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Abstract 

This paper presents the results of an experimental study of the patterns of steel and lead 

shot transformation under the impact of environmental factors (two types of shot exposed alone 

and in combination with each other). The analyzed environmental factors include atmospheric 

precipitation of various acidity and soil solutions* with a higher content of organic acids. This 

research demonstrated that steel shot is characterized by a high transformation rate that is an 

order of magnitude higher on average than the transformation rate of lead under the same 

conditions (Lisin et al., 2020). The prevalence of the suspended iron form (excluding the 

interaction with organic acids) presents risks for such environmental components as soils and 

sediments and may be hazardous to the ambient air and natural waters in case of wind erosion 

and surface runoff from the catchment area. Furthermore, the joint presence of steel and lead 

shot mutually accelerates the corrosion of both metals, thus increasing the environmental risks. 

 

Key words: ammunition, environmental factors, transformation of lead shot, transformation of 

steel shot 

 

1. INTRODUCTION 

The European Chemicals Agency (ECHA) has recently prepared a proposal to introduce 

sweeping restrictions on the use of lead in ammunition for hunting and outdoor sports shooting 

and fishing tackle (ECHA, 2021). Earlier, Regulation (EU) 2021/57 (2021) banned lead 

ammunition in or around wetlands; the ban will enter into force in 2023.  The restrictions 

proposed by ECHA are introduced according to the Strategic Approach to International 

Chemicals Management and Sound Management of Chemicals and Waste Beyond 2020 

(UNEP, 2007). 

The motivation of introduced restrictions is related to the public discussions of risks 

presented by lead ammunition to wildlife, environment, and health (Scheuhammer and Norris, 

1996; Pain et al., 2010; Bellinger et al., 2013; Pain et al., 2015; Arnemo et al., 2016; Pain et al., 

2019), and transition to non-lead ammunition (Thomas and Guitart, 2013; Kanstrup and 

Thomas, 2020; Open Letters, 2018, 2020; Thomas et al., 2021).  

 
* Soil solutions are the liquid phase of soils that includes soil water and contains dissolved salts, organomineral 

and organic compounds, gases and the finest colloidal sols (Popov V.V., 2020) 
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It is known that some of the other metals (cobalt, copper, nickel, tungsten, zinc) that can 

be used as an alternative for lead in ammunition are characterized by biotoxicity (Grandy et al., 

1968; Levengood, 1999; Bardack et al., 2014; Paulsen and Sager, 2017; Thomas, 2016, 2019).   

Steel is often viewed as the most preferred alternative to lead in ammunition and fishing 

tackle because it is available in large amounts, the production costs are not high, and iron is 

also considered not to be toxic for humans and wildlife (ECHA (Annex C), 2021). However, 

the disputable claim of the non-toxic nature of iron needs to be clarified because reliable 

sources from the medical community prove that iron overload can be dangerous for the human 

body.  The International Statistical Classification of Diseases and Related Health Problems 

maintained by the WHO (ICD-10 Version:2019) contains a group of human health conditions 

related to the excessive accumulation of iron in organs and tissues (ICD-10: E83.1. Disorders 

of iron metabolism), resulting in the release of free iron ions into the blood plasma, the 

extracellular space and inside cells. Free iron activates the free-radical oxidation of biological 

membrane lipids that is accompanied by toxic damage of proteins and cell structures (Lukina 

and Dezhenkova, 2015; Orlov, 2020) and is also a potential energy source for pathogens 

(Orlov, 2020). The prime targets for iron toxicity are the liver, endocrine system, and 

myocardium (Tarasova and Teplyakova, 2012). Therefore, according to the medical 

community, iron overload is associated with cytotoxicity and affects the human immune 

system.  

Since lead shot use has been partially or totally banned in 23 European countries (Mateo 

and Kanstrup, 2019), interested users switch to non-lead ammunition (mostly steel). As a result, 

in the soil of active shooting areas (hunting lands, shooting ranges, and shooting complexes 

where metallic lead in the soils) are obtained accumulation of steel shot and its fragments, and 

supposed to a significant concentration of steel shot in such soils. 

The processes of lead shot transformation under the atmospheric and soil corrosion 

factors are well-known (SAAMI, 1996; Lin, 1996; Rooney et al., 1999; Cao et al., 2003; 

Dermatas et al., 2006; Rauckyte et al., 2009; Lewis et al., 2011; Mera et al., 2015; Okkenhaug 

et al., 2016; Kelebemang et al., 2017; Lisin et al., 2020). Some studies (Schwarz et al., 2015; 

Fäth et al., 2018; Fäth and Göttlein, 2019) analyzed the potential risks for aquatic ecosystems in 

case of the steel ammunition presence. There was studied the interaction between steel shot and 

water originating from siliceous and calcareous bedrock under aerobic and anaerobic 

conditions and between steel shot and artificial freshwater for the culture of zooplankton 

(ADaM). The risks of corrosive change of steel ammunition in a mineral substrate (Fäth and 

Göttlein, 2017) and corrosive change of the steel and lead ammunition in soil (Hurley, 2004, 

2013) have been studied quite limitedly.  

This article presents the results of an experimental study of the transformation of steel 

shot exposed alone and in combination with a lead shot under the main environmental factors: 

atmospheric precipitation of various acidity and model soil solutions.  

A dynamic study of steel shot and lead shot transformation was conducted by modeling 

the effect of various extreme environmental factors in conditions of continuous impact and 

cyclical update of factors. The experiment involved three sample groups: steel shot exposed 

alone, a 1:1 mixture of steel and lead shot, and lead shot exposed alone.  
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This experimental study represents the initial phase of monitoring the transformation of 

steel shot, exposed alone, and combined with lead shot, in soils.   

2. MATERIALS AND METHODS 

The transformation of steel shot and lead shot exposed alone and in combination was 

studied under the extreme conditions of permanent humidification in a laboratory experiment. 

The experimental work included performing cyclical processing of shot samples with 

solutions modeling the environmental factors, subsequent analysis of interaction solutions, and 

studying the shot surface using scanning electron microscopy. 

2.1. Shot collection 

The experiment for studying shot transformation rate was performed using three groups 

of samples: steel shot exposed alone, a 1:1 mixture of steel and lead shot, and lead shot exposed 

alone. The study used commercial steel shot (2.5 mm diameter) and lead shot #7.5 (2.4 mm 

diameter) for sports shooting. According to production specifications, the following residual 

elements are present in steel shot: C (0.6-1.0%), Si (0.7-1.2%), Mn (0.5-1.0%), S (up to 

0.07%), P (up to 0.09%). The main residual elements in steel shot are Sb (4–6%), Sn (0.1–

0.2%), As (0.2%), Cu (0.02%), Ag (0.002%), and Zn (0.001%). 

2.2. Experimental model 

The following environmental factors were considered: 

− atmospheric precipitation with normal acidity − actual Ca-HCO3 rainwater with рН 

6.1±0.2 and specific electrical conductivity of 27±3 µS/cm (hereinafter, “atmospheric 

precipitation”); 

− atmospheric precipitation with increased acidity – an aqueous solution of a high-purity 

nitric and sulfuric acid mixture with рН 4.0±0.1 and specific electrical conductivity of 30±2 

µS/cm (hereinafter, “acid precipitation”); 

− soil solutions – an ammonium acetate buffer solution (5.4 ml of acetic acid glacial, 3.75 

ml of 25% ammonia solution), рН 4.8±0,1 specific electrical conductivity of 4500±100 µS/cm, 

this solution can also be considered as an approximate model of wetland environment. 

The interaction was modeled with a 1:20 ratio shot/solution (5 g of shot, 100 ml of a 

solution) at room temperature (25±2°C). Each processing cycle of interaction between a shot 

and a solution lasted for four days. Then the solution was replaced entirely. Twenty-five cycles 

of processing were conducted over the total experiment time of 100 days. 

The main physical and chemical properties (рН and specific electrical conductivity) and 

the content of suspended and dissolved forms of shot metals (iron and lead) were monitored in 

the solutions obtained after each processing cycle.  

2.3. Analytical methods 

The potentiometric pH determination was carried out by “Expert 001” (Econix Expert 

Ltd., Moscow, Russia) with measuring glass electrode (type ESL-43-07) and control reference 

electrode silver/silver chloride electrode Ag/AgCl/KCl (type EVL-1M). Calibration standard 

buffer solutions (1.08; 3.56; 7.40; 9.18 units) were used. 

Specific electrical conductivity was evaluated by HM Digital COM80 (HM Digital, 

Inc., South Korea), calibration solutions (10, 84, 1413 μS/cm, OHAUS Corporation) were 

used. Measurement range 0-9990 μS/cm. 
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The interaction solutions were filtered using Swinex filter holders (Millipore) and 

cellulose acetate membrane filters (Ø 0.45 µm, Vladipore) to separate various forms of 

elements. The filters with suspended metals were decomposed using a high-purity nitric and 

hydrochloric acid mixture. Iron and lead content in solutions were determined using atomic 

absorption spectroscopy (AAS; ContrAA®700, Analytik Yena) and inductively coupled 

plasma mass spectrometry (ICP-MS; ELEMENT2, Thermo Finnigan). The instruments were 

calibrated using mono element standards of iron and lead ions and a multi-element standard 

(High Purity Standards). 

The shot surface was studied using Scanning Electron Microscopy (SEM) both initially 

and after 15 cycles of interaction between shot samples and solutions. The microstructure 

analysis was conducted both without preliminary preparation and on cross-sectional 

metallographic specimens. Metallographic specimens were prepared by embedding in an 

electrically conductive resin using hot mounting (CitoPress-30 mounting press, for steel shot) 

and embedding in a two-component cold cure polymer (for the lead shot) with subsequent 

grinding (on a Tegramin-30 machine) and final polishing with a colloidal SiO2. 

The morphology of the surface and near-surface sample layers was analyzed without 

preliminary preparation using a dual-beam focused ion beam scanning electron microscope 

(DB FIB-SEM; Thermo Scientific Scios 2 DualBeam equipped with ETD and CBS detectors). 

The electrons were accelerated at 10–20 kV, beam current range 0.1-1.6 nA, the working 

distance comprised between 6.2 and 7.3 mm. The cross-section of near-surface layers was 

studied using an ion beam microscope to make a sample's local 20–30-µm-deep cut. Before 

creating a cross-section, the sample was coated with a thin protective layer (1–3 µm) of 

organometallic platinum using a gas injection system (Pt-GIS). The content and distribution of 

chemical elements over the surface and the cross-section of near-surface layers of samples were 

conducted without preparation using a Bruker microanalysis system with XFlash EDS detector. 

The metallographic specimens were analysed using a scanning electron microscope 

(SEM; Tescan Mira 3 equipped with SE and 4Q BSE detectors). The operation conditions were 

20 kV accelerating voltage and 13-16 mm working distance. Additionally, chemical 

characterizations of metallographic specimens were determined by an energy-dispersive x-ray 

detector (EDS; Oxford Instruments).  

The SEM data of element concentration (>0.05 at %) was calculated using ZAF 

correction. 

3. RESULTS AND DISCUSSION 

3.1. The characteristics of shot samples 

According to the electron microscopy results, initially, before any interaction with 

environmental factors, the surface of steel and lead shot is covered by a respective oxide 

coating with a thickness of 0.5–1.0 µm. 

It has been detected that lead shot contains antimony with a concentration of up to 5 wt%, 

which is mainly present along the edges of lead grains in the eutectic phase of the molten Pb-Sb 

mixture. The near-surface layer of the lead shot has a porous structure, with a cross-sectional 

diameter of 1–5 µm. 
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A steel shot sample has micro-cracks running inward from the surface. These cracks may 

accumulate corrosive media and cause a local displacement of the surface’s electrode potential 

due to the stress concentration, increasing the material’s corrosion rate. The micro-cracks 

surface is weakly oxidized, indicating that they are formed during the shot manufacturing 

process. The large, elongated grains in the near-surface shot layers form discontinuities that 

contribute to aggressive media corrosive processes. 

3.2. The transformation of steel shot and lead shot under environmental factors 

The results of the chemical analysis of interaction solutions after each cycle of processing 

are presented in Tables S1–S3 (Supplementary Material), and the calculated ratios of dissolved 

and suspended forms for various interaction scenarios are shown in Table 1. Quantitative 

assessment of shot destruction was based on calculating the metal loss per shot unit mass (mg 

Fe/g of steel shot, mg Pb/g of lead shot). The calculations were made using the measured 

concentration of elements in interaction solutions after each cycle of processing, the volume of 

solutions and mass of shot, and complemented by weighing the steel shot and lead shot to 

measure the mass loss (Table 2).  

Table 1. Iron and lead forms in interaction solutions 

Environmental 

factor 

Shot forms 

Item 

Cycles of 

processing 

(solution No.) 

Total element 

content, ppm 

% of total content, on average 

Dissolved forms 
Suspended 

forms 

A
tm

o
sp

h
er

ic
 p

re
ci

p
it

at
io

n
 Steel shot1 Fe 

1–2 7–14 42 58 

3–25 46–80 <0.1 >99.9 
 

A mixture 

of steel and 

lead shot2 

Fe 
1–2 10–12 12 88 

3–25 32–85 <0.1 >99.9 
 

Pb 

1–3 1.4–2.4 14 86 

4–15 5.5–30 2 98 

16–25 1.7–5.9 4 96 
 

Lead shot1 Pb 

1–7 0.9–1.6 83 17 

8–16 2.8–5.1 32 68 

17–25 1.2–2.2 52 48 
 

A
ci

d
 p

re
ci

p
it

at
io

n
 

Steel shot1 Fe 
1–2 2.6–22 17 83 

3–25 48–87 0.9 99.1 
 

A mixture 

of steel and 

lead shot2 

Fe 
1–2 2.6–12 0.4 99.6 

3–25 37–85 <0.1 >99.9 
 

Pb 

1–3 6.5–14 23 77 

4–11 19–45 4 96 

12–25 3.2–12 14 86 
 

Lead shot1 Pb 

1–3 16–29 14 86 

4–5 5.0–7.3 55 45 

6–25 5.0–7.9 95 5 
 

S
o

il
 s

o
lu

ti
o

n
s 

Steel shot1 Fe 
1–2 129–498 97 3 

3–25 343–885 67 33 
 

A mixture 

of steel and 

lead shot2 

Fe 
1–2 341–371 99 1 

3–25 211–600 80 20 
 

Pb 1–25 9.4–26 95.2 4.8 
 

Lead shot1 Pb 1–25 193–488 99.4 0.6 
1 5 g of shot, 100 ml of a solution; 2 2.5 g of each type of shot, 100 ml of a solution 
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Table 2. Evaluation of shot mass loss due to the interaction with environmental factors 

Environmental 

factor 
Shot forms 

The initial mass of a 

shot sample part, g 

The mass of a shot 

sample part after 25 

cycles of processing, g 

Mass loss, % 

Steel shot 

Atmospheric 

precipitation 

Exposed alone 
0.330±0.001 

0.320±0.003 3.0±1.0 

In combination with Pb 0.315±0.005 4.5±1.5 

Acid 

precipitation 

Exposed alone 
0.330±0.001 

0.318±0.004 3.6±1.2 

In combination with Pb 0.312±0.004 5.5±1.2 

Soil solutions  
Exposed alone 

0.330±0.001 
0.240±0.008 27±2 

In combination with Pb 0.228±0.006 31±2 

Lead shot 

Atmospheric 

precipitation 

Exposed alone 
0.415±0.001 

0.413±0.001 <0.5 

In combination with Fe 0.410±0.001 1.2±0.3 

Acid 

precipitation 

Exposed alone 
0.415±0.001 

0.413±0.001 <0.5 

In combination with Fe 0.408±0.002 1.6±0.3 

Soil solutions 
Exposed alone 

0.415±0.001 
0.365±0.008 12±2 

In combination with Fe 0.407±0.002 1.9±0.5 

Note: the mass of a shot sample part is obtained based on weighing five random pellets ten times 

Factor — Atmospheric precipitation 

When steel shot interacts with atmospheric precipitation, steel shot is oxidized, and 

interaction solutions are alkalized (due to the reduction of hydrogen ions). The final pH value 

of interaction solutions varied between 6.4 and 7.1. Except for the solution of 1st processing 

cycle, the specific electrical conductivity remained more or less stable (σ = 20–30 µS/cm). 

Starting with the 3rd cycle of processing, the iron content was between 46 and 80 mg/l. 

Dissolved iron forms were only present in significant amounts during the early experiment 

phase (in the solutions of the 1st and 2nd cycle of processing, with the concentration of 2.8–6.4 

mg/l and total iron content of 7–14 mg/l). In later solutions, the content of dissolved iron forms 

did not exceed 0.05 mg/l, and iron was present in interaction solutions in its suspended form 

(Table 1). 

The assessment of iron loss was performed according to a cumulative system and showed 

that steel shot was constantly and gradually dissolving throughout the entire duration of its 

interaction with atmospheric precipitation (Fig. 1, a). Over the entire experiment period (100 

days), the loss of iron due to the interaction with atmospheric precipitation was 2.8% of the 

initial steel shot mass when exposed alone. Therefore, the average rate of steel shot dissolution 

was 0.03% of the initial shot mass per day. The obtained results are consistent with the 

assessment of steel shot loss using the weight method (Table 2). 

Secondary changes are visible on the shot surface during and after the interaction between steel 

shot and atmospheric precipitation (Fig. 2, a). According to the SEM data, a corrosion product 

coating with a thickness of 5–25 µm forms on the surface of steel shot, in areas with surface 

micro-cracks − with a thickness of up to 50 forms and more (Fig. 2, b). The main corrosion 

product is the friable iron oxides in the form of round-shaped submicron particles (Fig. 2, c). 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 January 2022                   doi:10.20944/preprints202201.0077.v1

https://doi.org/10.20944/preprints202201.0077.v1


 
 

7 

 

 

 
Fig. 1. Steel shot dissolution in atmospheric precipitation 

 

 

 

Fig. 2. The general appearance of steel shot after interaction with atmospheric precipitation, and the 

results of SEM (steel shot exposed alone): 

a – shot with visible secondary changes, b – a layer of corrosion products and micro-cracks on 

shot filled with corrosion products, c – the structure of corrosion products (iron oxides), d – the shot 

surface with areas where the corrosion product crust peels off the surface. 
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The steel shot surface includes areas with a peeled-off corrosion product coating (Fig. 2, 

d) which indicates poor adhesion of iron oxide to the shot surface. The corrosion process is 

dynamic and is constantly involving new metal volumes. Therefore, in this solution, the steel 

shot can be almost completely transformed into its oxidized state under the impact of the 

environment. 

In the presence of metallic lead, the process of steel shot dissolution is the same, but its 

rate increases significantly (Fig. 1, b). Over the experiment period, the total iron loss was 4.7% 

of the initial mass, which is 1.7 times more than for steel shot exposed alone. The average rate 

of steel shot dissolution when exposed together with lead shot is 0.05% per day. Steel shot 

transformation determines the prevalence of suspended iron forms since the early experiment 

stage (Table 1). 

The formation of corrosion crusts is visible on both steel shot and lead shot (Fig. 3, a). 

According to the SEM data, a corrosion product coating with a thickness of 5-50 µm forms on 

the surface of steel shot, in areas with surface micro-cracks − with a thickness of up to 100 

forms and more (Fig. 3, b). Morphologically, the coating is a layer of fine crystalline which 

consists of iron oxides and lead-based deposits (Fig. 3, c) covering parts of the steel shot 

surface. Lead is observed inside the coating (Fig. 3, d), which indicates that Pb is captured from 

the aquatic solution during the formation of the iron oxide coating on the steel surface. These 

particles may act as local corrosion catalysts as evidenced by an increased coating thickness 

compared to a sample of steel shot exposed alone. 

It should be noted that the presence of steel and lead shot simultaneously is a critical 

factor for lead shot transformation — this process accelerates significantly in the presence of 

steel shot, thus posing additional risks of lead contamination. The lead loss throughout the 

experiment was 0.11% for lead shot exposed alone and 0.91% (eight times higher) for lead shot 

exposed together with steel shot (Fig. 4). The obtained results are consistent with the weighing 

of shot before and after the experiment (Table 2). 

In general, lead shot transformation is considerably slower than steel shot − 25 times and 

5 times slower when exposed alone and together with steel shot, respectively. When lead shot 

interacts with atmospheric precipitation without steel, it begins to oxidize, and the oxide 

coating dissolves partially (cycles of processing 1–7), which determines the release of lead into 

the corresponding interaction solutions where it is mainly present in the dissolved form (the 

content of dissolved forms − 0.6–1.5 mg/l, the content of suspended forms − 0.1–0.3 mg/l). The 

encapsulation of lead shot is accompanied by the formation of separate sediment particles from 

lead oxide compounds (cycles of processing 8–16, Fig. 5) which increases the content of 

suspended lead forms significantly (1.6–3.8 mg/l). Afterwards, the content of suspended lead 

forms decreases (to 0.5–1.2 mg/l), and their presence is determined by the partial dissolution of 

the oxide encapsulating coating and the re-deposition of lead ions in a nearly neutral medium. 
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Fig. 3. The general appearance of steel and lead shot after interaction with atmospheric precipitation, 

and the results of SEM (steel and lead shot exposed together): 

a – shot with visible secondary changes, b – a layer of corrosion products and micro-cracks on 

shot filled with corrosion products, c – the morphology of steel shot corrosion products, d – lead 

particles inside the iron oxide coating on steel shot (a sectional view of the coating), e – the structure of 

the corrosion crust on lead shot, f – the degree of lead shot surface corrosion. 
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Fig. 4. Lead shot dissolution in atmospheric precipitation 

 

  

Fig. 5. Gradual metal surface oxidation and encapsulation of lead shot exposed alone in atmospheric 

precipitation 
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In the presence of steel shot, lead ions are captured from the solution by iron oxides and 

are co-deposited together with iron, intensifying the lead shot deterioration. As a result, lead is 

mainly suspended form in the interaction solutions (Table 1). Lead content varies in a wide 

range depending on the stage of lead shot surface encapsulation (from 1.2 mg/l to 30 mg/l). The 

surface encapsulation is a gradual process; after 15 cycles of processing, which correspond to 

60 days of interaction (Fig. 4, b), the release of lead ions into the solution and their subsequent 

co-deposition with iron hydroxides decreases significantly. The SEM results show that, in the 

presence of steel, a corrosion layer is formed on the lead shot surface which has a thickness of 

5–25 µm and a complicated structure: there is a friable iron-containing coating with a thickness 

of up to 10–15 µm on the upper surface, and a layer of lead oxygen compounds beneath (Fig. 3, 

e). There is no iron inside the lead compound layer. Lead shot surface mostly deteriorates on 

the primary dendrites, with the space between dendrites less prone to corrosion (Fig. 3, f). 

Additional encapsulation of lead shot with a screening layer of iron oxide, the sorption of 

lead ions on the surface of steel shot corrosion layer, and the co-deposition of lead with iron 

oxides, which are formed due to steel shot dissolution, partially compensate the risks associated 

with an increased rate of lead shot transformation. Due to these factors, the interaction solutions 

are mainly characterized by a low content of dissolved lead forms (ions and complexes) — 

between 0.04 and 0.38 mg/l, on average — 0.19 mg/l. 

Factor — Acid precipitation 

Interaction between steel shot and acid precipitation (the same as atmospheric 

precipitation) causes alkalization of solutions, partly reducing the initial acidity. The pH of 

interaction solutions varied between 5.3 and 6.3, and the specific electrical conductivity 

remained at 11–18 µS/cm (except for the 1st processing cycle, pH of 6.8 and σ of 67 µS/cm). 

The pH of interaction solutions is higher than the pH of early ferric hydroxide deposition 

(pH = 2.5–4.5 at 25°C for dissolved solutions), which results in the total iron content 

comparable to the scenario with atmospheric precipitation, and the prevalence of the suspended  

iron form (Table 1).  However, the dissolved iron form content is significantly higher than in 

the case of atmospheric precipitation with pH 6 (0.4–0.8 mg/l). In the presence of lead shot, the 

physical and chemical characteristics of the medium are similar (pH = 5.5–6.5, and σ = 10–16 

µS/cm, apart from the first cycle of processing with 30 µS/cm), and dissolved iron forms are 

absent since the early experiment phase (on average <0.05 mg/l, with a maximum value of 0.11 

mg/l). 

The curves of steel shot dissolution under the impact of environmental factors (Fig. 6, a, 

b) replicate the distribution obtained for the interaction with atmospheric precipitation (Fig. 1, 

a, b). The similarity between the curves is observed both in the case of steel shot exposed alone 

and together with lead, with lead increasing the deterioration rate of steel shot 1.7 times. Over 

the duration of the experiment, the iron loss was 2.9% and 4.9% of the initial shot mass (for 

steel shot exposed alone and in combination with lead, respectively). In general, the obtained 

assessment of iron loss based on iron concentration in interaction solutions correlates to the 

evaluation of shot mass loss using the weight method (Table 2). 

In general, the appearance of steel shot after interaction with acid precipitation and the 

nature of its deterioration correspond to the interaction with atmospheric precipitation (Fig. 7, 

8). Without lead shot (Fig. 7, a), the main product of steel shot corrosion is the friable iron 
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oxides in the form of round-shaped submicron particles (Fig. 7, c), similar to the oxide coating 

on samples interacting with atmospheric precipitation with atmospheric. The local thickness of 

the corrosion layer is 10–50 µm, in areas with surface micro-cracks − up to 100 µm and more 

(Fig. 7, b). As in the case of atmospheric precipitation, there are areas with a peeled-off coating 

(Fig. 7, d). It means that steel oxidation is accompanied by the dynamic corrosive 

transformation of the basis metal. It can be assumed that under the impact of acid precipitation 

steel shot would corrode until the steel is completely transformed into iron oxide (III). 

When steel and lead shot are exposed together (Fig. 8, a), the oxidation of metallic lead 

under environmental factors results in the formation of metal ions in the solution. As in the case 

of atmospheric precipitation, these metal ions are sorbed by the corrosive layer of steel, while 

iron oxides form a screening layer on the lead shot surface. According to the SEM data, the 

thickness of a corrosion product on steel shot is 20–50 µm, in areas with surface micro-cracks 

— up to 100 µm and more (Fig. 8, b). The main product of steel shot corrosion in the presence 

of lead is a dense oxide layer of fine crystalline (Fig. 8, c) covered with more friable iron 

oxides on top (Fig. 8, d). Significant concentrations of lead (3-5%) is observed on the shot 

surface, which indicates that it is deposited from the solution as a result of the steel corrosion 

process. 

At the same time, an iron oxide layer (Fig. 8, e) with a local thickness of 7–10 µm is 

formed on the surface of lead shot (an alloy of Pb and Sb) in the presence of steel. The 

chemical deterioration of lead shot reaches 10–30 µm inwards from the shot surface (Fig. 8, f). 

As the interaction solutions of lead shot with acid precipitation have a lower pH than in 

the case of atmospheric precipitation (on average — 5.5 and 6.0 for lead shot exposed alone 

and in combination with steel shot, respectively) and is comparable to the pH of early 

deposition of lead hydroxide (pH = 6.0 at 25°C for dissolved solutions), the rate of lead shot 

dissolution is higher. 

When lead shot was exposed alone, the total content of lead in interaction solutions 

varied between 16–29 mg/l in the solutions of cycles of processing 1–3 to 5.0–7.9 mg/l in the 

subsequent period. The high lead content during the early experiment phase and the prevalence 

of its suspended form during that time (Table 1) are determined by intensive lead shot 

deterioration with the formation of flocculent deposits of lead oxygen compounds (Fig. 9, a). 

Under the impact of acid precipitation, the encapsulation process continued for 15–20 days (4–

5 cycles of processing, Fig. 9, b); afterwards, the content of lead in interaction solutions is 

determined by the release of lead ions due to the dissolution of the shot oxide layer (Table 1). 

Throughout the experiment period, lead loss as the result of shot deterioration was 0.41% (Fig. 

10, a). 

In the presence of steel, lead shot corrodes mainly with the formation of suspended 

forms, their share reaching the maximum value during the period of the most active 

deterioration (between the 4th and the 11th cycle of processing with acid precipitation, Table 

1). During that period, the total content of lead in the solution was 19–45 mg/l, later decreasing 

to 6.3 mg/l on average. Lead loss as the result of shot deterioration was 1.5% (Fig. 10, b). 

Therefore, the presence of steel increases the lead shot corrosion rate 3.7 times, however, the 

sorption and co-deposition of lead with iron oxides results in a lower content of lead ions and 

complexes (0.4–2.5 mg/l, on average — 1.0 mg/l).   
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Fig. 6. Steel shot dissolution in acid precipitation  

  

 

Fig. 7. The general appearance of steel shot after interaction with atmospheric acid precipitation, and the 

results of SEM (steel shot exposed alone): 

a – shot with visible secondary changes, b – a layer of corrosion products and micro-cracks on shot 

filled with corrosion products, c – the structure of corrosion products (iron oxides), d – the shot surface 

with areas where the corrosion product crust peels off the surface. 
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Fig. 8. The general appearance of steel and lead shot after interaction with acid precipitation, and the 

results of SEM (steel and lead shot exposed together): 

a – shot with visible secondary changes, b – a layer of corrosion products and micro-cracks on shot 

filled with corrosion products, c – the morphology of steel shot corrosion products, d – the structure of 

the corrosion crust on steel shot, e – the structure of the corrosion crust on lead shot, f – the degree of 

lead shot surface corrosion. 

 

 

Fig. 9. The metal surface oxidation and encapsulation of lead shot exposed alone in acid precipitation: 

a - intense oxidation of metal surface with formation of white flocculent sediment (lead hydroxides and 

sulfates), b - encapsulation of the shot surface by a coating of dove-grey lead oxide compounds. 
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Fig. 10. Lead shot dissolution in acid precipitation  

Factor — Soil solutions 

Soil solutions are the most aggressive environmental factor with a high buffer capacity: 

after interaction with shot, they retain the initial physical and chemical characteristics (in all the 

scenarios, except for the 1st and 2nd cycles of processing). 

Steel shot transformation relatively uniformly under the impact of soil solutions (Fig. 11, 

a, b). In the absence of metallic lead, the average total content of iron in interaction solutions 

(5g of shot, 100 ml) is 498 mg/l, when exposed together with lead shot (2.5 g of each type of 

shot, 100 ml) — 321 mg/l. Iron is mainly present in the dissolved form (as acetate complexes). 

The share of dissolved forms during the early interaction phase is 97–99% of the total metal 

content. Later, suspended iron forms appear, causing the release of iron ions and complexes 

from the solution; the average share of suspended forms reaches 33% and 20% of the total iron 

content for steel shot exposed alone and in combination with lead shot, respectively (Table 1). 

Considering the high iron content and the prevalence of its suspended forms for steel shot 

exposed alone, it may be assumed that interaction solutions will be oversaturated with this 

element, provided that lead does not interfere with the complex formation process and that 

there is a lower ratio of steel shot to the solution. The iron loss throughout the experiment was 

25% of the initial mass for steel shot exposed alone (Fig. 11, a), and 32% for steel shot exposed 

together with lead shot (Fig. 11, b), which corresponds to 0.25% and 0.32% per day, 

respectively. The calculations of the mass loss of steel shot (based on the iron content in 

interaction solutions) are confirmed by the results of the weight method (Table 2).  
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A visual examination of steel shot after interaction with model soil solutions (Fig. 12, a; 

Fig. 13, a) showed irregularities and cavities on its surface, indicating local corrosion of iron. 

According to the SEM data, a corrosion layer with a thickness of 5–10 µm forms on the 

surface of steel shot, in areas with surface micro-cracks — up to 50 µm and more (Fig. 12, b). 

The relative thinness of the corrosion coating under the impact of an aggressive environmental 

factor is determined by the continuous removal of corrosion products from the steel shot 

surface into the interaction solution. The main corrosion product is the porous iron oxide 

coating (Fig. 12, c); in profile, it consists of two layers: an outside dense layer of iron corrosion 

products with a higher oxygen concentration, and an intermediary layer of iron oxides 

underneath (Fig. 12, d). Due to the difference in the continuity of the upper and lower layers, 

the surface of steel shot has a considerable relief formed under the impact of a corrosive 

medium (Fig. 12, b). 

In the presence of a lead shot, a coating with a thickness of 5–20 µm forms on the 

surface, in areas with surface micro-cracks — with a thickness of up to 50 µm and more. There 

is also local corrosion (Fig. 13, b). The coating has a lamellar and fine-crystalline morphology 

and consists of iron oxides and lead-based deposits (Fig. 13, c). The latter form interlayers 

inside the corrosion profile which indicates that lead is captured from the interaction solution 

during the formation of the iron oxide coating on the steel surface (Fig. 13, d). 

In the presence of steel, an iron oxide coating with a weblike morphology forms on the 

lead shot surface. There are separate areas of flocculent iron oxide deposits (Fig. 13, e). Iron 

oxides are not visible (Fig. 13, a), which is only present in small fragments. The local thickness 

of the corrosion layer on the lead shot surface is 3–8 µm. The lead oxide layer is covered with 

organic acid salts (Fig. 13, f).  

The chemical transformation of the lead oxide coating on the lead shot surface results in 

the release of metal into the interaction solutions. When the lead shot is exposed alone, and iron 

does not interfere, the lead content in the interaction solutions varies between 193 and 488 mg/l 

(on average — 280 mg/l) with the entire metal present in dissolved forms (Table 1) as acetate 

complexes. Over the duration of the experiment, the total lead loss as a result of lead shot 

corrosion was 14%, which corresponds to the average rate of 0.14% per day (Fig. 14, a). 

In the presence of steel shot, the lead content in interaction solutions was significantly 

lower — 9.4–26 mg/l (on average — 14.1 mg/l). This is because iron, as a more active metal, 

interferes with the process and forms more stable acetate complexes than lead (Log K 7.57 and 

4.08 for Fe[Acetate]2 and Pb[Acetate]2, respectively (NIST Critically Selected Stability 

Constants of Metal Complexes Database). As a result, the share of suspended lead forms is 

slightly higher (about 5% of the total lead content, Table 1) and is determined by the co-

deposition of lead ions with iron oxide compounds which form as a result of steel corrosion. 

The calculated mass loss of lead shot (based on the lead content in interaction solutions) was 

1.4% (0.014% per day) which is confirmed by the weight method results (Table 2). 
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Fig. 11. Steel shot dissolution in soil solutions with organic acids 

 

 

Fig. 12. The general appearance of steel shot after interaction with soil solutions, and the results of SEM 

(steel shot exposed alone): 

a – shot with visible secondary changes, b – the composition and thickness of a corrosion crust on the 

shot surface, c – a porous iron oxide coating with flocs with a higher concentration of C and О deposited 

on its surface (highlighted by red ellipses), d – the two-layer structure of the corrosion coating (profile). 
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Fig. 13. The general appearance of steel and lead shot after interaction with model soil water, and the 

results of SEM (steel and lead shot exposed together):a – shot with visible secondary changes, b − the 

composition and thickness of a corrosion crust on steel shot, c – the lamellar and fine-crystalline 

morphology of corrosion products, d – the structure of the corrosion crust on steel shot (in profile), e – 

iron oxide coating with a weblike morphology on the lead shot surface with separate areas of flocculent 

iron oxide deposits (highlighted by red ellipses), f – the structure of the corrosion crust on lead shot. 
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Fig. 14. Lead shot dissolution in soil solutions with organic acids 

 

4.COMPARATIVE ASSESSMENT OF STEEL SHOT AND LEAD SHOT 

TRANSFORMATION UNDER THE ENVIRONMENTAL FACTORS 

The comparison of the experiment results allowed to produce a comparative assessment 

of steel and lead shot transformation under the impact of extreme environmental factors (Table 

3). The period of complete shot destruction for various use scenarios was calculated by 

extrapolating assessments of average shot transformation rate at specified experiment 

parameters.  

Under constant atmospheric precipitation of various acidity, steel shot destruction 

uniformly. The reduction of hydrogen ions during the oxidation of steel shot determines the 

alkalization of interaction solutions where iron is present in suspended forms. The estimated 

period of complete steel shot destruction is about ten years, while in the presence of metallic 

lead, it is decreased to 5.5–6 years. 
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Table 3. Comparative assessment of shot destruction under the environmental factors in the extreme 

conditions of permanent humidification 

Shot forms 
Environmental 

factor 

Average shot 

destruction rate, % of 

initial mass per day 

Estimated period of 

complete shot 

deterioration, years 

The primary form of metal 

in interaction solutions, % 

of total content 

Steel shot 

Exposed alone 

Atmospheric 

precipitation 
0.028 9.8 Suspended (>99.9) 

Acid precipitation 0.029 9.4 Suspended (99) 

Soil solutions 0.25 1.1 Dissolved (70) 

In combination 

with lead shot 

Atmospheric 

precipitation 
0.047 5.8 Suspended (>99.9) 

Acid precipitation 0.049 5.6 Suspended (>99.9) 

Soil solutions 0.32 0.9 Dissolved (80) 

Lead shot 

Exposed alone 

Atmospheric 

precipitation 
0.0011 249 Dissolved (53) 

Acid precipitation 0.0041 67 Dissolved (91) 

Soil solutions 0.14 2.0* Dissolved (99) 

In combination 

with steel shot 

Atmospheric 

precipitation 
0.0091 30 Suspended (97) 

Acid precipitation 0.015 18 Suspended (90) 

Soil solutions 0.014 20 Dissolved (95) 
* provided that iron does not interfere with the complex formation process, which is impossible in natural 

conditions 

Interaction with soil solutions significantly accelerates steel shot destruction, with iron 

mostly present in interaction solutions in complexes with organic ligands. Under these 

conditions, the metal corrosion rate reaches its maximum values, and the steel shot may be 

fully destroyed for about one year (13 months for steel shot exposed alone and ten months for 

steel shot in the presence of metallic lead). 

Lead shot is less sensitive to environmental factors due to the fast oxidation and 

passivation of the surface by oxidized compounds of lead. Under the impact of atmospheric 

precipitation, the lead shot destruction rate reaches the maximum and is a function of the 

acidity of precipitation. In the conditions of normal acidity precipitation, the period of complete 

lead shot deterioration is about 250 years. Acid precipitation intensifies the oxidation and 

dissolution of lead shot, thus shortening the deterioration period to 65–70 years. Lead is present 

mainly in dissolved forms (ions and compounds) that negatively affects the environment. The 

presence of steel shot intensifies the lead shot destruction (4–8 times) and shortens its complete 

assimilation by the environment to 20–30 years. The co-deposition of lead with iron oxides 

partially compensates for the risks associated with the presence of steel shot. 

The maximum corrosion rate of lead shot is observed in the case of continuous contact 

with organic acids in soil solutions. The estimated dissolution period in the experimental 

conditions is 20 years for lead shot exposed together with steel shot and two years for lead shot 

exposed alone. The long period of lead shot transformation under the experimental conditions 

can be attributed to 1) iron acetate complexes have a definite competitive advantage when 

interacting with organic acid solutions; 2) lead ions are captured from the interaction solution 

during the formation of the iron oxide coating on the steel shot surface. 
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The obtained results show that steel shot is characterized by a high rate of transformation 

under the environmental factors that is usually an order of magnitude higher than the 

transformation rate of lead under the same condition. The prevalence of the suspended iron 

form (excluding the interaction with organic acids) presents risks for environmental 

components such as soils and sediments and may be of hazard to the ambient air and natural 

waters in case of wind erosion and surface runoff from the catchment area. Furthermore, the 

presence of steel and lead shot together accelerates the corrosion of both metals, thus increasing 

the environmental risks. 

5. CONCLUSION 

It is necessary to exercise caution when making predictions about the environmental 

safety of replacing lead by steel in ammunition on shooting sites that were lead in soil, 

especially on sites that are not organized as shooting ranges, where lead has accumulated over 

decades due to hunting activities.  

The steel shot presence with its high reactivity (especially in the presence of lead shot and 

its fragments) and the formation of suspended (flocculent) and mobile soluble iron compounds 

and complexes may result in uncontrollable growth of the pollution of environment: 

- in temporary and permanent areas (zones) with a low load from shooting and no Risk 

Management Measures, including lead recycling, the primary hazard is the increase of soil 

pollution (since the possible increase in the depth of lead penetration) and groundwater with 

mobile lead species because the presence of steel shot increases lead shot transformation by 4–

8 times and promotes its decapsulation (in the absence of steel shot, lead is low active and 

accumulates in the upper centimetres of the soil profile); 

- in permanent areas with a high load from shooting, implementation of Risk 

Management Measures, including the catchment of surface runoff, with a high level of lead 

recycling (up to 90%), the primary environmental hazard is the iron pollution of underground 

water due to the fact that the presence of lead increases steel shot transformation by 1.3–1.7 

times; 

- steel shot and its corrosion products in the form of iron hydroxides are transported from 

shooting areas into water bodies and watercourses by surface runoff (provided that there are 

such water bodies and watercourses on the shooting areas, and no surface water controls are 

implemented); in such cases, iron toxicity is due to the mechanical damage and asphyxia of fish 

and other aquatic organisms caused by the deposition of flocculent iron hydroxides, and/or the 

decrease of oxygen content in water when oxygen is used to complete iron oxidation; 

- infiltration of soluble iron compounds in the soil may lead to an increased iron content 

in the groundwater (water from natural sources consumed without any treatment) exceeding the 

Level of Concern (LOC). In various national regulations, the exposure LOC for iron content in 

drinking or surface water is strict enough (0.1–0.3 mg/l). Thus, if the load from shooting is 

high, LOC may be exceeded before any iron recycling measures can be implemented (where 

Risk Management Measures are applicable). 

The information presented in this article proves that it is necessary to study the behaviour 

of steel shot in soils with/without lead, which will be the focus of further research by the 

article’s authors. 
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