kg with corresponding CEC of 8.51 cmol/kg
at TRR shooting range [41].

4. Conclusion

This study is the first in Botswana to assess the risk
associated with Pb pollution of shooting range soils,
providing a baseline for future studies on shooting
range soil pollution from Pb. Measurement of total
Pb concentrations in shooting range soils alone does
not give a true picture of the extent and risk posed
by such soil contamination. It is important to quan-
tify the risk to biota involved with such high con-
centrations of Pb stored in the soil. Risk assessment
indices such as risk assessment code (RAC), potential
ecological risk assessment index (PERI), geoaccumu-
lation index (Igeo), contamination factor (CF) and
enrichment factor (EF) have indicated that soils in
all the seven shooting ranges studied were highly
polluted with Pb presenting high mobility, bioavail-
ability and bioaccessibility to the ecosystem. The
seven shooting ranges exhibited ‘high risk’ to ‘very
high risk’ to biota with RAC values of 37–77%. PERI
values were in the range 1192–56,272, way greater
than the 320 suggesting ‘very high risk’ to the eco-
logical system. The high risk to the ecosystem dis-
played by Pb pollution calls for immediate and

Table 7. Pearson correlation coefficient (r) range and corre-
sponding significance [24].
Pearson correlation coefficient range Significance

0.5 to 1.0 or −0.5 to −1.0a High correlation
0.3 to 0.5 or −0.3 to −0.5 Medium correlation
0.1 to 0.3 or −0.1 to −0.3 Low correlation

aA high negative Pearson correlation coefficient implies a direct negative
correlation between two variables.
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aggressive soil remediation processes in order to
reduce the mobility and bioavailability of Pb. The
geoaccumulation indices were all greater than 5 in
the range 7.3–12.8, an indication of extreme risk to
the environment. The Igeo gives a clear picture of the
extent of Pb deposition into the soil brought about
by anthropogenic activities relative to the back-
ground Pb concentrations. In addition, CF ≫6 in all
the seven shooting ranges studied, an indication of
very high contamination of shooting range soils.
Contamination factor (CF) of as high as 11,255 was
determined for soils at MAT R2 shooting range. High
Pb enrichment of shooting range soils corroborated
the contamination factor results as an EF value of
7467 was obtained for MAT R2 soils. It is also impor-
tant to note that, MAT R2 exhibited higher values of
the risk assessment indices correlating well with the
high total Pb concentrations of 20,888 mg/kg found
at this shooting range. Best shooting range manage-
ment practices and soil remediation and reclamation
methods and techniques need to be carried out as a
matter of urgency at these shooting ranges. Some
cost effective remedial methods such as immobiliza-
tion of Pb with lime and phosphorus to help reduce
the mobility and bioavailability of Pb. This remedial
method is also good since it does not lead to soil
removal and possible loss of habitat and biota.
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