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• A semi-controlled method to evaluate 
the environmental impact of LO/HO 
detonations.

• HO generates more fragments with 
lower mass and smaller size compared 
to LO.

• LO releases more explosive residues 
compared to HO resulting in more 
contamination.

• Partial detonation phenomenon was 
observed while replicating LO.
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A B S T R A C T

The clearance of dumped munitions often relies on low order (LO) and high order (HO) detonation techniques, 
both of which pose significant risks to aquatic ecosystems. LO detonation leaves behind substantial explosive 
residues, whereas HO detonation generates intense shock waves and extensive fragmentation. This study ex
amines the environmental impact of these detonation methods, including partial detonation, under semi- 
controlled conditions using six 1000-litre Intermediate Bulk Container (IBC) tanks. Partial detonation repre
sents an incomplete LO detonation, resulting in the high transfer of TNT to the aquatic environment. Explosive 
residues were almost 8 times higher after LO detonations (8.7 ± 2.8 mg/L) compared to HO (1.2 ± 0.4 mg/L). 
Fragmentation analysis revealed that HO produced more than twice the number of fragments compared to LO, 
increasing the potential for physical damage. By integrating these findings with modelling, the fragment stopping 
distances were estimated. The maximum distance covered by the fragments ranged between 94.9 and 107.1 m. 
The acute toxicity spatial extent of explosive contamination from a single World War (WW) munition detonation 
was found to be 25–40 m (LO); 36–58 m (Partial); 14–23 m (HO). Considering, there are stockpiles of munitions 
in the water bodies, this distance can be much larger. These insights aid to minimise both chemical and physical 
environmental impacts, particularly in the context of World War-era munitions clearance.
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1. Introduction

Munitions filled with conventional explosives such as 2,4,6-trinitro
toluene (TNT), 1,3,5-Trinitroperhydro-1,3,5-triazine (RDX) and 1,3,5,7- 
Tetranitro-1,3,5,7-tetrazocane (HMX) were extensively used during the 
two World Wars [33]. As a result, vast quantities of Unexploded 
Ordnance (UXO) have been dumped in marine environments around the 
world [3]. The clearance of these munitions presents significant chal
lenges, including high costs, substantial risk to the operators and envi
ronmental hazards. These abandoned munitions interfere with 
infrastructure development, restrict tourism, and create economic bur
dens in countries such as the UK and Germany [4]. Further to this, it is 
becoming crucial to clear these munitions for both environmental, 
economic and safety purposes.

Currently, the primary methods for UXO clearance involve in-situ 
detonation. Detonation is a rapid release of energy due to high tem
peratures and the expansion of gases at high pressure [10]. Two com
mon detonation techniques used for UXO disposal are Low-Order (LO) 
and High-Order (HO) detonations. LO detonation uses a small, shaped 
charge, which penetrates the munition casing with the formation of a 
plasma-like jet. LO ruptures the UXO, which does not usually result in 
complete detonation exposing the munition’s contents directly into the 
surrounding aquatic environment. A LO has a velocity that ranges be
tween 1000 – 5000 m/s. HO detonation, uses a donor charge that is 
placed next to the munition which acts as a stimulus to initiate the 
munition [16]. The velocity of a HO detonation ranges from 5000 to 10, 
000 m/s [4,14,35]. While both methods effectively eliminate UXO, 
studies indicate that LO detonations leave up to 10 % of the explosive 
charge in the environment, whereas HO detonations result in signifi
cantly lower residual explosives [16]. Maser et al., [19] further inves
tigated post-detonation explosive concentrations, showing that LO 
detonations can lead to explosive residues of up to 1 mg/L in water and 
10 g/kg in sediments, while HO detonations produce lower concentra
tions of 353 ng/L and 175 µg/kg in water and sediments, respectively.

The environmental and toxicological risks associated with residual 
explosives are well-documented. Explosives such as RDX, HMX and TNT 
are toxic, carcinogenic and mutagenic, for example, Maser & Strehse, 
[20] found that mussels near corroding munitions and exposed explo
sive chunks exhibited bioaccumulation of TNT and its derivatives, 
posing significant health risks when consumed. Concentrations of TNT, 
RDX, and 1,3-dinitro-benzene (DNB) at a UXO dumpsite in the Bay of 
Kiel in the Baltic Sea ranged from 0.01 to 10 ng/L, with concentrations 
near exposed explosives being orders of magnitude higher [3]. Similarly, 
mussels near corroded mines in the western Baltic Sea accumulated 
4-ADNT at concentrations up to 10 ng/g, while mussels near exposed 
Hexanite had significantly higher concentrations of TNT and its de
rivatives [26]. These findings suggest a potential risk of bio
accumulation within the food chain. Human exposure to TNT and its 
degradation products has been linked to liver impairment, red blood cell 
disorders, aplastic anaemia, skin and hair damage, hemotoxicity, and 
carcinogenic effects [17,2,9]. HO detonations have traditionally been 
the preferred method for UXO clearance, however, their environmental 
impact, particularly in terms of noise pollution, has raised concerns 
[31].

Despite advancements in UXO clearance, no method achieves 100 % 
removal of explosive residues. Unburnt and partially burnt explosive 
particles persist due to shock wave reflections during detonation [1]. 
The presence of these residues poses ongoing risks to aquatic organisms. 
Monitoring explosive toxicity and evaluating clearance efficacy are 
critical factors in determining the most appropriate method for UXO 
disposal at dumpsites, training grounds, and storage facilities [1].

The high-amplitude sound waves generated by HO detonations can 
travel up to 25 km underwater, disrupting marine life (OSW0038 
Technical Report). Studies on harbour porpoises indicate that 88 ex
plosions per year can cause permanent hearing loss in 1280 to 5450 
individuals [35]. Reports highlight a lack of adequate mitigation 

measures for HO detonations, for instance, in 2011, 19 pilot whales were 
stranded and died in Kyle of Durness (UK) following HO detonations 
conducted by the Royal Navy [6]. Comparative studies by Lepper et al. 
[16] indicate that LO detonations produce significantly lower acoustic 
impacts (224–226 dB re 1µPa2.s) with a reduction of approximately 
20 dB compared to HO detonations (243–246 dB re 1µPa2.s). Conse
quently, regulatory bodies such as the US Department of Defence and the 
UK Parliament have advocated for the use of LO detonations over HO 
methods to minimize environmental damage ([31,8]). Various noise 
mitigation strategies, including acoustic deterrent devices and bubble 
curtains, have been explored to reduce the impact of HO detonations. 
Bubble curtains have been shown to lower sound pressure by 16–19 dB 
[24].

This study aims to compare the environmental impact of LO and HO 
detonations by assessing their physical and chemical effects, quantifying 
explosive residues, and determining hemi-spherical distribution of TNT 
for minimising environmental and ecological harm.

2. Materials and methods

2.1. Materials

The explosives used in this study included 2,4,6-Trinitrotoluene 
(TNT) and a Pentaerythritol tetranitrate (PETN)-based plastic explo
sive, composed of 86 % PETN, 13 % plasticizer, and 1 % 2,3-Dimethyl- 
2,3-dinitrobutane (DMNB), supplied by Alfords Pvt Ltd. The modular 
shaped charge systems (Vulcans) [36] used to achieve LO detonation 
were also sourced from the same supplier. Boss Super Green Polytetra
fluoroethylene (PTFE) Compound was used as a sealing agent, while 
paddling pools were purchased from Amazon. The syringe plunger for 
sampling and the metallic pipe for the pipe bomb were custom manu
factured in-house at Cranfield University. For this study, TNT was used 
as it is representative of legacy unexploded ordnance (UXO) formula
tions commonly encountered from the WW era. In-addition, the TNT 
proportions used enabled simulation of typical energetic behaviour and 
residue generation and avoidance of full tank rupturing.

2.2. Experimental set up

Standard IBC’s encased by a galvanized steel cage were filled with 
1000 L of tap water (pH 7.2) (Fig. 1). Given the high pressures generated 
by the detonations, particularly high-order (HO) detonations, there was 

Fig. 1. Aerial view of the experimental setup showing (1) IBC tank with di
mensions 1000 × 1160 x 1200 mm (2). Pipe bomb suspended at the centre of 
the IBC tank i.e. 500 mm height (3) Wooden blocks with dimensions 
2600 × 250 x 150 mm (4) Concrete blocks (1600 ×800 x 800 mm) (5−8) 
Paddling pools A-D.
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a significant risk of plastic container rupture, posing both safety hazards 
and methodological challenges. To mitigate this, the tops of the IBC 
tanks were removed, allowing detonation pressure to dissipate upward 
and improving the structural integrity of the vessel. This modification 
effectively transformed the IBC tanks into cost-effective standardised 
1 m open-top aquariums.

The pipe bombs were prepared by melting 115 g of TNT flakes in a 
water bath at 100◦C for 30 min. Meanwhile, galvanized steel pipes 
(150 mm in height, 34 mm in diameter) were preheated at the same 
temperature for 30 min. Once fully melted, 100 g of TNT was poured 
into the preheated pipes and allowed to cool. To ensure complete filling 
and eliminate voids or cracks formed during cooling, an additional 15 g 
of melted TNT was added. The pipes were left to cool to room temper
ature before sealing the end caps with 4 g of PTFE to prevent leakage. 
The final weight of the prepared pipe bombs was 622 ± 2 g.

The pipe bombs were suspended centrally in the middle of the IBC 
using 14-gauge electric wire to distribute the detonation pressure evenly 
on the IBC tank to avoid reflected shock waves or refraction waves [11]. 
The setup was designed to create a representative explosive train e.g. 
initiation of detonator (electric), booster (PENO), main charge (TNT) the 
explosives were aligned to ensure initiation [25]. Each tank was sup
ported by wooden blocks and a stable platform surrounded by paddling 
pools (polyvinylchloride) to collect the water flowing out of the IBC’s 
post-detonation. Each tank was labelled in alphabetical order (A-F), a 
total of six detonations were undertaken (3 X HO, 1 X Partial and 2 X 
LO).

To ensure that LO detonation was achieved, a Vulcan was used 
(Fig. 2a). A Vulcan is a modular shaped charge system which consists of 
a jet forming cone disc connected to a Davey Bickford electric detonator 
which penetrates the metal casing of a munition. Both magnesium and 
copper cone versions are available to achieve LO with copper having a 
greater penetration power but a higher risk of generating HO. Alfords 
provided both types to trial LO as they are both currently used in real-life 
scenarios. For tank A, a copper cone was used and for both B and C tanks 
a magnesium cone was used (Vulcan, Alfords). For the Vulcan to initiate 
the charge, 20 g of PENO, a 2,2-bis[(nitro oxy)methyl]propane-1,3-diyl 
dinitrate (PETN based plastic explosive) was added to trigger the main 
TNT charge. HO detonations were also achieved using a Davey Bickford 

electric detonator, however, instead of using a Vulcan, 20 g of PENO was 
placed in intimate contact with the main TNT charge by removing the 
sealed caps from the pipe bombs (Fig. 2b).

Although the study was conducted in an outdoor environment, the 
experiments were performed under semi-controlled conditions as 
certain parameters e.g. amount of explosive, amount of water, type of 
detonation using Vulcan for LO, size of IBC etc. were controlled and in- 
house prepared pipe bombs were used. All detonations and sampling 
occurred on Thursday 04th April 2024 between 10:42–15:08 (10:43, 
12:33, 13:15, 13:51, 14:30, 15:00). The average air temperature ranged 
14.2 ± 0.6 ◦C. There were no adverse weather conditions despite a brief 
10-minute light shower around 14:00 which did not impact the 
experiment.

2.3. Sampling

Two 50 mL pre-detonation water samples were collected to assess 
potential pre-contamination. The detonations were performed sequen
tially in the following order: LO (A, B & C), and HO (D, E and F). Sub
sequently the charge in tank C only partially detonated with only the end 
caps rupturing and exposing the explosive charge. Once it was consid
ered safe to sample the water in terms of vapour dissipation and frag
ment dispersal i.e. 5 min after each detonation, 12 individual grab water 
samples were collected from each tank using 50 mL disposable syringes. 
To enable collection of the samples from the 1 m tank, the disposable 
syringes were attached to a 1 m long steel plunger. Moreover, the water 
that was expelled from the IBCs was collected in the paddling pools. 
Therefore, a total of 138 water samples were collected from all six 
detonations, each set included 2 pre-detonation samples, 12 grab sam
ples from the IBC, 8 grab samples from the paddling pools and 1 positive 
control. All the samples were stored at 4◦C in 50 mL amber vials before 
analysis to avoid photodegradation of TNT.

The pipe bomb debris including metal fragments, detonation wire, 
metal cap etc. were also sampled from each tank, post-detonation for 
explosive residue and then analysis using High Performance Liquid 
Chromatography (HPLC).

Following the partial detonation of the charge in Tank C, there was 
an opportunity to undertake a degradation study. Therefore, 12 grab 
water samples were taken on the day of detonation and then the tank 
was covered with an opaque and waterproof polyethylene tarpaulin and 
left undisturbed under natural conditions for four weeks. At the four- 
week point, a further 12 grab water samples and all visible metal frag
ments were collected, stored in the laboratory at 4◦C until HPLC 
analysis.

2.4. Explosive extraction

Each grab water sample was manually shaken for 30 s to ensure 
thorough mixing and homogeneity of the TNT precipitate, as TNT sol
ubility in water is low (130 mg/L at 20◦C) [18]. 10 mL sub-samples were 
taken from each vial of the main sample and filtered using 0.22 µm 
nylon filters prior to HPLC analysis.

At the time of the experiment, standard operating procedures (SOP) 
state that when explosive residues were visually present as observed on 
Tank A & B (LO) the fragments should be cleaned with soap and water in 
order to ensure that they were safe to transport back to the laboratory. 
For Tanks D, E and F (HO) there were no visible residues on the frag
ments therefore they were safe to collect without washing. For Tank C, 
the water samples and fragments sat for four weeks to provide time for 
any volatile compounds to stabilise before handling (this was in line 
with Alford’s SOP). This enabled the fragments and water sampled to be 
transported to the laboratory for the analysis.

The fragments were air dried, weighed and measured in the labo
ratory before extraction of any TNT for residual explosive analysis. 
Twenty-five mL of 1:1 acetonitrile and water ratio was added to the 
fragments in a polyethylene bag to dissolve the explosive residues. The 

Fig. 2. Pipe bomb detonation mechanisms (a) LO detonation (1) Cap (2) Pipe 
filled with TNT (3) Cap (4) Vulcan containing PENO (b) HO detonation (1) 
PENO (2) TNT (3) Cap.
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solution was then filtered and stored in a 50 mL amber vial prior to 
analysis. The extraction procedure was undertaken in triplicate to 
ensure accurate results.

As the fragments from tank A and B were thoroughly cleaned before 
leaving the detonation site, it was assumed that no explosive residue 
would be remaining, therefore, no further analysis was undertaken. The 
fragments from Tank C (partial detonation) were collected 4 weeks post- 
detonation and analysed for any degradation products. After four weeks 
of detonation, tank C fragments contained large TNT residues visible to 
the naked eye (Fig. 3c). Hence, tank C fragments were extracted in 
triplicate using 100 mL of acetonitrile and water in the ratio 1:1. 10 mL 
sub-sample was collected and syringe filtered using 0.22 µm nylon filter 
prior HPLC analysis.

2.4.1. HPLC analysis
Analysis was performed using HPLC-1260 Infinity (Agilent) equip

ped with Eclipse plus C18 column of dimension 150 × 4.6 mm, 3.5 µm. 
Mobile phase of HPLC set-up consisted of acetonitrile and water in the 
ratio 60:40. Isocratic flow was maintained with flow rate of 1.5 mL/min. 
The sample injection volume was 10 µL, the column temperature was set 
at 30◦C and the run time was three minutes. Peak detection was at 
254 nm using photo diode array detector (DAD). Each sample was 
analysed in triplicate. A five-level external calibration curve was done 
using TNT standards at concentrations of 5, 10, 15, 20, and 25 mg/L. 
The limit of detection (LOD) and limit of quantification (LOQ) of the 
method ranges from 1.3 – 1.6 mg/L and 3.9 – 4.8 mg/L, respectively.

2.5. Stopping distance of HO fragments

Assessing the lethality of a fragment in a water environment is 
extremely complex and the injury thresholds from penetration of low- 
velocity (<120 m/s) fragments have not been well characterised 
within the literature [39]. A conservative assumption is that fragment at 
a nominal very low velocity (e.g. 1 ms) could present a detrimental to 
risk to aquatic species. There are also other issues [34,38] to consider 
regarding fragmentation, such as the initiation of underwater stockpiles 
[13,40] where one detonation can lead to the initiation of subsequent 
munitions (known as sympathetic detonation). This phenomenon can 
increase the distance that a fragment can reach increasing the envi
ronmental and safety impact associated with the fragmentation from 

munitions. The fragments will travel various distances depending on the 
velocity of fragments and this is usually only applicable for HO. The 
velocity of the fragments was calculated using the Gurney’s Eq. (1) [28]: 

V0 =
̅̅̅̅̅̅
2E

√
(

M
C

+
1
2

)−1/2

(1) 

Where V0 is the velocity of fragments, √2E is Gurney’s constant for HO 
detonation of TNT i.e. 2700 m/s), M the mass of the fragment and C the 
original mass of the explosive in the pipe bomb.

Based on the velocity, it is possible to estimate the stopping distance 
of these fragments through water although, due to the complexity of the 
phenomenon (e.g. material of the pipe bomb, shape of the fragments, 
water flow) the following calculations represent a conservative estimate.

To understand the extent to which the fragment experiences resis
tance and deceleration in water the Hydrodynamic Drag Force (Ray
leigh’s Drag equation) (2) was calculated: 

FD =
1
2

ρwv2CDA (2) 

Where FD is the drag force (N), ρw is the density of water (kg m−3), v is 
the velocity of the object (ms−1), CD is the drag coefficient and A the 
cross-sectional area of the fragment. Because of the cylindrical shape of 
the pipe bomb, two different CD values were used to account for the 
different dragging conditions that the fragment can experience. A cyl
inder has two distinct geometric profiles (the curved “side” and circular 
“end”), the explosion generates a radially outward force causing the 
cylinder to fragment. Whilst it is more likely that a larger fragment is 
generated perpendicular to the detonation (the shape of larger frag
ments observed here support this assumption, likely generated from the 
curved “side”), smaller fragments may not. Additionally, the fragments 
may tumble due to a range of factors such as unbalanced densities, 
asymmetrical forces, or water resistance resulting in some oscillation or 
spin. An approach considering both scenarios therefore captures the 
variability in drag behaviours. To estimate the best-case scenario where 
the drag is maximised, and the fragment is positioned perpendicularly to 
the flow, a CD of 2.1 was used [29,7]. Whilst a more conservative esti
mate, using a CD of 0.1, where drag is minimised was used to estimate 
the worst-case scenario [29,7]. These two coefficients were utilised as, 
in reality, each fragment will be positioned between these two extremes.

Fig. 3. Pipe bomb fragments produced from low order detonations (A-B), partial detonation (C) the red circle shows the undetonated TNT and high order detonations 
(D-F).
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Using Newton second law (3) it is possible to substitute the drag force 
in Eq. (2). 

FD = ma (3) 

Where m is mass (kg) and a is acceleration (ms−2). This substitution 
makes it possible to explicitly express the acceleration (Eq. (4)). 

a =

(
1
2

ρwCDA
m

)

v2 (4) 

The acceleration can also be expressed as the temporal derivative of 

velocity 
(

dv
dt

)

and the velocity is the temporal derivative of distance 
(

dx
dt

)

meaning that this can be expressed as Eq. (5). 

a = v
dv

dx
(5) 

Hence, Eqs. (4) and (5) can be combined and the stopping distance x 
can be isolated from the formula obtaining Eq. (6). 

x =
1
k

ln
(

v0

vfinal

)

(6) 

Where Vfinal is the velocity of the fragment at a nominal small value (i.e. 

1 ms) and k is 
(

1
2

ρwCDA
m

)

.

2.6. TNT mass balance

The potential TNT residues left post LO and HO detonations were 
calculated to understand the spread of TNT and its impact to the aquatic 
system. For this purpose, TNT was quantified from both the water 
samples collected from the IBC’s and the paddling pools as well as from 
the fragment samples. WW era UXO are generally cleared using deto
nations, scaling up was done to understand the impact of these deto
nations on the aquatic system and connect it to the real-life issues. The 
basis of this calculation was experimental data collected from the IBC 
detonations which includes: 

(i) Estimating the percentage of TNT consumed for mass balance, the 
initial concentration of TNT was 115 mg/L, x is the TNT con
centration after detonation. 

(115 − x)

115
100 (7) 

(ii) Calculating the radius (r) of the hemisphere (as the TNT is mixed 
within a hemi-spherical volume underwater) using the formula;

r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
3V
2π

)
3

√

(8) 

3. Results and discussion

The environmental impacts of LO and HO detonations were assessed 
through a comparative analysis of fragmentation characteristics, 
dispersion patterns, and residual chemical contamination. Physical ef
fects were evaluated based on fragment size, mass, and velocity, while 
chemical impacts were determined by analysing post-detonation TNT 
residues in water and on metal fragments. Additionally, the dissolution 
rate of TNT was monitored in a semi-controlled setup over four weeks.

3.1. Detonation fragments and dispersion

The fragmentation analysis showed distinct differences in the 

detonation energy from LO and HO detonations. This was seen in the 
partial damage to the IBC tanks from the LO detonations this was due to 
the insufficient pressure creating more of a pushing effect. This was 
expected as evidence of LO shows pushing effect whereas HO leads to 
higher powered scattering effect [23].

The pipe bomb fragmentation pattern of LO vs HO detonations was 
also compared on the basis of the size and weight of the fragments. Tank 
A (LO) exhibited a partial rupture of the main pipe body, producing one 
fragment measuring 133 × 104 mm. Tank B (LO) showed more exten
sive fragmentation, with the pipe splitting into two bulky pieces 
(142 ×47 mm and 75 ×40 mm), attributed to the different shaped 
charges used (copper in Tank A and magnesium in Tank B). Magnesium 
is less penetrating than a copper cone leading to larger fragments [12]. 
As mentioned Tank C resulted in partial detonation while LO is generally 
achievable using a Vulcan it is not always a reliable process or used for 
large scale detonations. In reality, munitions can undergo partial deto
nation due to malfunction of the detonator or inhomogeneity in the 
explosive charge [1]. This is the case for many UXO and dumped mu
nitions from the WW leading to higher risk of these munitions under
going partial detonation and exposing the energetic materials 
contributing to contamination.

In contrast, HO detonations, characterised by high pressure and ve
locity, caused complete rupture of the IBC tanks D, E and F, with similar 
fragment sizes (116–141 mm in length, 10–18 mm in width). These re
sults highlight the more aggressive nature of HO detonations, leading to 
more uniform fragmentation due to the higher detonation pressures and 
velocities.

Fragments from both LO and HO detonations were categorised by 
weight (small, medium, large) as shown in Table 1. The number of 
fragments produced during LO detonations ranged from 26 in Tank A to 
36 in Tank B. In comparison, the number of fragments produced during 
HO detonations was higher, with Tanks D, E, and F producing 63, 47, 
and 59 fragments, respectively. The average mass of HO fragments was 
less than 100 g and resulted in a greater number of small fragments. 
These high velocity smaller fragments are propelled outwards causing 
secondary damage, in addition to cause mechanical trauma, they may 
also introduce explosive residues into the body of the nearby organisms 
[39]. The mass of small HO fragments ranged from 0.03 g to 9.7 g, while 
medium fragments had an average mass of 25.9 ± 7.4 g.

3.1.1. Stopping distance of the fragments
The distance that fragments travel in water is influenced by their 

size, velocity, and shape [37]. Based on Gurney’s equation, the stopping 
distance of HO fragments was calculated, considering two scenarios: 
when fragments travel perpendicular to water flow (Fig. 4a) and when 
they travel streamlined with the flow (Fig. 4b). In both cases, smaller 
fragments travelled shorter distances than larger fragments due to 
greater water resistance. The average stopping distance for 
medium-sized fragments ranged from 0.09 to 0.1 m, whereas small 
fragments covered distances of 0.05–0.07 m in the perpendicular flow 
scenario. In the streamlined scenario, small fragments travelled 
5.3–9.5 m, while medium fragments travelled 94.9–107.1 m.

LO fragments, due to the low detonation velocity, travel shorter 
distances, posing a localised physical and chemical risk [39]. In contrast, 
HO fragments, with higher velocity, have the potential to travel further 
posing risks to aquatic organisms at greater distances from the detona
tion site. The velocity of fragments and their stopping distance should be 
taken into account during munitions clearance in aquatic environments.

3.2. Chemical residues and dissolution

3.2.1. TNT concentration in water post-detonation and dissolution
Explosive residues were quantified using HPLC analysis of water 

samples from IBC tanks and surrounding paddling pools (Fig. 5). While 
PENO was used as the detonator, its concentration was below the 
detection limit, leaving TNT as the primary contaminant. LO 
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detonations resulted in high residual TNT concentrations in IBC water 
(6.1 – 11.4 mg/L) and paddling pools (1.6 – 5.2 mg/L). The samples 
collected immediately after partial detonation (Tank C) left the highest 
concentration of TNT (22.9 mg/L in IBC; 15.3 mg/L in paddling pools), 
highlighting the risks of incomplete clearance operations. HO detona
tions produced lower and more consistent TNT residues (<1–2.2 mg/L), 
as the more complete combustion process minimised residual 
explosives.

Despite HO yielding lower TNT contamination, the risk remains due 
to its high fragmentation and dispersal potential. LO detonations, while 
more contained, retain more TNT near the detonation site, increasing 

localized toxicity risks.
The combined water samples (IBC’s and PP) from both LO and HO 

detonations confirmed considerable variation in TNT residues. For LO 
detonations, TNT concentrations ranged from 5.5 to 13.1 mg/L, with an 
average of 8.8 mg/L. In contrast, HO detonations resulted in more 
consistent residual TNT concentrations, ranging from < 1–2.2 mg/L, 
with an average of 1.2 mg/L. The partial detonation in Tank C left the 
highest concentration of TNT, with an average of 22.9 mg/L, indicating 
the spread of undetonated explosives in the aquatic environment. These 
results suggest the potential of acute toxicity of TNT in the aquatic biota 
even after the clearance of munitions using either LO or HO detonation. 

Table 1 
Fragment characteristics from low, partial and high order detonations including the quantity of fragments, size (mm) and mass (g).

LO Partial HO

Tank A 
(S, M, L)*

Tank B 
(S, M, L)*

Tank C 
(S, M, L)*

Tank D 
(S, M)*

Tank E 
(S, M)*

Tank F 
(S, M)*

Quantity of fragments 19 6 1 30 5 1 5 5 1 57 6 43 4 54 5
Mean Mass (g) 4.7 41.4 288 5.3 49.7 270 3.1 32.1 392.6 2.8 25.8 5.9 27.8 6.1 23.7

Length (mm) 12.4 29.6 133 16 52.4 142 16.6 34.8 150 15 133.8 17.8 129 14.1 127.8
Width (mm) 6.1 23.8 104 8.6 22.4 47 9.2 24.2 34 12 13.6 11.9 14.2 10 14

* Fragments were categorised by size: S:small (<10 g), M: medium (10–100 g) and L: large (>100 g).

Fig. 4. Estimated stopping distance in water for each fragment generated: A. is a best-case scenario with the fragments traveling perpendicular to the flow (CD = 2.1). 
B is a worst-case scenario with the fragments traveling streamline with the flow (CD = 0.1).

Fig. 5. TNT residues remaining post detonations in water collected from both IBC tanks and paddling pools (PP).
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Thus, it is necessary to restrict the spread of undetonated TNT left after 
LO, partial and HO detonation. The concentration of un-exploded TNT 
in all the three types of detonations i.e. LO, Partial and HO were con
cerning as they were above the lethal dose for 50 % population of fish or 
LD50 value of TNT for fish and the limit of TNT in drinking water as per 
the USEPA ([27]; USEPA 2015).

To evaluate the long-term persistence of residual TNT, Tank C 
(partial detonation) was left undisturbed for four weeks. Post-detonation 
TNT concentration increased from 22.9 ± 4.2 mg/L to 29 ± 5.5 mg/L, 
indicating a dissolution rate of approximately 1.5 mg/L per week, 
although, the increase in TNT concentration was not statistically sig
nificant (p > 0.05). In the presence of sunlight TNT tends to show pink 
coloration and the intensity of colour gradually darkens with time 
(4–6 h) and ultimately results in the formation of pink water [30]. This 
discolouration is observed in the case of Tank C, suggesting photolysis, 
producing transformation products of TNT that are often more toxic 
than the parent compound [5]. During the HPLC analysis, two trans
formation products were identified e.g. 2,4-aminodinitrotoluene 
(ADNT) and 2,6-dinitrotoluene (DNT), although they have not been 
reported upon in any detail as these compounds consistently fell below 
the Limit of Quantification (LOQ) suggesting negligible concern. How
ever, in real scenarios regarding cumulative contamination, the pres
ence of more than 500,000 tons of dumped munitions in UK waters [15], 
even after clearance could lead to persistent contamination necessitating 
for long-term environmental monitoring.

3.2.2. TNT residues on metal fragments
Due to the SOP of the site, it was possible only to analyse the frag

ments from Tank C, D, E and F. The chemical analysis of fragments was 
performed to detect the amount of un-detonated TNT residues remain
ing on the fragments as previous research showed there is a significant 
amount of un-detonated explosive carried by the fragments [1]. The 
explosive residue is not distributed equally i.e. some of the fragments 
were more contaminated than others [1]. The pipe cap fragments had 
the least or no explosive residue as they were not in intimate contact due 
to the layer of PTFE compared to the fragments from the main body. The 
amount of TNT left on the fragments was higher in case of the partial 
detonation (Tank C) with 326.7 mg detected, whereas in HO detona
tions the residues ranged from 0.3 to 1 mg.

3.2.3. TNT mass balance
The TNT used in the experiments was 115 g per 1000 L of water. The 

mass balance of TNT consumption was calculated for both water and 
fragment samples. HO detonations (Tanks D and E) consumed over 
98.5 % of TNT, suggesting minimal residual toxicity risk (Table 2). In 
contrast, partial detonation in Tank C resulted in 82.4 % TNT con
sumption, consistent with previous studies indicating that partial deto
nations leave substantial amounts of un-detonated explosives [21].

3.2.4. Scaling up of TNT contamination
Given the extensive dumping of munitions in the sea, the potential 

risk of TNT contamination is significant. Munitions like the Mark (VI) 

and S1 Type 1 contain substantial TNT quantities, ranging from 54 kg to 
227 kg [22]. Based on the experimental data, the spread of TNT 
contamination can be categorised into different risk zones, with con
centrations as low as 0.1 mg/L posing a hazard to aquatic organisms 
[32]. Understanding the scale of TNT contamination and its environ
mental impact is crucial for managing the risks posed by underwater 
munitions. To estimate the extent and impact of TNT contamination, the 
volume of water affected by these munitions was categorised into four 
different zones: red, orange, yellow, and green. This division was based 
on the reported toxicity risk from TNT as follows:

Red and Orange Zones: zones where TNT concentration > 0.8 mg/ 
L, indicating a high risk of acute TNT toxicity as LD50 value of TNT for 
fish is 0.8–3.7 mg/L, [27]. Orange zone ranges between 0.1 and 
0.8 mg/L and red zone is above 0.8 mg/L.

Yellow zone: corresponds to the US EPA drinking water limit for 
cancer risk (0.1 mg/L) [32], representing a potential for chronic 
toxicity.

Green zone: Below 0.1 mg/L, TNT is considered non-toxic based on 
existing literature. A concentration of 0.001 mg/L defines a detectable 
but safe zone.

Following LO, partial, and high-order HO detonations of a pipe 
bomb, residual TNT was 5.8 %, 17.6 %, and 1.1 %, respectively. These 
calculations assume a hemispherical dispersion of TNT in the aquatic 
environment with contamination radii detailed in Table 3 and Fig. 6.

Assuming that the TNT fraction lost in the test detonations is the 
same for old munitions, Fig. 6 compares the hemispherical radius of TNT 
contamination following a LO, partial or HO detonation, for the four 
identified zones (red, yellow, orange and green) of Mark 1 (M) munition 
containing the highest amount of TNT i.e. 227 Kg to estimate the worst- 
case scenario for TNT distribution. The hemispherical radius as shown in 
Fig. 6(a) was used to calculate the hemispherical spread of TNT un
derwater. Fig. 6(b) represents the LO, partial detonation and HO deto
nation of the WW Naval mine Mark I (M) [22]. It has been observed that 
the radius of the red, orange, yellow and green zones for LO detonations 
is approximately twice the radius of all the zones for HO detonations 
whereas partial detonation leads to the maximum spread of TNT 
contamination. The toxicity risk is maximum for failed or partial deto
nation, then LO detonation and HO has the least impact to the biota in 
terms of toxicity.

It is worth noting that these values are calculated assuming negli
gible effect of pressure, water currents, salinity, temperature, trans
formation or degradation of explosive etc. Moreover, the data in this 
study was generated following the detonation of a single munition, 
hence it is expected that the values may vary depending on the pa
rameters listed above, the number of munitions to be detonated and the 
amount of explosive charge. As per the Joint Nature Conservation 
Committee (JNCC) the default mitigation zone, which represents the 
area to be cleared of aquatic organisms’ before commencing any type of 
detonation, has a radius of 1 km. However, based on this study, it is 
suggested that the radius of the mitigation zone should depend on both 
the amount of explosive charge and the type of detonation.

4. Conclusion

This study provides the first comparative assessment of LO and HO 
underwater detonations in semi-controlled conditions, highlighting the 
implications of detonation type on environmental safety and munitions 
clearance efficiency. It revealed significant differences in fragmentation 
size, mass, and dispersion between LO and HO detonations, with HO 
producing a greater number of small, high-velocity fragments capable of 
extensive dispersion. In contrast, LO results in the generation of larger, 
bulkier fragments creating a localised impact. Chemical analysis dem
onstrates that LO and partial detonations leave significantly higher TNT 
concentrations in water and on metal fragments, potentially leading to 
persistent environmental impact. HO detonations, while more effective 
in reducing residual TNT may introduce risks of smaller TNT-laden 

Table 2 
Mass Balance of TNT for LO, partial detonation and HO.

Detonation IBC 
Tank

TNT Recovered Total mass 
of TNT 
recovered 
(g)

Percentage of 
TNT depleted 
(%)Water 

(g/ 
1000 
L)

Fragments 
(g)

LO A 4.3 - 4.3 ± 0.6 96.2 %
B 8.9 - 8.9 ± 1.0 92.2 %

Partial C 19.8 3.3 × 10−1 20.2 ± 3.6 82.4 %
HO D 1.1 3.1 × 10−4 1.1 ± 0.1 99 %

E 1.3 1 × 10−3 1.3 ± 0.2 98.8 %
​ F Below the LOD
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fragments into the environment. Given the significant quantities of TNT 
present in munitions such as the Mark (VI) and S1 Type 1 (ranging from 
54 kg to 227 kg), these research findings highlight the potential for 
widespread contamination following detonation or leakage. Therefore, 
this work provided the basis for a framework for assessing acute and 
chronic exposure risks by categorising contamination into 4 zones (red, 
orange, yellow, and green) based on TNT toxicity levels. The red and 
orange zones indicate immediate toxicity to marine life (LD50: 
0.8–3.7 mg/L), while the yellow zone represents long-term human 
health risks at concentrations exceeding 0.1 mg/L. The green zone, with 
TNT levels below 0.1 mg/L, is considered a non-toxic but detectable 
threshold. These classifications provide a structured approach to un
derstanding contamination dispersion and its implications for ecosystem 
and human health. The analysis of detonation efficiency further reveals 
that TNT residues vary significantly depending on the type of explosion. 
LO detonations result in the highest residual TNT (6–18 %), while HO 
detonations leave minimal contamination (1.1 %). The results confirm 
that high-order detonation, results in minimal residual explosive 
contamination compared to low-order events. Thus, from a chemical 
residue and long-term environmental exposure perspective, high-order 
detonation is the preferable technique for UXO clearance, provided 

physical risks are managed. Sample size, 115 g of TNT for each deto
nation condition was limited to two replicates due to safety constraints 
and the survivability of the tanks to ensure the collection of water. While 
sufficient for these type of insightful experiments, future studies should 
incorporate larger charge sizes and different detonation mechanisms to 
enable statistical analysis. These findings emphasise the need for 
controlled detonation strategies to minimise persistent TNT pollution. 
By quantifying TNT dispersion in water and assessing its toxicological 
implications, this study advances current methodologies for evaluating 
underwater munition risks. The findings have direct implications for 
environmental risk assessments of underwater munitions clearance, 
supporting the need for regulatory measures that account for both 
physical fragmentation and chemical pollution risks. It also supports 
exposure assessment models and informs future ecotoxicological testing 
strategies. This study was conducted under semi-controlled laboratory 
conditions using static water to isolate detonation-related effects in IBC. 
However, in natural marine environments, salinity gradients, current 
dynamics, and biotic interactions may influence both dissolution and 
transformation rates of TNT and the physical damage caused by the 
detonations which needs to be further explored. Extrapolation to real 
ecosystems should thus be made with caution. Following ISO 16308 

Table 3 
The radius of hemispheres for the red, orange, yellow and green zone calculated for HO, LO and partial detonation for the UXOs.

WW Munitions Radius of hemisphere (m)

Red Zone (4 ppm) Orange Zone (0.8 ppm) Yellow Zone (0.1 ppm) Green Zone (0.001 ppm)

LO PO* HO LO PO* HO LO PO* HO LO PO* HO

Mark VI 7.2 10.4 4.2 12.3 17.8 7.1 24.6 35.7 14.2 114.4 165.6 65.7
SI Type I 7.3 10.6 4.2 12.5 18.2 7.2 25.1 36.3 14.4 116.4 168.6 66.9
ELIA 8.8 12.8 5.1 15.1 21.9 8.7 30.3 43.8 17.4 140.4 203.3 80.7
Mark I (M) 11.6 16.8 6.7 19.9 28.8 11.4 39.8 57.6 22.8 184.6 267.2 106

Fig. 6. (a): The hemispherical radius contaminated with TNT post-detonation categorised into each zone. Red (4 ppm), Orange (0.8 ppm), Yellow (0.1 ppm) and 
Green (0.001 ppm); (b) WW munition: Mark I (M) detonated using LO, partial and HO detonations.
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guidance, risk characterisation ratios (RCR = PEC/PNEC) should also be 
considered in future field-based assessments to determine habitat- 
specific thresholds.

Environmental implications

This study evaluates the environmental impact of clearance of 
dumped munitions on the aquatic biota following low order (LO) and 
high order (HO) detonations under semi-controlled environmental 
conditions. The findings indicated that HO has a greater physical impact 
on the environment whereas LO result in higher chemical contamina
tion. In addition, HO was found to have more widespread environmental 
impact, compared to LO which has more localised impacts. This research 
provides an insight in the potential environmental implications of 
detonating real world war munition on site.
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