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Abstract

In Europe, the First World War left a legacy on the environment due to the

extensive and intense use of artillery during this period. This study examined a

small wooded area in the Pas-de-Calais region in France which was subject to

considerably less intense fire than previously studied WWI battlefields. In a

process named “bombturbation,” significant physical changes have occurred to

the landscape subject to artillery fire, resulting in a divergent soil development

in craters. Cratering led to higher organic matter and electrical conductivity

values, but—unlike other studies—no significant difference in soil pH. Soil

heavy metal concentrations did not differ within craters compared to the flat

landscape. However, lead (Pb) and copper (Cu) enrichment was observed

above the baseline values for the region. Despite the average concentrations of

Cu and Pb being within legal limits for soils in the UK and European Union, it

is likely that enrichment of Cu and Pb in the concentrations observed has

caused detrimental ecotoxicological and human health effects.

Highlights

• Few studies investigate the legacy of WWI on soil, particularly from low

intensity fighting.

• WWI bomb craters alter soil development, resulting in changes to organic

matter and salinity.

• Cu and Pb enrichment of soil from WWI may lead to ecotoxicological and

human health impacts.
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1 | INTRODUCTION

1.1 | Historical context

Environmental damage has been a by-product, and some-
times a deliberate strategy, of war since the ancient world.

The scale of warfare increased to an industrial level in the
20th Century (Francis & Krishnamurthy, 2014). The for-
mer battlefields of the First World War are of particular
interest due to the nature of this war: a “static front” formed
on the Western Front (Boff, 2018) that remained in place
for almost the entire duration of the war (Keegan, 1994).
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This front involved soldiers in close contact with each
other, launching offences in increasingly extreme efforts
to break the stalemate (Watson, 2015). This resulted in
an unparalleled concentration of artillery and small arms
fire on the western front, with 1.45 billion shells fired
during WWI (Prentiss, 1937).

1.2 | Bombturbation

Bombturbation, a term coined by Joseph Hupy (Hupy &
Koehler, 2011), is a form of soil disruption caused using
explosive munitions, ranging from grenades to heavy
artillery. Following this, the physical structure of the soil
may be severely disrupted or completely destroyed
(Hupy & Schaetzl, 2008). The new topographical land-
scape established—a change from a smooth to an irregu-
lar slope or the formation of craters—will result in new
hydrological and weathering conditions (Hupy &
Koehler, 2011) and a divergence in pedogenesis (Hupy &
Schaetzl, 2008).

1.3 | Chemical disruption

Anthropogenic sources of heavy metals in the environment
typically include industrial processes, agriculture, wastewa-
ter, mining and metallurgical processes (Hasnine et al., 2017;
Masindi & Muedi, 2018; Wuana & Okieimen, 2011). How-
ever, studies into the chemical legacy of WWI have already
established the presence of metallic contaminants such as
copper, lead, arsenic and zinc from munitions in multiple
theatres of the conflict (Baba & Deniz, 2004; Bausinger
et al., 2007; Bausinger & Preuß, 2005; Meerschman
et al., 2010; Souvent & Pirc, 2001; Thouin et al., 2016; Van
Meirvenne et al., 2008). As a result of intense fighting, depo-
sition of bullets, shrapnel and powder casings caused heavy
metal enrichment of the soil (Hardinson Jr et al., 2004;
Souvent & Pirc, 2001) as these were primarily composed of
lead (Pb), copper (Cu), zinc (Zn) and steel (War Office, 1915;
Watson, 2015).

1.4 | Aim

This study determined whether physical and chemical
forms of disruption were evident over an area with rela-
tively minor cratering than has been left largely undis-
turbed. First, by examining pH, soil organic matter and
electrical conductivity (EC) in samples from craters and
from flat, relatively undisturbed ground (non-craters), the
study established whether the physical effects are likely to
have led to a divergence in pedogenesis. Next, the study
investigated whether soil contamination (Pb and Cu) was

higher in craters compared to the undisturbed ground
(direct enrichment). It determined whether there has been
enrichment of heavy metals more generally at the site above
expected (baseline) concentrations. As with Van Meirvenne
et al. (2008) and Meerschman et al. (2010), this experiment
used nickel (Ni) as a control as this metal is not associated
with warfare activities and should therefore be within the
baseline range.

2 | MATERIALS AND METHODS

2.1 | Site description

The study site is within Sheffield Memorial Park, a
wooded area located near the village of Puisieux, France.
The site formed part of the British front line during 1916
and was involved in the series of battles known collec-
tively as the Battle of the Somme (Greatwar.org, 2020;
Figure 1). The area has not been relandscaped or decon-
taminated (Blake, 2020).

2.2 | Sample collection

A clustered sampling method was used to account for the
localised nature of the cratering (Jianwei, 2019), where a
soil corer was used to extract 22 soil cores from the centre
point inside 11 craters likely caused by bombturbation.
Conversely, 50 soil cores from flat, relatively undisturbed
ground with no physical evidence of bombturbation were
collected across the site using a random sampling
method, accounting for the heterogenous nature of the
soil. Cores were taken to a depth of 15 cm as most metal
fragments deposited from warfare are found up to this
depth (Souvent & Pirc, 2001). Samples were dried at 60�C
in a Memmert 500 oven for 72 h then stored at room tem-
perature for 6 months prior to analysis.

2.3 | Laboratory analysis

The loss on ignition (LOI) method was used to measure
the organic matter content in the soil samples. 1 g (±0.1 g)
of oven-dried soil were heated in a Carbolite ELF 11/6
muffle furnace at 550�C for 8 h. After cooling, the samples
were removed and re-weighed, with the difference in mass
being used to determine the LOI %, a proxy for soil organic
matter (SOM). To analyse for pH and EC, 5 g (±0.5 g) of
each soil sample was mixed with 25 ml of deionised water
and shaken at 100 rpm for 30 min. The pH was measured
using a glass electrode Jenway 3510 pH meter and the EC
was then measured using a Hanna H199301 electrical con-
ductivity meter. For each soil sample, 1 g (±0.1 g) was
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added to a solution of 2.5 ml of 65% HNO3 and 7.5 ml of
37% HCl and digested in a Berghof Speedwave 4 microwave
digester. After filtration with Whatman 100 filter paper, the
samples were diluted to 50 ml. A Perkin Elmer Optima
8000 Inductivity Coupled Plasma—Optical Emission Spec-
trometer (ICP-OES) was used to measure the concentration
of heavy metals in the digested samples.

3 | RESULTS

3.1 | Effects of bombturbation on soil
chemistry: Craters versus non-craters

Following Anderson-Darling normality tests, data that
were normally distributed (EC and nickel)—or where

transformations subsequently gave a normally distribu-
tion (organic matter and lead)—were subject to an
unpaired t-test. Non-parametric data (pH and copper)
were analysed using a Mann–Whitney test. These were
used to assess whether there was a statistically significant
difference between data for soil properties in crater and
non-crater samples at the 5% level to reject the null
hypothesis of no difference in means. The mean and SDs
for each soil property are shown in Table 1. Soil EC
(p < 0.001) and SOM (p < 0.001) were both significantly
different, however pH (p = 0.166) was not. Mean soil EC
was 52% higher in craters than non-craters and mean
SOM content was 1.8 times higher in craters than non-
crater samples. There was no significant difference
between crater and non-crater samples for Ni (p = 0.703)
or Cu (p = 0.599). Although not significant at the 5%

FIGURE 1 Evidence that the field site is located at the former front line. Image created using Google maps and a historical map

reproduced with the permission of the National Library of Scotland (2020), with data sampling points created using ArcGIS 10.8.1

TABLE 1 Average values for crater and non-crater samples (±SE)

pH EC (μs) Organic matter (%) Pb (mg/kg) Cu (mg/kg) Ni (mg/kg)

Crater 7.23 (±0.14) 339.25 (±20.31) 19.73 (±1.84) 162.00 (±99.85) 42.52 (±1.51) 19.31 (±0.88)

Non-crater 6.72 (±0.17) 223.07 (±11.08) 10.80 (±0.44) 49.49 (±8.67) 43.90 (±1.65) 18.95 (±0.50)
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level, Pb showed a p-value that approaches the conven-
tional threshold for statistical significance (p = 0.094).

3.2 | Heavy metal enrichment of soils

To determine whether enrichment of Pb, Cu and Ni has
occurred, Table 2 compares the regional baseline values
to the mean values and concentration range found in
this study. Although there were no significant differ-
ences in Cu or Pb for craters compared to non-craters,
the mean values for Cu and Pb suggest soil contamina-
tion has occurred. There has been enrichment of soil Pb
by 72–78 mg/kg, equivalent to more than four times the
top baseline value. Soils have also been enriched with
27–31 mg/kg Cu, or 2.5 times the top baseline value.
For copper, every sample was above the baseline value.
Although two thirds of samples were below the baseline
for lead, some had concentrations 100 times greater
than the baseline. The average nickel concentration of
19.1 mg/kg was within the expected range for the
region; therefore the results are as expected for the
control.

4 | DISCUSSION

4.1 | Impacts of physical disturbance on
soil development

4.1.1 | Crater size

The size of craters at Puisieux is similar to those found in
similar studies (Hupy & Schaetzl, 2008; Meerschman
et al., 2010; Souvent & Pirc, 2001; Van Meirvenne
et al., 2008). However, Puisieux was not subject to the
same intense and concentrated fire and has just four cra-
ters >1 m. This site is therefore representative of lower-
impact WWI battlefield sites in terms of the damage from
cratering and bombturbation. As well as the intensity of
gunfire or explosions, bomb crater size will differ depend-
ing on the type of explosion and the physical and
mechanical properties of the soil (Ambrosini et al., 2002;
Payne et al., 2019).

4.1.2 | Organic matter

Previous studies investigating bombturbation found that
the physical disturbance altered the course of soil devel-
opment, acting as a catalyst for pedogenesis (Shaw
et al., 2001). These explosions caused craters to develop a
thicker organic soil layer (Hupy & Schaetzl, 2006, 2008)
and higher nutrient concentrations (Shaw et al., 2001) in
craters. Similar results have been recorded at Puisieux,
where the organic matter content is significantly higher
in craters. This is likely caused by craters becoming the
focal points for runoff, litter and sediment deposits
(Hupy & Schaetzl, 2006, 2008; Seibert et al., 2007). Other
factors that could have affected the organic matter con-
tent include the position, slope or elevation of the craters
(Guo et al., 2013), soil moisture and surface runoff into
craters (Seibert et al., 2007; Zhang et al., 2012), plant
growth favouring depressions rather than flat areas
(Hupy & Schaetzl, 2008; Vicentini et al., 2020), earth-
worm activity (Hupy & Schaetzl, 2008), soil type and
underlying geology (Zhang et al., 2012).

4.1.3 | Salinity

At Puisieux the soil salinity is greater within craters than
non-crater sites. Cratering could affect salinity via leach-
ing, transporting and accumulation (Karaca et al., 2018).
Salinity correlates positively with cation exchange capac-
ity and organic matter content of soil (Valente
et al., 2012), thus changes in organic matter may be driv-
ing increases in salinity. Other factors affecting salinity
include soil moisture content affecting the cations in
solution (Heiniger et al., 2003; Seladji et al., 2010), lower
soil compaction in disturbed soils increasing salinity
(Seladji et al., 2010), or soil texture, particularly clay con-
tent, affecting conductivity readings (Schjønning
et al., 2017).

4.1.4 | pH

In contrast to Hupy and Shaetzl (2006, 2008), there was
no significant difference in soil pH in the craters

TABLE 2 Figures for regional

baseline topsoil levels of some heavy

metals from the geochemical atlas of

Europe (Salminen, 2005) compared to

the mean and range at Puisieux for Cu,

Pb and Ni

Element

Topsoil concentrations
after aqua regia extraction
and ICP-AES (mg/kg)

Mean concentration
in this study (mg/kg)

Range in this
study (mg/kg)

Pb 15–21 93.24 9.75–2471.00

Cu 12–16 43.37 32.45–110.25

Ni 14–21 19.09 7.2–27.75
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compared with the flat areas. Soil organic matter has
been shown to cause acidification of soil in many envi-
ronments (Ritchie & Dolling, 1985) due to the production
of acids from biological activity and decomposition of
organic matter (Jørgensen & Willems, 1987; Paul, 2015;
Tukura et al., 2007). As munitions smash the underlying
bedrock, rock fragments are more exposed to weathering
in the bottom of craters and weathering processes occur
more quickly due to increased runoff (Hupy &
Schaetzl, 2008; Runge, 1973). Thus, the high chalk con-
tent of the weathered parent material could act as a buff-
ering agent (Goulding, 2016). As several acids are found
in explosives, acidification of the soil would most likely
occur across entire area historically associated with war-
fare (Certini et al., 2013), not just in bomb craters.

4.2 | Contamination with heavy metals
due to WWI activities

4.2.1 | Identification of battlefield sites using
heavy metals

Of the various anthropogenic sources of heavy metals
(Hasnine et al., 2017; Masindi & Muedi, 2018; Wuana &
Okieimen, 2011), there is no historical evidence of waste-
water, mining or metallurgical activity that could cause
contamination above the regional baseline, but agricul-
tural sites are within close proximity. However, the fact
that lead and copper concentrations are elevated, but not
nickel, is evidence that the WWI related activity is the
cause of the contamination. Therefore, soil copper and
lead can be used to identify historic battle sites from
WWI, using nickel as a control. Because fragments of
shells, grenades, bullets and other munitions can be dis-
tributed in the soil more sporadically (Meerschman
et al., 2010), this lack of homogenisation may explain the
similarity between craters and non-craters. Material will
not only land in the craters themselves but will also be
blasted a considerable distance from the depressions
they create. Thus, rather than identifying and testing cra-
ters specifically, sampling across the entire site is
recommended.

4.2.2 | Copper enrichment

Although copper is essential for human health at trace
amounts (Bost et al., 2016), it poses a health risk when
ingested in larger quantities through direct exposure via
contaminated soil, water or air, or through the ingestion
of contaminated plant or animal matter. A range of cop-
per toxicity symptoms in humans include long-term

gastrointestinal system and liver damage, cognitive symp-
toms, paralysis or death (Jadoon et al., 2017;
WHO, 2004). Based on these human health concerns, leg-
islation provides a threshold dose that soils should not
exceed 135 mg/kg at pH 6–7 in the UK and 50–140 mg/
kg in the EU (Nicholson & Chamber, 2008; T�oth
et al., 2016). As the maximum concentration for Cu was
110.25 mg/kg, all samples are within an acceptable range
according to UK and European guidelines.

Trace amounts of copper serve important functions in
the growth, development and functioning of plants
(Olivares & Uauy, 1996; Yruela, 2009). However, copper
can be toxic to plants at concentrations as low as 20 mg/
kg (Borkert et al., 1998). Similarly, there is a detrimental
impact on soil biota at concentrations as low as 10 mg/kg
(El-Ghamry et al., 2000). Thus, copper is likely having a
detrimental ecological impact at Puisieux.

4.2.3 | Lead enrichment

Lead serves no useful function in the human body and is
considered toxic at any concentration (Wani et al., 2015;
WHO, 2019), damaging renal and nervous systems, particu-
larly in children (Adriano, 2001). Legislation sets threshold
concentrations for lead in soil of 200 mg/kg above pH 5.0 in
the UK and 50–300 mg/kg for EU countries (Nicholson &
Chamber, 2008; T�oth et al., 2016). The maximum values
found in the soil are at least nine times the maximum
threshold value, suggesting that remediation is necessary.

Lead has no biological function but can cause a vari-
ety of morphological, physiological and biochemical dys-
functions in plants and soil organisms (Fahr et al., 2013;
Lanno et al., 2019; Sharma & Dubey, 2005). Effects have
been recorded at concentrations as low as 35–50 mg/kg
(Lanno et al., 2019; Pan & Yu, 2011; Zhang et al., 2016),
therefore there have probably been detrimental ecologi-
cal impacts due to lead enrichment at Puisieux.

4.2.4 | Soil properties and heavy metal
availability

Soils with a high organic matter content will immobilise
heavy metals (Fayiga & Saha, 2016; Hernandez et al., 2003).
Organic matter also affects the transformation rate of metal-
lic compounds (Ma et al., 2007), with high organic matter
resulting in less leaching of metal contaminants. Soils retain
these metallic compounds for long periods, however, high
organic matter correlates with increased solubility of lead
but not copper (McBride et al., 1997).

High soil salinity leads to a release of heavy metals and
thus higher heavy metal mobility. (Acosta et al., 2011;
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Du Laing et al., 2009). Soil pH affects the bioavailability of
heavy metals by affecting their solubility, sorption/desorp-
tion, complexation and redox potential (Fayiga &
Saha, 2016). Each metal has its own leaching profile related
to soil pH (Kr�ol et al., 2020; Zhang et al., 2018), where
heavy metals tend to be more bioavailable in acidic soils
(Dijkstra & Johannes, 2004).

5 | CONCLUSION

Differences in organic matter and salinity in the craters sug-
gest that physical disturbance led to a divergence in soil
development at a site that received less munitions than in
previous studies. Soil pH was similar in craters and non-
crater areas, possibly due to acidification of the soil by the
explosives. Enrichment of copper and lead is due to warfare
rather than natural or other anthropogenic causes.
Although copper was below the threshold for UK and EU
soils, some samples had lead concentrations above these
limits. Therefore, this must be considered when considering
a change in land use (i.e., to agriculture).
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