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A B S T R A C T   

The unexploded ordnance (UXO) on the seabed off Northwest Europe poses a hazard to offshore developments 
such as windfarms. The traditional removal method is through high-order detonation of a donor explosive charge 
placed adjacent to the UXO, which poses a risk of injury or death to marine mammals and other fauna from the 
high sound levels produced and is destructive to the seabed. This paper describes a sea-trial in the Danish Great 
Belt to compare the sound produced by high-order detonations with that produced by deflagration, a low-order 
disposal method that offers reduced environmental impact from noise. The results demonstrate a substantial 
reduction over high-order detonation, with the peak sound pressure level and sound exposure level being around 
20 dB lower for the deflagration. The damage to the seabed was also considerably reduced for deflagration, 
although there was some evidence for residues of explosives related chemicals in sediments.   

1. Introduction 

The unexploded ordnance (UXO) that litters the seabed of Northwest 
Europe poses a hazard to fishing activities and offshore developments 
such as offshore windfarms. The location and spatial scale of many de
velopments and cable and interconnector projects means there is a high 
potential to encounter UXO during construction, particularly where 
there is overlap with World War I and World War II conflict areas, 
military training areas and munitions disposal sites [Davies, 1996; 
Detloff et al., 2012; Eitner and Tröster, 2018]. A number of risk man
agement strategies exist [Novik et al., 2023]. However when UXO 
cannot be avoided or safely removed, in-situ explosive ordnance disposal 
(EOD) may be necessary. The favoured disposal method has historically 
been to use a high-order controlled detonation conducted by exploding a 
newer donor charge1 mass placed adjacent to the munition for disposal 
[Cooper, 1996; Sayle et al., 2009; Albright, 2012; Aker et al., 2012; 
Cheong et al., 2020; Nowak et al., 2022]. This process is often referred to 
as blast or blow-in-place (BiP). These disposals produce acoustic pulses, 

which can make significant contributions to the soundscape over a wide 
area [Sertlek et al., 2019; Merchant et al., 2020; Robinson et al., 2022], 
and can have several adverse environmental consequences. These 
include the risk to marine fauna from exposure to the high amplitude 
sound levels produced [Yelverton et al., 1973; Ketten et al., 1993; 
NOAA, 2016; Dahl et al., 2020; Todd et al., 1996; Finneran et al., 2000; 
Danil and St. Leger, 2011; Sundermeyer et al., 2012; von Benda- 
Beckmann et al., 2015; Parsons et al., 2000; Salomons et al., 2021; 
Cottrell and Dupuy, 2021; Siebert et al., 2022; Robinson et al., 2022; 
Jenkins et al., 2022; Smith et al., 2022; Favretto-Cristini et al., 2022a, 
2022b]. High-order detonations can be destructive to the seabed and 
create seismic signals detectable over great range [Binnerts et al., 2019], 
with relatively little known about the effect of the local acoustic and 
vibrational disturbance on benthic fauna on or close to the seabed 
[Hazelwood et al., 2018; Hawkins et al., 2021; Hazelwood and Macey, 
2021]. In addition, both the long-term degradation of UXO, and its 
disposal, can also cause toxic chemical contamination [Strehse et al., 
2017; Appel et al., 2018; Maser and Strehse, 2020, Schuster et al., 2021; 
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Maser et al., 2023]. 
Impulsive sounds of very high-amplitude present challenges for 

effective mitigation, with potentially large exceedance areas for 
commonly used exposure thresholds [Finneran and Jenkins, 2012; 
Popper et al., 2014; NMFS, 2018; Southall et al., 2019]. Common 
mitigation strategies involve the use of spatial and temporal restrictions 
on the activity, visual and passive acoustic monitoring, and the intro
duction of additional noise of lower amplitude to create an aversive 
reaction by use of Acoustic Deterrent Devices (ADDs), and by use of 
small “scare” charges [JNCC, 2010; Merchant and Robinson, 2020]. 
Noise abatement technologies have also been employed including bub
ble curtains to attenuate the radiated sound [Loye and Arndt, 1948; 
Domenico, 1982; Schmidtke et al., 2009; Schmidtke, 2010; Schmidtke, 
2012; Croci et al., 2014; Merchant and Robinson, 2020]. 

In recent years, there has been a focus on alternative methods of 
disposing of UXO [Koschinski, 2011; Koschinski and Kock, 2009; 
Koschinski and Kock, 2015] including the use of low-order techniques 
such as deflagration. In this method, which until recently has been more 

commonly used for military EOD operations, a small, shaped charge 
creates a plasma-like jet which penetrates the UXO casing and initiates a 
low-order combustion [Pedersen, 2002; Merchant and Robinson, 2020]. 
In general, ordnance is designed to be insensitive to mechanical and 
thermal impact, such as would occur from bullet or fragmentation 
impact. Thus, it is possible to penetrate UXO with a high velocity pro
jectile and not cause an explosion or detonation. Low-order tools or 
disruptors are designed to transmit enough reaction energy to the UXO 
explosive charge mass so that the case ruptures, but not so much energy 
as to cause a full detonation via chain reaction due to over-pressure. One 
definition of “low-order is any explosive yield less than a full high-order” 
[Cooper, 1996; Pedersen, 2002]. With insufficient pressure to detonate, 
the explosive material may instead react with a rapid burn, termed 
deflagration (essentially, vigorous burning with the reaction occurring 
at sub-supersonic speeds). In the EOD community, it is taken to mean 
any process whereby a cased munition is caused to burn internally, but 
without complete detonation (no initialization of a shock wave). Low- 
order deflagration is a much less energetic process and underwater 

Table. 1 
Description of in-situ WWII UXO based on diver surveys. ID column includes the Danish Navy name for the site for this operation, the explosive used to disarm the UXO 
((HO) High-Order; (LO) Low-Order), the country of origin, and the presumed make and model of the UXO. [Annex A-F].  

ID Initial charge size (TNT eq.) Condition 

F-FOXTROT (HO) 
18 m depth 
Mk 1–4 
(Possibly a Mk6 
mine, 430 kg) 

~200 kg Amatol (estimated 60 % of the original 
340 kg explosive charge remained) 

Heavily encrusted with marine growth and the explosive section badly corroded with the filling 
exposed. ~450 mm burial. 

G-GOLF (LO/HO) 
19.5 m depth 
British possible Mk 6 
mine 

~344 kg Amatol (estimated at 80 % of original 
430 kg) 

Heavy marine growth and corrosion. The explosive charge section was open to the environment. 
~100 mm burial. Fig. 1. 

M-MIKE (HO) 
18.5 m depth 
British Mk 1–4 mine 

170 kg Amatol (estimated 50–60 % original 340 
kg) 

Covered in marine growth and very badly corroded. Estimated that the remaining explosive charge 
was approx. 50 % - 60 % of the original 340 kg charge weight exposed to environment. ~ 50 mm 
burial. 

N-NOVEMBER (LO/ 
HO) 
17.5 m depth 
British Mk 1–4 mine 

340 kg Amatol explosive main charge intact Heavily covered in marine growth which obscured the overall mine case condition. Removal of some 
marine growth at the mid-position exposed the steel charge section, which looked to be in good 
condition. Burial ~ 150 mm. 

J-JULIET (LO) 
19.5 m depth 
British Mk 1–4 mine 

340 kg Amatol original Heavy marine growth. The end of the mechanism section was open to the environment and there were 
small areas of corrosion on the charge section, indicating that the explosive fill had been exposed to 
salt water, but there was no indication that the total charge had been reduced. Burial ~ 50 mm. 

L-LIMA (LO) 
17.5 m depth 
British 
Mk 4–6 mine 

430 kg Amatol original Heavily covered in marine growth. Its condition initially suggested that the explosive main charge had 
been protected from the environment ~ 100 mm burial. 
Fig. 2. Post detonation confirmed likely Mk 6.  

Fig. 1. GOLF – identified as British Mk 1–4 mine (340 kg). Pre-clearance survey shows heavy marine growth and Amatol explosive exposed to the environment..  
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controlled experiments have shown that it has a much-reduced acoustic 
output with the peak sound pressure level and sound exposure level 
being around 20 dB lower for low-order deflagration compared to high- 
order detonation of similar charge sizes [Robinson et al., 2020]. 

The UXO for this study were WWII British sea mines located in the 
Great Belt in the Danish Straights. In total 8 EOD clearance events were 
carried out by the Royal Danish Navy on 6 UXO between 22nd-23rd 

January 2022 operating from Danish Navy vessel, Y311 Søløven. Of 
these mines two (identified as FOXTROT and MIKE) were cleared using a 
high-order methodology using 10 kg donor charge in a manner typical 
for traditional high-order EOD clearances. Two (JULIET and LIMA) were 
cleared using a low-order deflagration methodology and remaining two 
(GOLF and NOVEMBER) were initially cleared using low-order-order 
deflagration. The Danish Navy also then high-ordered the remainder 

Fig. 2. LIMA – identified as British Mk 6 mine (430 kg). Pre-clearance survey shows partial burial, but with the end plate exposed. Original explosive material was 
deemed to be fully intact. 

Fig. 3. Map of depth bathymetry across the trial site. Showing location of the UXO (red crosses) and static recorders (black triangles). For reference the NOVEMBER 
(N) UXO to recorder station R5 is approximately 25 km. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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from the low-order of these two UXO. These latter two examples allowed 
acoustic measurement of both low-order deflagration and high-order 
methodologies from the exact same source positions and recorder 
ranges. 

Details of the 6 UXO investigated in this trial are given in Table 1. 
and EOD assessment reports in supplementary material annex A-F. All 
had considerable marine growth sometimes making identification 
difficult and several were corroded. In the case of FOXTROT, GOLF, 
MIKE, and JULIET, the UXO charge was exposed to the environment and 
where possible estimates were made of the reduction of the bulk charge 
due to this exposure. EOD operators identified the explosive in each case 
as likely to be Amatol (main charge) with Tetryl Primers. 

Other studies have reported the uncertainty in the acoustic output 
due to the unknown condition of the UXO, the degradation over time, 
partial burial, and potential for misidentification. This leads to uncer
tainty in the effective charge size for the UXO. For this study, the UXO 
were carefully identified by EOD professionals and Danish Navy experts, 
with photographic evidence recorded of the condition of each UXO, 
reducing the uncertainty surrounding the nature of the UXO under test. 
The measurements reported here on UXO disposals in situ follow on from 
measurements made under controlled conditions in a flooded quarry 
[Robinson et al., 2020]. This paper describes experimental work to 
compare the characteristics of the sound produced by deflagration with 
that of a traditional high-order detonation method for real UXO in an 
offshore environment (in the Danish Great Belt). 

2. Experimental method 

2.1. Locations and experimental configuration 

Recordings were made using 10 seabed-mounted autonomous 
acoustic recorders deployed by the RV Aurora, operated by Aarhus 
University at a variety of ranges. These were closest of around 1.98 km 
to >22 km from the UXO’s, the recorders being left in place for the 
duration of the operations. Fig. 3 shows the locations of the UXO and the 
acoustic recorders for the campaign. This array of hydrophones was 
primarily deployed to the east of the main UXO position due to the 
relatively uniform water depth ranging from around 15–20 m for most 
recorder ranges and up to 10–12 m at the most easterly recorders (R7, 
R5) with relatively smooth bathymetry across the area of interest. Note 
from Fig. 3 that the UXO were located just to the east of a deep-water 
channel (a major shipping lane) so care was taken to avoid deploy
ment of recorders to the west of the UXO cluster. 

Each measurement station (R0-R9) had one or two bottom mounted 
autonomous wideband recorder systems either deployed 1.7 m or 2.4 m 
from the seabed. Surface motion noise was decoupled from the recorders 
using a J-type mooring configuration as shown in Fig. 4. 

Four types of water column wideband acoustic recorder types were 
deployed depending on location including 3× Soundtrap ST202HF, 9×
Soundtrap ST300HF, 1× ST600, by Ocean Instruments (New Zealand) 
and 2× DSG-ST recorder by Loggerhead Instruments (United States). All 
recorders except 1× ST300HF (R5) and the ST600 (R4) were set to low 

Fig. 4. `J-mooring design used on static recorder stations A0 – A9 in water depths 25 m − 12 m.  
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sensitivity mode. A sample rate of 288 kHz used on all except the ST600 
where the sample rate was 384 kHz. 

In addition, two independent vertical arrays were also deployed from 
the side of the deployment vessel, see further details below. 

Note that high bandwidth systems were used to allow best capture of 
the transient nature of the explosive events in the time domain. The 
sample rates used also allowed capture of any higher frequency com
ponents in the most sensitive hearing range of harbour porpoise (Pho
coena phocoena) which is common in the Danish Straits. In addition, a 
commercial seabed vibration GPR1500 measurement system [Sercel, 
2023] containing three axis accelerometer and hydrophone channel was 
deployed as part of the mooring R0. The system was resting on the 
seabed 5 m from the recorder up-line as shown in Fig. 4. 

Acoustic measurements were also made from the RV Aurora which 
was repositioned for each of the clearance events with ranges 1.54 km - 
6.08 km from the UXO. These positions were based on the combination 
with the static recorder array (R0-R9) and safety considerations 
requiring a blast exclusion zone. Measurements were made from the 
Aurora using two independent vertical hydrophone arrays. Array 1 
consisted of 2 x Neptune Sonar T50 hydrophone positioned at 5 m & 10 
m respectively from the surface, data was captured via a dedicated 
laptop with a eight channel Picoscope 4824 data acquisition unit, with 
sample rate ranging from 1.25 MHz – 2.5 MHz; array 2 was a bespoke 
four channels Soundtrap recorder fitted with 2 x HTI Type 96 hydro
phone configured in low sensitivity (nom. Sens. -210 dB re 1 V/μPa) 
with sample rate of 384 kHz, the hydrophone elements were positioned 
at 5 m & 11 m respectively for the first two UXO disposal (FOXTROT & 
GOLF), positioned at 7.5 m & 15 m respectively for the remainder of the 
trial. In addition, sound velocity profiles were taken from the the Aurora 
using a Xylem Sontek Castaway CTD probe directly before and after each 
event. 

All hydrophone systems were calibrated by NPL to IEC 

60565–2:2019 standard and where possible calibration checks were 
undertaken using piston phone recordings made on each recorder sys
tem directly before and after deployment [IEC 60565-1, 2020; IEC 
60565-2, 2019]. As far as possible, the measurement procedure followed 
the protocol defined by the UK Department for Business Energy and 
Industrial Strategy [BEIS, 2020], based on the procedures described in 
NPL Good Practice Guide 133 [Robinson et al., 2014] and ISO 18406 
[ISO 18406, 2017]. The sample rates on all pressure sensor systems were 
sufficiently high enough to provide good representation of the waveform 
for assessment of peak pressure values [Meins et al., 2019]. 

Each UXO clearance was pre and post surveyed by Navy dive teams 
including video and photographic data. Sediment and water samples 
were taken in direct vicinity of the UXO at the seabed by divers. 
Dependant on safety clearance, chemical swabs of the sea surface were 
taken using ethylene & tetrafluoroethylene (ETFE) copolymer nets 
directly above the clearance event from a small dive boat. Water / 
sediment samples and surface swabs were then frozen for storage and 
later chemical analysis. Dinitrotoluene and trinitrotoluene content of 
the samples was determined by solvent extraction with analysis by high 
performance liquid chromatography with UV detector (HPLC-UV). The 
Danish Navy vessel Søløven also conducted a series of high-resolution 
sonar surveys both before and several months after clearance events to 
evaluate UXO clearance and seabed damage. 

2.2. Unexploded ordnance disposal (EOD) methodologies 

2.2.1. Low-order (deflagration) 
The tool used was a PLUTON™ shaped charge manufactured by 

Alford Technologies [Patent WO 03/058155, 2003]. In the case of the 
Pluton a shaped charge of 250 g detonates causing instantaneous 
evaporation of a metallic cone, and this shaped charge punches a small 
hole (typically 10–20 mm diameter) through the outer UXO casing. The 

Fig. 5. Placement of a 250 g (Pluton) ‘low-order’ deflagration charge on the mine GOLF pre-low-order clearance.  
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vapourised metallic cone material in the form of plasma like jet is 
injected into the bulk historic explosive material at around 5000o C 
initiating a slow (sub-supersonic speeds) burning deflagration process 
compared to the rapid (greater than supersonic speeds) detonation 
process as seen in a high-order event. This burning process can go on for 
several seconds and typically consuming a percentage of the explosive 
fill which generates gas from the decomposition of the explosive. In the 
case of a fully sealed system the accumulation of this gas can cause the 
pressure to rise in the UXO case causing it to burst at the weakest point 
before a full high-order detonation can occur. In these trials low-order 
deflagration methodology was tried on both sealed (fully intact) and 
unsealed UXO; for example, Fig. 5 shows placement of the Pluton charge 
on the UXO GOLF. Note in this case the bulk explosive material in GOLF 
was exposed to the environment as shown in Fig. 1. In contrast UXO 
LIMA (Fig. 2) was fully intact as well as partially buried. 

2.2.2. High-order (detonation) 
In these trials a modern high explosive charge size equivalent to 10 

kg (TNT) is placed in the vicinity to the UXO by the dive team. 
Fig. 6 shows an example a typical high-order donor demolition pack 

placed in the vicinity of UXO GOLF. This charge is detonated using a 
detonation line, intended to result in a near instantaneous additional 
detonation of the historic explosive material in the UXO. Typically, a 
high-order event would initiate a rapid combustion process at super
sonic speeds and will result in the generation of a shock wave. Note that 
if the historic explosive material was to detonate at its full potential the 
equivalent total charge size is the historic charge + the modern donor 
charge (typically an extra 5–10 kg TNT equivalent). 

3. Acoustic modelling of propagation 

Source time domain waveforms were obtained using a modified 
Arons model using the time constants 2.2 & 8 s [Arons, 1954]. The 

model was applied at a distance of 10,000 times of the radius of the 
explosive, and then back propagated to get the waveform at source. 
From this waveform the source spectrum components across a band
width of 1 Hz to 2 kHz in steps of 1 Hz were then applied to range 
dependant propagation model RAM [Collins, 1993]. The time domain 
waveforms were then reconstructed by combining the individually 
range modelled frequency components to allow estimation of both Lp,pk 
and SEL metrics at various range intervals. The seabed properties used in 
the propagation models were based on [Hamilton, 1980] given in 
Table 2. The modelling included a sound speed profile measured in situ 
and a typical on-site bathymetry profile are shown in Fig. 3. (See Fig. 7). 

State geological surveys data of Denmark and Greenland report the 
seabed in the area is mainly muddy sand [MARTA, 2023] with a rela
tively large sediment depth [Straume et al., 2019]. Due to lack of more 
details of the seabed properties, such as layered structures and their 
associated acoustic properties with which the shear wave could have 
been accounted for the seabed was treated as a simplified semi-infinite 
fluid with constant acoustic properties. There is some variation in ba
thymetry over the Sejerø Bight area where the UXO were cleared (see 
Fig. 3). Due to the wide spread of UXOs and recorders deployed, the 
bathymetry profile from UXO MIKE to recorder R7 was used for the 
modelling as the furthest from source. There was a small change in 
sound speed over depth, however, there is a decrease of water depth 
along the path from the UXO to the recorder as shown in Fig. 7. These 
simplification were then applied to a range dependant Parabolic 

Fig. 6. Placement of a 10 kg ‘high-order’ donor charge on the mine GOLF pre- high-order clearance.  

Table 2 
Parameters used for propagation modelling.  

Property Water Sediment Layer 

Sound speed (ms− 1) 1453 1652 
Density (gcm− 3) 1 1.772 
Atten. (dB/λ) [Skretting and Leroy, 1971] 0.83 
layer thickness (m) variable 10–20 Semi-infinite  
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Equation (RAM) propagation loss model. 
The derived modelled received level versus range profiles for both 

SEL and Lp,pk metrics combined with the original theoretical source 
characteristic spectrum [Arons, 1954] are shown as the modelled pro
files in Figs. 12 & 13 for comparison with measured data of received 
level versus range in Section 4.3. The same methodology described above 
for deriving the broadband (1 Hz - 2 kHz) propagation loss profiles from 
the modelled time domain for each metric in isolation were fitted to 
measured received level data points to allow back propagation in esti
mation of the effective linear source level presented in Section 4.4. and 
impact range assessments Section 4.8. 

Note that propagation loss profiles used in the back propagation for 
the effective linear source level presented in Section 4.4. and impact 
range assessments Section 4.9 were derived from the spectral content for 
a theoretical 430 kg source [Arons, 1954] to allow inclusion of as broad 
as possible spectrum particularly for higher frequencies. This was felt to 
be a conservative approach as these higher frequencies are likely to be of 
relevance to higher frequency animals such as harbour porpoise. How
ever, it is acknowledged that these propagation loss profiles used were 
also limited by the modelling bandwidth of 2 kHz as described in Section 
3. Measured data shown in the decidecade band analysis shows that the 
2 kHz bandwidth used was sufficient to capture the energy contained in 
the − 3 dB bandwidth of a typical high-order source at 3.1 km range. 
Despite this Fig. 14 does show above background energy levels at fre
quencies above 2 kHz particularly at shorter ranges but these often 
attenuated relatively quickly at longer ranges and their overall influence 
on the broadband time domain metrics considered was relatively minor. 

4. Results 

4.1. Summary of outcome of the EOD operations 

All of the operations were deemed successful from an Explosive 
Ordnance Disposal (EOD) perspective. Table 3. summaries the post 
clearance analysis of the EOD operations. 

Inspection was carried out by divers and sonar operations from the 
Navy vessel Søløven with 4 low-order clearances on GOLF-1, 
NOVEMBER-1 and JULIET and LIMA and 4 high-order operations 
FOXTROT, GOLF-2, MIKE and NOVEMBER-2. For all of the high-order 
events a 10 kg composite-B detonation pack was placed in direct con
tact with the mine. For the low-order clearances, a single Pluton defla
gration (250 g) charge was used exterior to the main UXO shell. 

In the case of the high-order events significant surface plumes and 
evidence of seabed cratering were observed with no mine fragments 
detectable post event. For the low-order events local damage occurred to 
the mines with splits and bursting of outer UXO shells, particularly when 
the UXO was initially intact, with much of the shell material remaining 
but with evidence of deflagration burning of UXO explosive material 
without high-order detonation. Shell material and explosives where 
typically within a few meters of the clearance site with no obvious 
seabed damage. No surface plumes were observed with the low-order 
events. None of the 4 low-order deflagration trials observed were 
considered to have undergone a deflagration to detonation transition 
(DDT) [Gupta et al., 2022]. 

Fig. 7. Measured sound speed profile (left) and bathymetry profile between UXO MIKE and recorder R7.  
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4.2. Acoustic time-frequency analysis 

The recorded data for the acoustic pulses were analysed and two 
acoustic amplitude metrics were calculated: peak sound pressure in Pa 
(sometimes referred to as the zero-to-peak sound pressure) and its level 
(Lp,pk) in dB re 1 μPa; and the sound exposure level (SEL) in dB re 1 μPa2s 
calculated both as a broadband value and in decidecade bands (some
times termed one third octave bands calculated using base 10 [ISO 
18405, 2017]) and using short time Fourier transforms [Mitra, 2001]. 
The focus was on these metrics because they are key to the calculation of 
exposure for certain classes of marine mammals and fish [Southall et al., 
2019; NMFS, 2018; Popper et al., 2014]. The definitions of these terms 
were adopted from ISO 18405 [ISO 18405, 2017], with the calculations 
on the acoustic pulse following the procedure described in the protocol 
[BEIS, 2020]. 

Fig. 8 shows a data from a high-order clearance of the NOVEMBER 
mine as recorded at station R7 at a range of 21.3 km. Spectral analysis 
shown in Figs. 8 & 9 were generated using a sample rate of 288 kHz a 
4096-point FFT window with a Hann window and a 4000-point overlap. 
SEL total values integrated over 1.4 s window. Pulse 1 and Pulse 2 SEL 
values were integrated over 0.7 s respectively. The time domain plot 
shown in the upper panel shows a strong initial pulse arrival of peak 
level (Lp,pk) of around 171 dB re 1 μPa around 0.25 kPa and total SEL 
value of 143.8 dB re 1 μPa2s integrated across the full 1.4 s shown in the 

figure. By comparison Fig. 9 shows the initial low-order event that took 
place on NOVEMBER with an estimated charge size of 340 kg + 0.25 kg 
(Pluton) charge at the same distance. In the latter case the levels peak 
level (Lp,pk) of 151.2 dB re 1 μPa and total SEL value of 125.3 dB re 1 
μPa2s again integrated across the full 1.4 s window shown. The low- 
order case shows significant reduction in levels of around 20 dB for 
peak level and 18 dB for SEL. These reductions in levels were seen 
consistently across all the events analysed between high and low-order 
and at various ranges. Both high and low-order signal parameters 
were generally consistent with previous observations of explosive det
onations in shallow water of varying charge sizes [Gaspin et al., 1979; 
Chapman, 1985; Chapman, 1988; Hannay and Chapman, 1999; Soloway 
and Dahl, 2014; Robinson et al., 2020; Salomons et al., 2021; Robinson 
et al., 2022; Favretto-Cristini et al., 2022a, 2022b]. 

The high-order events consistently showed a secondary pulse 
(arriving at around 0.65 s after the main signal arrival in the example 
shown in Fig. 8) which is not present in the case of the low-order events. 
The delay of this signal varied from around 0.6 to 0.8 s across the four 
high-order events recorded. Bubble pulsation intervals of around 0.8 s 
have been previously reported by Gitterman for high order detonations 
in the Dead Sea but for much larger charge sizes (500, 2060 & 5000 kg) 
[Gitterman, 2009]. The delays seen here were however was not 
consistent with for example the first bubble pulse expansion and 
collapse for a 22 kg TNT – eq charge mass at 20 m depth expected to be 

Fig. 8. High-Order: Upper panel shows the time domain plot of low-order event on UXO NOVEMBER at recorder station R7 at 21.3 km range (red trace-right hand 
vertical axis scale) superimposed on the cumulative energy SEL (blue trace – left hand vertical axis scale. The lower panel shows the equivalent short time frequency 
analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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around 0.38 s, and 1.03 s for 440 kg charge including a 10 kg donor 
charge. [Cole, 1948; Arons, 1970]. Using these models for the likely 
actual charge mass based on the acoustic levels, the first bubble would 
be expected sooner than observed in the acoustic data and may be buried 
in the complex multipath arrival seen in the signal at this larger range. 
Mis-estimation of the actual charge size could account for discrepancy in 
this delayed bubble signal. Variation in this delay is also possible due to 
complex interactions with both the seabed and the surface compared to 
a deeper-water non-seabed detonation [Favretto-Cristini et al., 2022a]. 
The delay is also inconsistent with an echo arrival from any bathymetric 
features. Analysis of video data taken from the Aurora showed that the 
time delays showed some correlation with the point that the surface 
water plume begins to collapse i.e. the moment that the peak of the 
plume is reached (Fig. 10.). Time t = 0 from video data was taken as the 
arrival of the initial shock wave at the surface. Note these plumes were 
only seen with the high-order clearances which projected a large column 
of water many metres into the air. Analysis of video data from high- 
order events also often showed a secondary darker coloured plume 
assumed to be associated with mixing of the water with sediment. The 
sequence of the evolution of the surface plumes were generally consis
tent with previous researchers observations of underwater high-order 
detonations for example observations of 500, 2060 & 5000 kg charge 
masses detonated at round 70 m depth in approximately 265 m water 
depth in the Dead Sea [Gitterman, 2009]. 

Many of the events showed evidence of potential sediment-borne 
waves with some variation in amplitude and arrival time. These often- 
lower frequency acoustic arrivals were sometimes observed arriving as 
a precursor before the main water column arrivals as typically shown in 
Figs. 8 & 9 and were variable in timing with changes in range. Evidence 
of seabed surface vibrational waves were also evident and are also dis
cussed further in Section 4.6. 

Fig. 10 shows the evolution of this water plume cycle observed on the 
high-order NOVEMBER clearance. Analysis of both the initial and sec
ondary pulses seen in all the high-order events showed that although 
they have similar spectral distributions with the relative difference in 
the wide band amplitude between the pulses, the secondary signal made 
only a very minor contribution to the overall energy of the signal. In the 
NOVEMBER event (Fig. 8) this contribution contributed <0.04 dB to the 
total SEL and therefore was generally negligible although interesting in 
origin. However, although comparatively small compared to the main 
signal (SELp1) in the case of comparison of the SEL metric with broad
band impact thresholds the overall signal SELtotal including the second 
pulse is used in this analysis. This effect was not observed on the low- 
order clearances. 

The lower panels in Figs. 8 and 9 show the short time Fourier 
transform spectrogram for both the high and low-order events. Both 
show the sharp transient rise time and arrival initially with higher fre
quency components arriving first with detectable energy levels up to 30 

Fig. 9. Low-Order: Upper panel shows the time domain plot of low-order event on UXO NOVEMBER at recorder station R7 at 21.3 km range (red trace-right hand 
vertical axis scale) superimposed on the cumulative energy SEL (blue trace – left hand vertical axis scale. The lower panel shows the equivalent short time frequency 
analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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kHz. A down sweep of the slower lower frequency arrivals can then be 
seen containing much of the energy of the signal. An extended tail to the 
main signal is then seen consistent with a complex multipath arrival in 
this relatively shallow water and at this range from the source. It should 
be noted that the low-order clearances although significantly lower in 
level compared to the high-order events still demonstrate similar time- 
spectral characteristics. This is consistent with the notion that the sha
ped charge used in this low-order deflagration method is effectively also 
a high-order detonation but at a significantly lower TNT eq. charge mass 
of 250 g and therefore related amplitude. 

Fig. 11 shows decidecade band analysis of the received signal at a 
range of 21.3 km for both the high and low-order NOVEMBER clearance 
events. The spectral content levels of both are similar with most of the 
energy in the bands from 200 Hz to around 13 kHz at this range, with 
very little energy above this upper frequency. The frequency of the peak 
energy levels in both cases is around the 1 kHz band with band levels 
>20 dB higher for the high-order compared to the low-order events. 

4.3. Amplitude level versus range 

Data shown in Section 4.2 has focused on high and low-order event 
characteristics at the longer ranges recorded to allow direct comparison 
of both high and low-order signals characteristics over similar distances. 
The significantly higher levels seen from the high-order events can prove 
challenging to measure with standard commercially available recording 
systems at shorter ranges. In these trials, data from of all the high-order 
events at ranges of <18 km recorded at the static moorings suffered from 
some form of clipping, making analysis of the spectral content of these 
events more difficult. However, data from the lower sensitivity higher 
dynamic range system deployed from the Aurora allowed capture of 
good quality data for all events down to ranges of a few km. Figs. 12 and 
13 show analysis for all of the events for peak pressure Lp,pk and total 
SEL versus ranges for all the available data with the maximum measured 
peak sound pressure level of 209 dB re 1μPa and SEL of 191.4 dB re 

1μPa2s at a range of around 1.54 km for the high-order NOVEMBER 
clearance. 

Direct comparison of both the high and lower order clearances of 
NOVEMBER at a range of around 19.8 km, showed high-order SEL levels 
of 150.2 dB re 1μPa2s whereas the low-order clearance of the same 
target were 17 dB lower at 133.2 dB re 1μPa2s. Similarly, the peak level 
values were 173.3 dB and 159.2 dB re 1μPa respectively from high and 
low-order showing a 14.1 dB reduction. Note that the NOVEMBER high- 
order clearance was of the remainder from the preceding low-order 
event (of 340.25 kg including the deflagration charge) with a residual 
combined charge estimated to be around 44 kg including the 10 kg 
donor charge. Taking the combined historic and donor or deflagration 
clearance equivalent charge masses into account, the low-order defla
gration clearance was around 17 dB and 14 dB lower in acoustic levels 
for both the SEL and Lp,pk metrics although the effective charge mass 
being cleared was nearly eight times larger than the associated high- 
order clearance. These data also show that the high-order SEL levels 
of 133 dB re 1μPa2s and peak levels of 159 dB re 1μPa were close to what 
might be expected from the 10 kg donor charge mass on its own. This 
suggests in this data that a majority of acoustic energy detected from this 
high-order event was due to the donor and not the donor + remaining 
historic charge. By comparison the high-order clearance of MIKE gave 
peak levels of 197.9 dB re 1μPa and SEL levels of 176.7 dB re 1μPa2s at 
ranges of around 6 km. These levels were around 4 dB below the theo
retical modelled levels for a 340 kg detonation at the same range but at a 
level around 7 dB above the modelled 10 kg on its own suggesting in this 
case some of the historic charge may have contributed to the overall 
noise level. Comparison with a low-order event on GOLF demonstrated a 
17 dB lower SEL level and >21 dB lower peak level for these high and 
low-order clearances respectively at a similar range. 

Figs. 12 and 13 both show consistently lower amplitude levels be
tween the high and low-order methodologies for both metrics with a 
consistent reduction of between 15 and 20 dB at all the ranges measured. 
Comparison with the modelled data based on 250 g deflagration charge 
shows a reasonable correlation for the low-order events levels consistent 
with contribution from the deflagration charge (250 g) only with a good 
fit to the measured Lp,pk metric out to 25 km with similar reasonable 
agreement for the SEL metric but with the model slightly overestimating 
values at ranges >15 km. This was consistent with data seen in previous 
comparison trials of high and low-order conducted in a quarry in 2019 
[Robinson et al., 2020.]. Similarly, most of the high-order events show a 
reasonable correlation with a contribution expected from the 10 kg 
donor charge used plus some contribution from the UXO charge. 
Particularly at lower ranges the SEL model appears to give slightly 
higher results than seen in some of the measured data. Similar effects 
were noted from analysis of 54 historic UXO clearances in the North Sea 
[Robinson et al., 2022] and in measurements of UXO in Danish waters 
[Salomons et al., 2021] and Dutch waters [von Benda-Beckmann et al., 
2015]. It has been hypothesised that the misalignment between the 
model and measured data may be because most empirically based 
models such as Weston’s [Weston, 1960] assume a mid-water detona
tion, whilst almost all UXO clearances take place at the seabed [von 
Benda-Beckmann et al., 2015; Robinson et al., 2022]. In this case sig
nificant amounts of energy are likely absorbed by the seabed and the 
resultant seabed disruption (Section 4.7). Soloway and Dahl [2014] also 
reported lower measured levels than model predictions for non-seabed 
detonations in similar shallow water environments to the cases 
described above. Other hypothesis suggested for the over prediction of 
some modelled data include energy lost due to shielding by cavitation 
and to surface blowout as seen in Fig. 10. [von Benda-Beckmann et al., 
2015]. Salomons et al, applied an empirically derived adjustment to 
compensate for the effect for measured high-order events. 

In this current study the high-order amplitude data is in general close 
in level to what might be expected from the 10 kg donor on its own. 
These observations are generally consistent with most of the 54 
measured historic UXO events analysed by Robinson et al. in the North 

Fig. 10. The high-order clearance water plume as seen from the Aurora at a 
range of 1.54 km. Note the upper panel also shows the small dive team zodiac 
for scale. 
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Sea [Robinson et al., 2022]. This implies that observed levels in both 
these trials were not as high as what could be expected if the donor plus 
the historic explosive material was to explode at its full potential. 
Robinson et al did also show examples of events where much higher 
levels were measured in line with a significant contribution from both 
the donor and the historic charge and the potential for much higher 
levels will always exist from both high and low-order methodologies if 
the historic explosives do detonate either partially or fully. The range of 
the measured data bounded by a suitable propagation loss curve 
(derived using methodologies described in Section 3) for both metrics is 
given in Figs. 12 and 13 as shaded areas. Table 4. gives a summary of the 
wideband data recorded on the lower element of the T15 vertical array 
deployed from the Aurora. 

Fig. 14 shows the variation in spectral content versus range for the 
low-order clearance of LIMA. At shorter ranges (3.6–6 km) the spectral 
distribution is relatively flat in the range of a 30 Hz to around 8 kHz, 
with peak band level at around 50 Hz. However, low frequency com
ponents <300 Hz have largely been attenuated to levels comparable to 
background noise at range of around 22 km. This results in a shifting the 
peak band level into the region 700–1200 Hz, with a corresponding 
reduction in overall amplitude. It can also be seen that at the shorter 
ranges (3.3 km) that signal levels are detectable in the frequency bands 
between 20 and 100 kHz. These higher frequency components however 
had largely disappeared at ranges >6 km. Both effects are consistent 
with what might be expected from propagation in a shallow and upward 
sloping environment due to low frequency mode-stripping and higher 

frequency absorption effects. In the latter case, at ranges much greater 
12 km, levels above 20 kHz are signal levels comparable with back
ground levels. 

4.4. Source level 

Monopole equivalent Source Levels were estimated for both SEL and 
Lp,pk metrics. These were obtained for each of the metrics using the 
broadband propagation loss models outlined in Section 3. These were 
then fitted through each of the measured metric data points and back 
propagated to 1 m. Fig. 15a shows an example of the curve fit for high- 
order clearance of mine MIKE and Fig. 15b low-order clearance on 
GOLF. Each data point was back propagated allowing estimation of a 
distribution of potential source level estimates for each event, see 
Table 5 which gives the midpoint and upper and lower limits of source 
level estimates obtained. Note this back propagation to short ranges in 
determining the source level assumes linear propagation and the esti
mated source levels may only be used for far-field predictions at ranges 
greater than several water depths. At very close ranges, the presence of 
the shock wave from the explosion will modify the acoustic field. 

Table 5 shows the estimates for both SEL and Lp,pk for each of the 
eight clearance events. The high-order events had an estimated source 
levels in range 243–246 dB μPa2s-m for SEL and 255–266 dB μPa-m for 
Lp,pk. Source Levels were estimated using best fit estimates of a high- 
level signal transmission loss profile (430 kg) through each of the 
measured data. Fig. 15a, shows the high-order clearance data for MIKE 

Fig. 11. Comparison of decidecade band levels for long range (21.3 km) high and low-order clearances on mine NOVEMBER. Analysis window 1.2 s.  

P.A. Lepper et al.                                                                                                                                                                                                                               



Marine Pollution Bulletin 199 (2024) 115965

12

with a mid-range value of 263.3 dB μPa-m (± 2.1 dB) and a potential 
overall maximum Lp,pk equivalent linear source level of around 265 dB 
μPa-m seen on the FOXTROT clearance. 

Using 250 g propagation loss profile estimates of the low-order 
events showed source levels in range 217–219 dB μPa2s-m for SEL and 
240–245 dB μPa-m for Lp,pk with the maximum of around 248 dB μPa-m 
for Lp,pk seen on the clearance of GOLF (shown in Fig. 15b). All of the 
low-order source levels estimates were remarkably stable with values of 
around 225 dB μPa2s-m and 242 dB μPa-m for SEL and Lp,pk respectively. 
By comparison the high-order events showed a wider divergence with 
clearances of FOXTROT and MIKE being typically as much as 5–6 dB 
higher Lp,pk levels than the GOLF and NOVEMBER high-order clear
ances. This is most likely reflective of the higher historic charge presence 
observed in FOXTROT and MIKE clearances. This effect is still present in 
the SEL metric although less pronounced. Comparison of all the high- 
order clearances give levels of 244.3 ± 1.25 dB μPa-m and 262 ± 5 dB 
μPa2s-m for SEL and Lp,pk respectively. 

Comparison of the two low-order and then high-order clearances at 
similar ranges on GOLF and NOVEMBER show source level estimates 
around 15 dB lower Lp,pk and 15–17 dB lower SEL than the measured 
following high-order events at the same range. It should be noted 
however that both the GOLF and NOVEMBER high-order event was of a 
relatively smaller charge residual (left over from the associated low- 

order clearance) historic charge sizes of around 44 kg including the 
high-order donor charge of 10 kg, see Table 5. This can be compared 
with the FOXTROT high-order clearance with a potential charge size of 
around 440 kg with a Lp,pk source level of around 265 dB, approximately 
24 dB higher in level than the low-order clearance of LIMA for a similar 
sized MK 6 weapon. Comparison of the of all measured high-order versus 
low-order source level estimates give estimates around 19 dB lower for 
low-order compared to high-order for both SEL and Lp,pk. Note that these 
relative reductions in measured levels and estimated source levels 
correspond to linear scaling factors of around 9 x quieter for Lp,pk and 80 
times quieter for SEL for low compared to high-order operations for 
these clearances. 

The variation between the modelled equivalent TNT charge masses 
based on the acoustic levels (shown in column 4 Table 5.) compared to 
the estimated actual physical UXO charge mass (shown in column 5 
Table 5.) may be due to a variety of causes. These can include uncer
tainty in the models used in shallow water discussed by various authors 
[von Benda-Beckmann et al., 2015; Soloway and Dahl, 2014; Favretto- 
Cristini et al., 2022a, 2022b; Robinson et al., 2022], uncertainty in the 
remaining UXO charge mass, typically estimated by visual inspection 
and uncertainty in the UXO’s explosive material viability due to chem
ical degradation over time and potential long-term exposure to the 
marine environment. All these effects or combination of them can 

Fig. 12. Peak sound pressure level (Lp,pk)for all eight events versus range. Circles show high-order (HO) events and triangles for low-order (LO). Filled markers are 
directly measured. Solid lines are modelled data for the 250 g Pluton charge on its own, a 10 kg donor charge on its own and a theoretical maximum of 430 kg for a 
Mk 6 mine. Shaded areas represent the range of measured high and low-order data fitted to a modelled propagation loss profile for this area. 
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account for effective lower levels often seen from historic UXO charge 
masses clearance events compared to that of the equivalent underwater 
explosive model predictions. In the case of the modern explosive com
ponents used in these operations the lower uncertainties in both the 
amount of explosive material present and its explosive viability means a 
much higher level of predictability of the contribution of these compo
nents to the total acoustic amplitude levels observed. 

4.5. Seabed vibration 

Measurements were made using the Sercel seabed system described 
in Section 2.1 at recorder station R0. The R0 station was kept in the same 
position throughout all the trials with distances to the sources ranging 
from a minimum of 2.54 km for (MIKE – a high-order)) to a maximum of 
3.25 km for (LIMA a low-order). Additional acoustic pressure field date 
was available from the R0 hydrophone system. Fig. 16a shows an 
example of spectral data for the signal arrival from the NOVEMBER 
high-order event (upper panel) and NOVEMBER low-order event (lower 
panel). Both events were recorded at the same range of 2.55 km. 

Note the broadband arrival seen at times <3 s are the acoustic ar
rivals through the water column. However, in the case of the high-order 
event at around 6 s after the initial acoustic arrival a low frequency 

component with dominant frequencies of around 5–6 Hz can be seen 
which corresponds to seabed vibration, in this case the vertical 
component. These vibration components are not easily detected in the 
spectral analysis in the low-order event. Similar responses are seen in the 
horizontal acceleration axis in the direction of sound propagation with 
detectable vibration signal visible in the high-order events and signifi
cantly lower levels on the low-order events. 

Figs. 16b show a significance difference in low frequency vertical 
acceleration of the seabed instrument at a range of 2.55 km for both 
high-order and a low-order event compared with background levels. In 
the case of the high-order event relatively high levels exist across a 
spectrum from a few Hz to 100 Hz. In some cases, with levels >80 dB 
above background, with the highest levels in bands between 3 and 5 Hz. 
By comparison the low-order event has vertical acceleration values on 
average 30–40 dB lower than the high-order with a peak energy in the 
decidecade band again centred around 3 Hz. 

Note absolute values for acceleration here are based on the manu
facturers calibration and attempts were made to allow the recording 
system to rest uniformly on the seabed. Although this is its manufacturer 
standard operational mode, the systems actual direct coupling to the 
seabed is unknown and therefore a degree of uncertainty in the absolute 
values exists. However, the relative levels stated above can be seen as 

Fig. 13. SEL pressure for all eight events versus range. Circles show high-order (HO) events and triangles for low-order (LO). Filled markers are directly measured. 
Solid lines are modelled data for the 250 g Pluton charge on its own, a 10 kg donor charge on its own and a theoretical maximum of 430 kg. Shaded areas represent 
the range of measured high and low-order data fitted to a modelled propagation loss profile for this area. 
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useful indication of the ratio of difference of effects seen at the seabed. 

4.6. Seabed damage 

The Danish Navy conducted clearance analysis of the seabed before 
and after each of the clearances using both diver inspection and diver 
scan sonar surveys. Fig. 17 shows a pre-survey of two mines conducted 
in June 2021 by the Danish Navy. In this case, pre-detonation, both 
mines can be seen proud of the seabed and no obvious cratering or scour 
in the area. 

Fig. 18 shows typical post clearance side scan images for the same 
two high-order clearance events, FOXTROT and MIKE, in both cases 

Fig. 14. Decidecade band levels versus range for low-order clearance ‘LIMA’. Analysis window 1.2 s.  

Table 3 
Sequential summary of eight clearance events across the six UXO {Annex A-F: Supplementary material}.  

Clearance event Disposal method Post clearance survey summary based on diver side scan sonar and visual inspection. (source [Annex A-F]) 

F-FOXTROT [~200 kg 
Amatol 

High-order 10 kg donor 
charge 

High-order detonation successful. Significant surface plume observed. No obvious mine remains. Generation of crater 
~ 4 m diameter 1 m deep. 

G-GOLF- 1 [~344 kg 
Amatol] 

Low-order 250 g Pluton 
deflag. Charge 

Deflagration successful, mine had not detonated. Estimated <10 % original explosive remained. This explosive residue 
was scattered in and around the remaining mine-carcass. No obvious seabed damage. 

G-GOLF- 2 [~34 kg Amatol] High-order 10 kg donor 
charge 

High-order detonation successful. Significant surface plume observed. No obvious mine remains. Seabed cratering 
observed. 

M-MIKE [~170 kg Amatol] High-order 10 kg donor 
charge 

High-order detonation successful. Significant surface plume observed. No obvious mine remains. Generation of crater 
~ 6.4 m diameter 

N-NOVEMBER ¡ 1 [~340 
kg Amatol] 

Low-order 250 g Pluton 
deflag. Charge 

Deflagration successful, mine had not detonated. Estimated <10 % original explosive remained. This explosive residue 
was scattered in and around the remaining mine-carcass. Over pressure split of mine casing. No obvious seabed 
damage.. 

N-NOVEMBER ¡ 2 [~34 kg 
Amatol] 

High-order 10 kg donor 
charge 

High-order detonation successful. Significant surface plume observed. No obvious mine remains reported. 

J-JULIET [~340 kg Amatol] Low-order 250 g Pluton 
deflag. Charge 

Deflagration successful, mine had not detonated. Deflagration had still burst opened the main explosive section. 
Explosive residue was scattered in a similar manner to that witnessed in the other mines. 

L-LIMA [~430 kg Amatol] Low-order 250 g Pluton 
deflag. Charge 

Deflagration successful, mine had not detonated. The mine charge case had almost been cut in half with much of the 
Amatol burned or ejected during the process of deflagration.  

Table 4 
SEL and SPL (Lp,pk) levels measured at a water depth of 10 m from a single 
element of the T15 vertical array.  

ID Received level SEL (dB 
1μPa2s) 

Received level Lp,pk 

(dB 1μPa) 
Range 
(km) 

GOLF (LO)  165.7 dB  191.6 dB  3.5 km 
GOLF (HO)  179.7 dB  203.5 dB  3.4 km 
MIKE (HO)  175.7 dB  197.5 dB  6.1 km 
NOVEMBER 

(LO)  
171.3 dB  190.6 dB  2.7 km 

NOVEMBER 
(HO)  

190.4 dB  209.0 dB  1.5 km 

JULIET (LO)  168.4 dB  188.0 dB  2.2 km 
LIMA (LO)  171.5 dB  192.2 dB  1.8 km  
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craters can be seen with diameters 4.3 m and 6.4 m respectively. Both 
craters were estimated to be 1 m - 3 m in depth. It is clear in the case of 
the high-order clearances that much of historic explosive material and 
the metallic casing has largely disappeared resulting in development of 
considerable craters in the seabed where the UXO had been. An 
assumption often historically made with high-order events that all the 
UXO material (metallic casing, explosives, and associated systems) have 
been fully consumed by the detonation process with minimal environ
mental contamination. Its unclear from the currents study if this is a 
valid assumption and warrants further investigation. 

By comparison during low-order events once the smaller shaped 
charge penetrates the outer metallic casing the explosive material is 
either fully or partially consumed in the deflagration burning process. If 
the casing is intact this can lead to an over pressure and often result in a 
splitting open of the casing with minimum seabed disturbance. Fig. 19 
shows example images taken post clearance by divers on two low-order 
events LIMA (upper image) and NOVEMBER (lower image). Note in both 
cases the casing has split open due to overpressure but did not result in a 
high-order detonation (deflagration to detonation transition DDT). The 
lower image shows the deflagration charge penetration point and minor 
damage due to over pressure. There was also evidence of consumption of 
the historic explosive through the deflagration process [Annex A-F]. 
Remnants of both the casing and potential explosive material are typi
cally located within a few metres of the original UXO location with no 
obvious damage to the seabed. 

Fig. 20 shows a multibeam survey of the high-order FOXTROT 
clearance site conducted by the Danish Navy in October 2022, nine 
months after the January 2022 clearance event discussed above. This 
still shows the evidence of the seabed cratering seen in Fig. 18 but also 
wide-ranging disturbance of the seabed out to around a 30 m diameter 
[Pers. Comms, Danish Navy]. 

4.7. Chemical residue analysis 

Chemical sample analyses indicate no evidence for a surface slick of 
explosive residues post clearance. Concentrations of dinitrotoluenes and 
trinitrotoluene in sediment were variable, with evidence of existing 
contamination around all UXO examined, mostly <10 mg/kg but up to 
2450 mg/kg of 2,4,6-trinitrotoluene (TNT) at the apparently intact mine 
JULIET. Low-order clearance may result in elevations in chemical resi
dues, for example sediment concentrations of TNT at mine LIMA were 
9.69 mg/kg before and 39,900 mg/kg after clearance. The samples were 
not replicated, and these results are considered preliminary and 

tentative although they are broadly consistent with the findings of 
[Maser et al. 2023] from a parallel contemporaneous study of explosive 
residues around mines MIKE and GOLF. 

4.8. Noise exposure – Impact ranges 

Estimates of the distance from source for avoidance of Temporary 
Threshold Shift (TTS) and Permanent Threshold Shift (PTS) for both 
high and low-order methodologies were made. Measured level data 
(Figs. 12 and 13) were combined with both SEL and Lp,pk propagation 
loss profiles (propagation loss versus range) for the furthest R5 recorder 
station to estimate SEL and Lp,pk Received Levels versus range for the 
low-order LIMA and high-order MIKE clearances. The measured SEL 
data was scaled dependant on calculated variation in the SEL metric 
received level for each of the functional cetacean hearing groups, Low 
Frequency (LF), High Frequency (HF), Very High Frequency (VHF) and 
Pinniped in Water (PW) based on calculation of the SEL metric before 
and after application of each of the weighted frequency functions to the 
broadband measured signal at relatively short ranges (MIKE 6 km & 
LIMA 1.8 km). 

The SEL propagation loss profiles were then fitted through each of 
these weighting adjusted data points. From these profiles the potential 
variation in distance from the source required to allow avoidance of 
both PTS and TTS individual impact thresholds for each of the functional 
hearing response groups based on Southall et al., 2019 was estimated. 
The lower to upper limits shown in Tables 6 & 7 represent the estimate 
of lowest to greatest distances from source to generate levels below the 
impact thresholds based on the profile fits through each of the measured 
data points. An identical process was carried out for the Lp,pk metric 
using unweighted Lp,pk data points and the derived Lp,pk metric propa
gation loss profile. 

Table 6 shows the potential range of distance from the source that 
may be required to allow avoidance of a PTS type impact for each based 
functional hearing group. Similarly, Table 7 shows the data estimates for 
avoidance of TTS impact thresholds in these cases. 

5. Conclusion 

The reported measurements and additional modelling efforts in this 
study represent the first time that a comparison has been made in an 
offshore environment between high-order disposal and low-order 
deflagration EOD methodologies of UXO. In total eight clearance 
events were carried out by Danish Navy UXO clearance experts in 

Fig. 15. a Propagation loss curve fit estimate versus range for high-order event on mine MIKE. Broadband propagation curve based on a 430 kg high-order detonation 
back propagated from measured data to an estimated equivalent linear source level. Purple solid lines are fitted transmission loss profile to individual measured data 
points. Black solid line midpoint received level profile based on all the fitted transmission loss profiles. 
b. Propagation loss curve fit estimate versus range for low-order event on mine GOLF. Broadband propagation curve based on a 250 g low-order detonation back 
propagated from measured data to an estimated equivalent linear source level. Purple solid lines are fitted transmission loss profile to individual measured data 
points. Black solid line midpoint received level profile based on all the fitted transmission loss profiles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 5 
Zero-peak (Lp,pk) and SEL source level estimate for each event.  

CLEARNCE ID Measured equivalent linear Source 
Level estimate SEL -dB (μPa2s-m) 

Measured equivalent linear Source 
Level estimate Lp,pk-dB (μPa-m) 

Measured acoustic values equivalent TNT -eq charge 
size using a linear SEL model [Arons, 1954] (kg) 

Estimated Actual 
charge size (kg) 

FOXTROT 
(HO) 

244.9 dB (±0.0 dB) 265.4 dB (±2.1 dB) 22 kg ~200 kg +10 kg 

GOLF (HO) 243.4 dB (±2.0 dB) 260.0 (±0.8 dB) 16 kg ~34 kg +10 kg 
MIKE (HO) 245.9 dB (±3.0 dB) 263.3 dB (±2.1 dB) 28 kg ~170 kg +10 kg 
NOVEMBER 

(HO) 
243.8 dB (±3.1 dB) 255.5 dB (±3.8 dB) 17 kg ~34 kg +10 kg 

GOLF (LO) 225.6 dB (±4.2 dB) 244.8 dB (±4.4 dB) 0.29 kg ~344 kg +0.25 kg 
NOVEMBER 

(LO) 
226.5 dB (±3.8 dB) 241.3 dB (±5.6 dB) 0.36 kg ~340 kg +0.25 kg 

JULIET (LO) 224.0 dB (±4.3 dB) 240.4 dB (±6.3 dB) 0.21 kg ~340 kg +0.25 kg 
LIMA (LO) 225.0 dB (±3.2 dB) 241.8 dB (±4.8 dB) 0.26 kg ~430 kg +0.25 kg  
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Danish waters in January 2022 of six British WWII sea mines of original 
charge size ranging from 340 kg – 430 kg. These were cleared using 
combinations of both high-order (detonation) and low-order (deflagra
tion) clearance EOD techniques. In water column acoustic measure
ments were made for all events over ranges from <1 km to >22 km. In 
addition, a seabed vibration sensor was deployed at ranges from 2.5 to 
3.5 km. Pre and post-clearance surveys were carried out using diver held 
scan sonar and visual diver inspection to assess EOD operations as well 
as potential seabed effects such as cratering. In addition, chemical 
analysis of event residues at the sea surface and in sediments were 
conducted. 

The high-order methodologies used involved the detonation of a 10 
kg (TNT equivalent) donor charge with the intent to initiate detonation 
of the typically larger historic UXO charge. The low-order deflagration 
methodology used a shaped charge technology of equivalent charge size 
around 0.25 kg intended to initiate a deflagration (slow burning) process 
rather than the detonation process seen in the high-order events. Typical 
acoustic pressure field measured data showed for both the high and low- 
order events significant acoustic levels were present out to ranges >20 
km. These levels particularly for high-order events at shorter ranges 
represent some of the loudest man-made noise sources typically 
encountered in our oceans and waterways with estimated equivalent 
SEL linear source levels for high-order clearance events of around 244 

dB re 1μPa2s-m2 and zero-to-peak linear source levels (Lp,pk) of >260 dB 
1μPa-m. By comparison the low-order deflagration events were typically 
around 15 dB to 20 dB lower in amplitudes for both SEL and Lp,pk metrics 
at all of the measured ranges. Acoustic levels for the low-order events 
were comparable with levels recorded from low-order deflagration 
clearance made in a quarry using surrogate modern explosive shells 
made by Robinson et al., 2020 in 2019. The acoustic levels associated 
with the low-order deflagration, although lower in level than high-order 
clearances do however still represent significant noise sources with 
estimated equivalent linear source levels comparable to that of marine 
piling operations [Ainslie et al., 2012; Robinson et al., 2012; Lippert 
et al., 2016; Martin and Barclay, 2019]. 

Data from this current trial also show evidence of similarities in 
observed slight discrepancies between measurements and predictions 
from modelled results. Similar discrepancies having been observed in 
measured and modelled data from most of 54 high-order UXO EOD 
events analysed by [Robinson et al., 2022] across two windfarm projects 
in the North Sea. This is particularly evident in data summarised in 
Fig. 21 for measured data from the current measurements for high-order 
events. These consistently showed slightly higher level than might be 
expected from the donor detonation on its own but none of the events 
generated levels as high as might be expected from the combination of 
the donor and the full UXO historic charge. This suggests some 

Fig. 16a. Spectral plot of acoustic and seabed vertical acceleration. The upper plot shows the high-order and lower panel the low-order event on the same target 
(NOVEMBER) both at a range of 2.55 km. Analysis in both cases was short time frequency analysis using MATLAB [Sample rate = 1 kHz, Hann window 512), overlap 
length = 511, FFT length = 512]. 
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uncertainty in how much of the UXO historic charge actually detonates 
and/or is consumed as originally intended during high-order clearance 
process. This observation is supported by the data shown in Table 5, 
comparing estimated charge size based from measured acoustic levels 
with the reported historic UXO size of the weapon, where there is usu
ally a significant reduction in the estimated equivalent TNT amount 
based on the observed acoustic levels compared to the actual weapon 
size for the high-order events. 

Robinson et al., 2022 and others have discussed the potential for 
some contribution to the tendency of many explosive source acoustic 
models to slightly overestimate acoustic levels compared with measured 
data from real UXO being due to effects on detonation of the seabed. One 
possibility is that many of these models have been derived from 
empirical data collected from mid water detonations, whereas effect of 
the seabed absorbing a significant amount of the explosive and related 
acoustic could account for some of this discrepancy. In addition, ob
servations so far from both the Great Belt and North Sea measurements 
suggest many real UXO, although not all, if high-ordered do not generate 
levels at the full potential of the original historic explosive charge. 
However, the minimum levels observed are in line with at least what 
would be expected from a donor charge on its own. 

Comparison of data for both measured and modelled data from the 
low-order events in this trial also given in Fig. 21 and Table 5 show 

remarkably good agreement between predicted and measured levels as 
well as consistency between these events using similar modelling ap
proaches to that of the high-order events. This aligns with the post 
clearance observations of these UXO’s where the weapon is typically 
broken / split open, and a proportion of the historic explosive appears to 
be consumed via a deflagration process without any additional detona
tion of the historic charge. 

Note that the modelled Received Level profiles for both the SEL and 
Lp,pk metrics shown in comparison to broadband measured data, Figs. 12 
and 13 were derived from the theoretical spectral content for source 
model [Arons, 1954] combined with a typical propagation loss profile in 
the direction of the R7 recorder station out to a range of 25 km and band 
limited from 1 Hz – 2 kHz (discussed in Section 3) for each of the metrics. 
The same loss profiles were then used in the back propagation from 
measured data points for the effective linear source level presented in 
Section 4.4 and fitted to measured data for the impact range assessments 
Section 4.8. In the case of frequency weighting factors used in the impact 
analysis used in Section 4.8 these were also derived using short range 
broadband measured signals to include as broad a frequency spectrum as 
possible in combination with broadband (> 100 kHz) measured data. 
There is however, the potential due to the use of the band limited (1 Hz – 
2 kHz) propagation loss profiles to slightly overestimate frequency 
components >2 kHz due to not modelling the attenuation effects on 

Fig. 16b. Decidecade spectral band analysis spectral of the vertical seabed acceleration for time period 6–15 s starting 6 s after the water column acoustic arrival as 
shown in Fig. 16a. The figure shows the high-order and the low-order event on the same target (NOVEMBER) both at a range of 2.55 km as well as background levels. 
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these higher frequencies. Analysis of the >2 kHz signal contribution to 
the overall broadband metric values was however found to be generally 
insignificant. Similarly, comparison of source spectrum for both 
broadband measured and band-limited modelled data showed relatively 
good agreement. Due to this and particularly in the case of the SELVHF 
metric the band limited SEL propagation loss profiles used in the impact 
range assessment were felt to be a more conservative approximation for 
propagation loss for the most relevant frequencies to this analysis. 

Conversely the non-inclusion of sub-surface sediment layers, inter
face wave and shear wave propagation effects in the propagation models 
used here may account for some discrepancies seen at low and ultra-low 
frequencies, in comparison with the measured data. Favretto-Cristini et 

al report the observation and importance of consideration of both 
seismic and acoustic wave propagation mechanisms to both water col
umn and seabed paths as well as the propagation of interference type 
waves such as Stoneley-Scholte waves and shear wave propagation in 
sediment layers for explosive events particularly in shallow water en
vironments [Favretto-Cristini et al., 2022a, 2022b]. In the current case 
the models used did tend to underestimate the water column acoustic 
content slightly at lower frequencies which may be due to some of these 
not considered propagation mechanisms described by Favretto-Cristini 
et al. However, as with the high frequency components, the overall 
contribution of these components to the general broadband metrics 
considered here were relatively small and the models and model 

Fig. 17. Pre-clearance UXO diver sonar scan surveys of UXO’s FOXTROT & MIKE conducted in June 2021. The upper image is from FOXTROT sonar scan image in 
18.4 m water depth, sensor heading 106◦ with a + 3.1◦ pitch angle and MIKE in 18.1 m water depth on heading 95◦ and − 7◦ pitch. 
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bandwidths used were felt to be a reasonable compromise of computa
tional efficiency, and accuracy however the consideration of wider 
bandwidths and more detailed sediment modelling could be considered 
in future work to improve on this understanding. 

In the case of the low-order clearances measured the acoustic output 
appears to be essentially consistent with the low-order deflagration 

charges on their own with little or no contribution from the historic 
charge detonating or observable effect from the deflagration combustion 
process. As previously observed, the low-order charges are also signifi
cantly smaller, in this trial 0.25 kg, and therefore generate lower levels 
observed than the equivalent use of (for example) a 10 kg donor and any 
contribution from detonation of the associated historic charge. These 

Fig. 18. Diver sonar scan images of UXO’s FOXTROT & MIKE after high-ordered clearance events. The upper image is from FOXTROT (~200 kg + 10 kg donor 
charge) sonar scan image in 16.9 m water depth, sensor heading 159◦ with a − 7◦ pitch angle and MIKE (~170 kg + 10 kg donor charge) in 18.5 m water depth on 
heading 293◦ and − 2◦ pitch. 
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data again align well with acoustic levels measured from low-order 
deflagration and high-order donor equivalent measurements reported 
by Robinson et al., 2020. 

Fig. 21 also shows the relative consistency and predictability of the 
low-order events compared with greater variability potential of the 
high-order as well as the consistency in the potential reductions in level 
versus range seen during these measurements. Typical reduction in levels 
of 15–20 dB for both SEL and Lp,pk metrics for the use of high to lower 
order methodologies observed in these measurements have the potential 
to be even greater if a UXO was to high-order at its full potential. Taking 
the example of the modelled level of one of the largest UXO in the Great 
Belt trials of 430 kg, in this case a reduction of between 35 dB and 40 dB 
could be observed between an equivalent high-order and successful low- 
order deflagration clearance of the same UXO. 

In another independent study in 2020, deflagration was carried out 
on one of the largest conventional explosive bombs from WWII (a British 
Tallboy of almost 3600 kg of TNT-eq). In this case a partial deflagration 
is reported to have resulted in an estimated 55–60 % combustion of the 
explosives, though unfortunately no acoustic measurements have been 
reported [Mietkiewicz, 2022]. 

Another non-acoustic consideration in the evaluation of the com
parison of the use of high and low-order methodologies is the potential 
for seabed and sediment damage. This may be of particular importance 
to a wide range of aquatic species particularly with sensitivity to particle 
motion and vibration components of the propagating energy from these 
events. High-order events have shown the potential for significant 
disturbance of the seabed with measurements of significant seabed vi
bration components at ranges in excess of 2 km both in vertical and 
horizontal directions and significant long-term disruption / distribution 
of sediment and UXO material from cratering and debris fields. Similar 
seabed ‘blast marks’ have been reported by Garlan et al, that they 
attribute to the explosion of air-dropped ordnance during WWII in the 
region of Toulon off the coast of France. In this case a significant pro

Fig. 19. Post clearance of images of two low-order events LIMA and 
NOVEMBER showing impact of low-order deflagration on the mine casing. 

Fig. 20. Multibeam survey of the crater site for the high-order FOXTROT clearance event. The centre crater is estimated to be around 4 m diameter and 1 m deep 
[Pers. comms, Danish Navy]. 
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portion of the seabed, up to 15.8 %, is covered by craters with diameters 
ranging from 11 to 134 m. Note that these marks observed in 2018 have 
been thought to have remained in the interim decades due to of a general 
absence of sedimentary dynamics and of the trawling by the fishermen 
in this location [Garlan et al., 2018] which may in other locations reduce 
their presences over time. By comparison the low-order events measured 

in the current study generated significantly less to no seabed disturbance 
with effects often localized to within a few meters of the original UXO 
directly after the EOD event. 

Another important consideration is chemical contamination both 
prior, during and post clearance from explosive material contributions. 
Several of the UXO considered in this trial were severely corroded with 

Table 6 
Estimated ranges of minimum distance in km for avoidance of exceeding PTS impulsive sound peak and weighted SEL criteria for different functional hearing groups 
from Southall et al., 2019. [Low Frequency (LF), High Frequency (HF), Very High Frequency (VHF) and Pinniped in Water (PW)].   

Estimated minimum distance from source to below PTS impact threshold (km) 

ID Peak impact criteria (unweighted) SEL impact criteria (weighted)  

LF HF VHF PW LF HF VHF PW 

LIMA (LO) 0.21 ± 0.16 0.03 ± 0.03 1.16 ± 0.53 0.29 ± 0.2 0.26 ± 0.11 0.02 ± 0.01 1.03 ± 0.34 0.10 ± 0.05 
MIKE (HO) 1.5 ± 0.2 0.6 ± 0.1 4.0 ± 0.4 1.6 ± 0.3 2.1 ± 0.6 0.3 ± 0.1 4.7 ± 1.1 1.0 ± 0.3  

Table 7 
Estimated ranges of the minimum distance km for avoidance of exceeding TTS impulsive sound peak and weighted SEL criteria for different functional hearing groups 
from Southall et al., 2019. [Low Frequency (LF), High Frequency (HF), Very High Frequency (VHF) and Pinniped in Water (PW)].   

Estimated minimum distance from source to below TTS impact threshold (km) 

ID Peak impact criteria SEL impact criteria 

(unweighted) (weighted)  

LF HF VHF PW LF HF VHF PW 

LIMA (LO) 0.39 ± 0.27 0.12 ± 0.12 1.77 ± 0.74 0.57 ± 0.32 1.5 ± 0.5 0.2 ± 0.1 3.9 ± 0.8 0.8 ± 0.3 
MIKE (HO) 2.2 ± 0.2 1.0 ± 0.1 6.3 ± 1.0 2.4 ± 0.2 6.7 ± 1.5 1.6 ± 0.5 13.1 ± 2.2 3.9 ± 0.8  

Fig. 21. Summary of SEL acoustic levels measured and modelled versus range comparing high and low-order acoustic levels.  
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explosive material directly exposed to the environment, potentially for 
many years. Changes in the viability or sensitivity of UXO materials due 
to long term exposure to saline environments is discussed by Pfeiffer 
[Pfeiffer, 2012] as well as potential negative environmental impacts due 
to chemical toxicity by a number of active research programs e.g. 
[Strehse et al., 2017; den Otter et al., 2023, Maser et al, 2023]. Concerns 
highlighted from toxic contamination from in situ UXO’s may act as 
another driver for promotion of clearance of these UXO to remove the 
long-term contamination potential. 

In consultation with the Danish Navy EOD experts involved in this 
study all the clearance operations carried out were in their opinion 
successful and the associated weapons could be considered safe from 
risk of further detonations from their EOD perspective. It is also noted 
that particularly in the case of a low-order deflagration, the process may 
not consume all explosive material and some larger pieces of this ma
terial may be left in situ as well as the possibility of micro level chemical 
contamination in the surrounding water column and sediments. The 
risks associated with for example, the collection and retrieval of these 
residuals and/or longer-term chemical contamination from residuals left 
in situ are still unknown and warrant further investigation. Proponents of 
low-order deflagration methodologies have argued that remaining UXO 
debris can be safely collected by divers or Remotely Operated Vehicle 
(ROV). Preliminary data from this study has shown elevated contami
nation levels of explosive residues in the vicinity of the low-order 
deflagration clearance events. By comparison, the highly energetic na
ture of high-order detonations means that combustion products and 
residues will be widely distributed throughout the water column and 
dispersed over a wide area due to tidal movements. Thus, direct com
parison of chemical contamination concentrations and footprints be
tween high and low-order methodologies is challenging but worthy of 
further investigation to inform safe underwater disposal of UXO. 

Low-order methods such as described can significantly reduce the 
acoustic noise impact on aquatic wildlife compared to equivalent high- 
order methodologies. However, it should be noted that these sources still 
result in sound levels that can present potential for injury or disturbance 
at ranges of serval kilometres for some species for example harbour 
porpoise. We conclude that low-order EOD operations would need to be 
considered in combination with other mitigation measures strategies 
such as the use of abatement methodologies i.e. bubble curtains or 
shields, removal methodologies, the use of spatial and temporal re
strictions on the activity, passive acoustic monitoring to inform on the 
presence of animals when vocalizing, [Merchant and Robinson, 2020] to 
further reduce these risks. 

The authors recommend that further in situ acoustic measurements 
(pressure field, seabed vibration and particle velocity) be made of both 
low-order and high-order methods for comparison, together with as
sessments of effectiveness and safety of the EOD operation, the safety 
and requirement of retrieval of residues and extent of chemical 
contamination from both the EOD process and post process periods for 
both high and low-order methodologies. 
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