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Abstract

Large amounts of legacy unexploded ordnance
(UXO) are still present in the North Sea. UXO are
frequently accidentally encountered by fishermen
and dredging vessels. Out of concern for human
safety and to avoid damage to equipment and
infrastructure from uncontrolled explosions, most
reported UXO found in the Dutch Continental
Shelf (DCS) are detonated in a controlled way.
These underwater detonations produce high
amplitude shock waves that may adversely affect
marine mammals. The most abundant marine
mammal in the DCS is the harbour porpoise
(Phocoena phocoena), a species demonstrated
to be highly sensitive to sound. Therefore, an
assessment of potential impacts of underwater
explosions on harbour porpoises was undertaken.
Information regarding UXO cleared in the DCS
provided by the Netherlands Ministry of Defence
was used in a propagation model to produce sound
exposure maps. These were combined with esti-
mates of exposure levels predicted to cause hear-
ing loss in harbour porpoises and survey-based
models of harbour porpoise seasonal distribution
on the DCS. It was estimated that in a 1-y period,
the 88 explosions that occurred in the DCS very
likely caused 1,280, and possibly up to 5,450,
permanent hearing loss events (i.e., instances of a

harbour porpoise predicted to have received suffi-
cient sound exposure to cause permanent hearing
loss). This study is the first to address the impacts
of underwater explosions on the population scale
of a marine mammal species. The methodology is
applicable to other studies on the effects of under-
water explosions on the marine environment.
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Introduction

Large numbers of unexploded ordnance (UXO),
such as aerial bombs, ammunition, mines, and
torpedoes, mostly legacies of World War II,
remain in the North Sea. UXO are frequently
accidentally encountered by fishermen and dredg-
ing vessels (OSPAR Commission, 2010). There is
a societal need for clearance of UXO as they pose
arisk to offshore activities such as fishing, dredg-
ing, and pipe-laying. For example, in 2005, three
Dutch fishermen were killed by a bomb that was
caught in their net and exploded on deck (OSPAR
Commission, 2010). The Royal Netherlands Navy
(RNLN) is tasked with clearing UXO from the
Dutch Continental Shelf (DCS) and executes on
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average approximately 120 underwater detona-
tions per year.

Underwater detonations of explosives pro-
duce some of the highest peak sound pressures
of all underwater anthropogenic sound sources.
The number of underwater detonations in the
North Sea, as well as their high intensity shock
waves and sound levels, has raised concerns about
their impact on marine life (Niitzel, 2008; Ainslie
et al., 2009; Camphuysen & Siemensma, 2011;
Koschinski, 2012). The high amplitude shock
waves and the attendant sound wave produced by
underwater detonations of UXO have the potential
to cause injury or death to marine vertebrates and
invertebrates (e.g., Ketten et al., 1993; Richardson
et al., 1995; Lewis, 1996; Ketten, 2004, 2012;
Danil & St. Leger, 2011).

The harbour porpoise (Phocoena phocoena)
is the most abundant marine mammal species
in the DCS and adjacent waters. In recent years,
the harbour porpoise population has undergone a
redistribution across its North Sea range result-
ing in an increase in abundance in Dutch waters
(Camphuysen, 2011), with some 10,000s of ani-
mals now present (Geelhoed et al., 2012).

Harbour porpoises have sensitive hearing,
making them potentially exceptionally vulner-
able to noise-induced effects from anthropogenic
sound-producing activities at sea (Culik et al.,
2001; Kastelein et al., 2002, 2010, 2012a, 2012b,
2013,2014a, 2014b, 2015a, 2015b; Ketten, 2004;
Lucke et al., 2009; Tougaard et al., 2009). The
main potential effects of concern of underwater
explosions on an individual animal are (1) trauma
(from direct or indirect blast wave effect injury)
such as crushing, fracturing, hemorrhages, and
rupture of body tissues caused by the blast wave,
resulting in immediate or eventual mortality;
(2) auditory impairment (from exposure to the
acoustic wave), resulting in a temporary or per-
manent hearing loss such as temporary threshold
shift (TTS) and permanent threshold shift (PTS);
or (3) behavioural change, such as disturbance to
feeding, mating, breeding, and resting. Studies
of blast effects on cetaceans indicate that smaller
species are at greatest risk for shock wave or blast
injuries (Ketten, 2004).

Underwater sound plays an important role in
the lives of harbour porpoises. They use sound
actively and passively for social interaction, com-
munication, navigation, predator avoidance, and
foraging (Tyack, 2008; Clausen et al.,2010). Inter-
ference or impairment of their hearing ability as
a result of underwater explosions, therefore, may
directly or indirectly affect their reproduction and
longevity. For instance, loss of important social
bonds due to impaired communication (e.g.,
contact between mother and calf) or loss of prey

could produce significant population-level conse-
quences (National Research Council, 2005).

The objective of this study was to assess the
potential impact of underwater explosions due to
clearance activities of UXO on North Sea harbour
porpoises. Sound levels were estimated for explo-
sions in shallow water, which were then compared
to risk thresholds and distributions of harbour por-
poises. It was decided to focus on explosion levels
high enough to cause hearing loss in harbour por-
poises, which are likely to occur at lower levels
than possible direct traumatic injuries. Potential
behavioural responses of harbour porpoises to
single explosion events were not considered in
this study. A paucity of observations of wild har-
bour porpoise responses to explosions (single
sound transients) made it impossible to address the
severity of responses to single explosion events.

Since there is a lack of acoustic measurements
for large explosions (charge mass much larger than
1 kg TNT equivalent) in shallow waters (bottom
depths less than 50 m) (Weston, 1960; Chapman,
1985; Soloway & Dahl, 2014), measurements
of sound produced by several large underwater
explosives in shallow water environments were
carried out. These measurements were used to
correct deep water source models for explo-
sions and were used in combination with a shal-
low water propagation model to generate maps
of received sound exposure level (SEL) for the
reported explosions in 2010 and 2011. Reported
levels of impulsive sound that cause blast injury to
harbour porpoises were reviewed (Ketten, 2004)
to determine a range of onset thresholds at which
explosions are expected to cause permanent hear-
ing loss. Herein, permanent hearing loss refers to
a permanent reduction (at least partial) in hearing
capability resulting from the blast wave or acous-
tic components of the explosion.

The sound propagation maps, available risk
thresholds, and aerial survey derived harbour por-
poise density estimates (Geelhoed et al., 2012;
Aarts et al., in prep.) were combined to obtain an
estimate of the annual number of possible impact
events (i.e., instances of a harbour porpoise re-
ceiving sufficient sound exposure to cause hearing
loss). The estimated number of impact events were
used to discuss the implications of UXO clearance
for the North Sea harbour porpoise population.

Methods

Overview of Clearance Activities by the RNLN in
the Southern North Sea

Since 2005, the RNLN has recorded the approxi-
mate location, type of ordnance, and date of deto-
nation for destroyed underwater ordnance but not
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always the charge mass. Because the detonations
can interfere with geoseismic monitoring, all
detonations exceeding 25 kg (TNT eq.) were also
reported to the Royal Netherlands Meteorological
Institute (KNMI). These KNMI reports provided
precise locations, times, and charge masses of the
explosions. For this study, activities over a 2-y
period (2010 and 2011) were investigated using
the combined RNLN and KNMI datasets. These
lists were merged into a final list by removing the
same detonations occurring in both lists; in such
cases, the information in the KNMI report was
retained. In some cases, small counter-charges
used to detonate the main charge were listed sepa-
rately. In such cases, only the main charge mass
(usually much larger) was considered.

The final list comprised 210 explosions of
which 181 were within the DCS and 29 outside
the DCS (a detailed list of explosions can be found
in von Benda-Beckmann et al., 2015). Of the 210
explosions, 62 had an unknown charge mass.
These were most likely smaller explosions (e.g.,
of grenades and other small ammunition) that
were below the 25 kg (TNT eq.) that is required to
be reported to the KNMI. An expert on explosives
estimated the charge mass of these smaller explo-
sives to be in the range of 5 to 20 kg (TNT eq.)
(R. van Wees, pers. comm.); therefore, for the pur-
pose of this study, unknown charge masses were
assumed to be 10 kg (TNT eq.).

Pressure Measurements of Large Explosions

in Shallow Water

The acoustical properties of explosives are sum-
marised by Weston (1960, 1962). The main fea-
ture is a short shock wave comprising a sharp—
almost instantaneous—rise in pressure followed
by an exponential decay with a time constant of a
few hundred microseconds. The expanding shock
wave creates a large pulsating bubble with succes-
sive expansions and contractions that give rise to a
series of weaker, more symmetrical bubble pulses
as happens also with an airgun pulse (Weston,
1960; Cole, 1965). In shallow water, the multi-
ple interactions of the shock and acoustic waves
create a more complex pattern. Because of a lack
of published measurements for explosions in shal-
low water (see Soloway & Dahl, 2014), especially
for a charge mass much larger than 1 kg, a field
experiment was carried out in 2010 to measure
multiple detonations of aerial bombs at varying
ranges up to approximately 2 km from the detona-
tion site.

Measurements of underwater pulse dura-
tion (in s), sound exposure level (SEL in dB re
1 pPa’), and peak overpressure (in kPa) were
obtained in September 2010 for the underwater
explosions of seven aerial bombs (six 1,000 1b and

one 500 Ib with TNT eq. charge masses of 263 and
121 kg, respectively). These bombs were found on
land and detonated on the seafloor in an area with
a water depth of 26 to 28 m and a sandy bottom.
Measurements were obtained using a hydrophone
(B&K 8105) and ICP tourmaline pressure gages
(type W138A01/M038CY060), measuring at a
sampling rate of 50 kHz, set at depths of 4, 5, 13,
15,23, and 25 m, and distances between 100 and
2,000 m from the source.

Underwater explosions caused a series of typi-
cal pressure changes (see Figure 1). Following
Madsen (2005), the pulse duration, t, was mea-
sured as the time containing 90% (5 to 95%) of
the energy of the signal. The SEL within one tenth
of a decade (decidecade) bands as well as the
broadband level were measured from each explo-
sion within the pulse duration in a frequency band
of 0 to 20 kHz. The peak overpressure (or peak
compressional pressure in kPa) of the shock wave,
defined as the maximum value of the positive
overpressure (pressure minus ambient pressure,
when this quantity is positive), was measured
within a set time interval (herein taken to be 0.5 s
to cover the full explosion event).

Risk Thresholds for Hearing Loss for

Harbour Porpoises Exposed to Explosions

This study focused mainly on the risk of explo-
sions leading to permanent hearing loss as a result
of direct blast injury caused by the shock wave
close to the source or PTS from the acoustic wave
of the blast incident farther away from the source.
Permanent hearing loss estimated herein may be
partial (such as acoustically derived damage to
some portion of the inner ear), occurring within a
specific frequency range, or total (such as severe
trauma to the auditory bulla or middle or inner
ear tissues), depending on which components of
the auditory system are affected and how they
are affected. More severe trauma was expected to
occur at higher levels than those required to cause
permanent hearing loss and, as such, this was con-
sidered as a lower limit.

Permanent and Temporary Threshold Shifts—
Marine mammals exposed to intense underwater
sounds may suffer hearing loss, resulting in hear-
ing threshold shifts that may be temporary (TTS)
or permanent (PTS). The extent of the hearing
threshold shift and the frequency range affected
may depend on the sound level, spectral content,
temporal pattern, and exposure duration. TTS
is defined as a threshold shift that recovers to
normal sensitivity. The course and time of recov-
ery depend on several factors: the individual’s
recovery ability, the sound to which an animal
was exposed, and the amount of shift that incurred
(Kastelein et al., 2012b, 2014b, 2015a; Finneran
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Figure 1. Examples of recorded sound pressure time-series of a detonation of a 263-kg TNT equivalent aerial bomb
(measured at a sampling frequency of 50 kHz), recorded at a depth of 15 m at a distance of 982 m (upper) and at 13-m depth
at a distance of 1,978 m (lower) from the explosion site. An early arrival of the ground shock wave can be observed, followed
by the water-borne shock wave (at time = 0 s), and reflections and bubble oscillations.

& Schlundt, 2013). TTS onset defined herein is
consistent with the criteria used in most studies
on marine mammals—that is, as a TTS of 6 dB
or greater measured shortly (1 to 4 min) after ces-
sation of the exposure, following Southall et al.
(2007).

Different TTS onset SEL thresholds have been
measured in harbour porpoises for a variety of
pulse types (Lucke et al., 2009; Kastelein et al.,
2012b, 2014b, 2015a, 2015b). Lucke et al. (2009)
determined a masked TTS-onset SEL level for a
harbour porpoise subjected to single airgun tran-
sients, measuring auditory evoked potentials. As the
sound stimuli of Lucke et al. resembled explosion
sound better than other TTS studies currently avail-
able (Kastelein et al., 2012b, 2014b, 2015a, 2015b;
Tougaard et al., 2015), our estimates for SEL thresh-
olds for TTS and PTS were based on that study.

There is currently no experimental data available
for predicting PTS-onset levels in marine mam-
mals. Observations for humans show that a TTS
of 40 to 50 dB results in a significant risk of PTS
(Kryter et al., 1966; Kryter, 1994). Southall et al.
(2007) used reported TTS onset measurements for
marine mammals to estimate the SEL required for
a 40 dB TTS based on the TTS growth curve for

land mammals, which has a 2.3 dB increase in TTS
per 1 dB increase in SEL (i.e., the TTS growth rate
is 2.3 dB/dB). Based on this, PTS was predicted
to occur for SEL values 15 dB above SEL, caus-
ing TTS onset (Southall et al., 2007). Recent mea-
surements for continuous noise exposure and sonar
sound suggest that the growth rates may well exceed
2.3 dB/dB in some cases (Kastelein et al., 2013,
2014b). Given the lack of data on growth rates in
harbour porpoises for impulsive sounds, let alone
sound from explosions, the approach for extrapolat-
ing the TTS growth that is outlined by Southall et al.
(2007) was used.

To account for the frequency selective sensi-
tivity of the mammalian hearing system in sound
exposure calculations, frequency-selective weight-
ing functions are often used (Fletcher & Munson,
1933; Suzuki & Takeshima, 2004; Southall et al.,
2007). Several weighting curves for harbour
porpoises have been proposed in the literature
(Verboom & Kastelein, 2005; Southall et al., 2007,
Finneran & Jenkins, 2012; Wensveen et al., 2014,
Tougaard et al., 2015). No frequency weighting
study has been conducted for an explosive sound
source. Because air guns are an impulsive and low
frequency source, and are fairly representative of
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an explosion sound at larger distances in shallow
water, the data from an airgun study (Lucke et al.,
2009) were used to define TTS onset. Therefore, no
frequency weighting was applied to the SEL when
estimating the risk of TTS and PTS for explosions.

Lucke et al. (2009) concluded that the pre-
defined TTS criterion (measured at 4 kHz) was
exceeded at received SELs greater than 164 dB re
1 pPa’s. Based on this, it, therefore, was assumed
that TTS onset was very likely to occur for har-
bour porpoises exposed to explosion sounds
at an (unweighted) SEL of 164 dB re 1 pPa’s.
Following Southall et al. (2007), PTS onset was
then estimated by adding 15 dB to the TTS onset
SEL. Given the uncertainties involved in this
extrapolation, this threshold should be considered
as a lower limit below which PTS is considered
unlikely. The resulting lower limit for onset of
PTS occurred at an unweighted SEL greater than
179 dB re 1 uPa’s. At higher SELs, the risk of PTS
was considered to become increasingly likely. To
denote a threshold where the onset of PTS was
very likely to occur, the following section consid-
ers the observations of ear trauma observed in har-
bour porpoises exposed to underwater explosions.

Primary Blast Injury— A study on primary blast
injury in marine mammals caused by shock waves
was reported by Ketten (2004). In that study,
fresh odontocete cadavers (including harbour por-
poises) were exposed to explosions from varying
charge masses in a controlled environment. In
some cases, the animals were tested within 24 h
postmortem after chilling. In others, they were
frozen within 4 h postmortem and prepped by
thawing under controlled conditions (chiller and
water bath). In all test specimens, the cadaver was
scanned on receipt when fresh and rescanned just
prior to testing to ensure that the lungs, brain, air-
ways, and other major organs had tissue appear-
ances consistent with normal anatomy and that
there were no significant changes from their fresh
condition. The specimens were then implanted
with pressure gages for recording internal received
PSI and again scanned to document the position
of the gages. The necropsy and measurement of
the blast effects were performed by a team con-
sisting of experts on marine mammal physiology
as well as experts on explosion-induced trauma.
Trauma found included mild to severe and likely
lethal injuries, particularly haemorrhages, as well
as lung, esophageal, liver, brain, and ear injuries.
At peak blast, overpressures exceeding 172 kPa
(25 psi) ear trauma were always observed, which
was consistent with the ear being the most sen-
sitive organ for blast-related trauma. No effects
were observed for peak overpressures below 69 to
83 kPa (10 to 12 psi).

Blast trauma to the harbour porpoise’s middle
and inner ear would likely result in a permanent,
acute hearing loss, which could be broad spectrum
such as in the case of middle ear ossicular chain
disarticulation (a probable 36 dB loss overall
due to the dysfunction of the middle ear bones;
Schuknecht, 1993) or elevated thresholds in only
some frequencies, depending upon the received
acoustics impacting the inner ear. Observations of
ear trauma and related peak overpressures, there-
fore, could serve as a proxy for moderate to severe
permanent hearing loss.

Dose-Response  Relationship  for Hearing
Loss—To delimit the range of SEL values at
which onset of permanent hearing loss—either
noise-induced PTS or ear trauma caused by the
blast wave—could occur, levels at which ear
trauma resulting from primary blast injury was
observed were considered. Peak overpressure was
used by Ketten (2004) to predict the occurrence
of primary blast injury. Here, instead, the peak
overpressure was empirically related to SEL for
measured explosion sounds in shallow water due
to the difficulties of predicting peak overpressure
in shallow water. From those measured data, an
effective SEL that corresponded to peak over-
pressures resulting in ear trauma was estimated.
A corresponding upper limit for the onset of PTS
was estimated using the observations by Ketten
(2004) in combination with measured SEL and
peak overpressure for shallow water explosions
(see Appendix A for full details). The expectation
was that levels just below those required to cause
minimal detectable ear trauma were very likely
to be sufficient to cause PTS (i.e., the border-
line between detectable blast injury and acoustic
effects). Table 1 summarizes the SEL thresholds
adopted in this study for the risk of temporary
and permanent hearing loss for harbour porpoises,
which were considered appropriate for harbour
porpoises exposed to underwater explosions in
shallow waters (less than 50-m depth).

Modelling of Sound Exposure Levels of
Explosions at Large Distances in Shallow Water
Although the measurements of the charges pre-
sented in the previous section are representative
of typical UXO found in the North Sea, the inven-
tories of the 2010 and 2011 detonations showed a
wide range of explosive charge masses found in
a range of water depths. The water depth affects
the sound propagation characteristics, particu-
larly of low frequency sound. A source model
was required, therefore, to estimate the effect of
underwater explosions for which there were no
empirical data. The model used in this study for
predicting the impact area for harbour porpoises
consisted of two parts: (1) a source model for
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Table 1. Thresholds related to temporary and permanent hearing loss caused by a single underwater explosion in shallow
water (< 50-m depth). Permanent hearing loss can be either noise-induced permanent threshold shift (PTS) or be due to ear
trauma caused by the blast wave. The right column indicates the best estimate for unweighted broadband (measured in O
to 20 kHz) SEL risk thresholds for “permanent hearing loss” induced by explosions. To indicate the chance of an effect to
occur, the following terminology was adopted: “very likely” indicates a probability exceeding 95%, and “unlikely” indicates
a probability of less than 5%. “Increasingly likely” is then anything between 5 and 95% probability. Arrows = ranges of SEL

thresholds for onset of permanent hearing loss that are estimated

to occur (see text and Appendix A for more details).

SEL Blast wave-
(unweighted) Noise- induced ear Permanent
(dB re 1 uPa’) induced TTS trauma hearing loss
> 203
190-203 Increasingly
likely
<
Increasingly Increasingly
179-190 likely likely
<
164-179 Unlikely
Unlikely Unlikely
<164 Unlikely

*Based on expert judgement

underwater explosions and (2) a sound propaga-
tion model for shallow water environments.

The source model was based on the empiri-
cal deep-water formula for explosion energy as
a function of distance by Weston (1960). That
model contained the energy contribution of both
the shock wave as well as the first two bubble
oscillations. From the Weston empirical relation, a
linear source model was estimated by considering
the energy spectrum at a distance of 5,000 charge
radii beyond which the sound wave is assumed to
become linear (Ainslie, 2010) and back-comput-
ing this spectrum to a source energy level using
spherical spreading. Thus, a spectral energy level
was obtained for each decidecade frequency bin in
arange from 10 Hz to 20 kHz.

The propagation model SOPRANO, proposed
by Sertlek & Ainslie (2014) and Sertlek et al.
(in prep.), was used for calculating propagation
loss in shallow water environments. SOPRANO
is a hybrid model based on normal mode and
flux theories. It is a fast analytical model which
can estimate incoherent propagation loss with

an accuracy similar to that of other propagation
models (Sertlek et al., in prep.). The SEL was then
obtained by subtracting the propagation loss from
the source energy level.

This model enabled the generation of sound
maps (i.e., geographical distributions of SEL for
each decidecade band) with high resolution and
broad range frequencies, including range-depen-
dent bathymetry (with adiabatic approximation)
and sediment type effects. For bathymetric data,
the EMODNET database was used, which has a
grid size of 0.125 x 0.125 min (www.emodnet-
hydrography.eu). Information for describing the
geoacoustical properties of the seabed was obtained
from the DINO database (https://www.dinoloket.
nl). Propagation loss was calculated with 25-m
resolution, and the computed SEL was then
mapped onto a sound map with resolution of 1 km
x 1 km (Figure 2). Sea surface was assumed to
be flat, and effects of non-constant sound speed
profiles were neglected.

To relate effects of explosions to the risk of hear-
ing loss, an estimate for the peak overpressure was
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required. For deep water explosions, peak over-
pressure can be estimated using empirical models
(Weston, 1960; Chapman, 1985). However, in
shallow water, estimation of peak sound pressure
is challenging because the estimate is very sensi-
tive to bandwidth and geometry (which is poorly
known). Uncertainties in geometry lead to small
phase uncertainties in arrivals of different sound
paths, which can have a large effect on the pre-
dicted peak pressure. The estimate of peak sound
pressure, therefore, would require a sensitivity
study on top of the existing computation load for
a single time series. As this was not possible here,
peak overpressures for which trauma from explo-
sions were observed in harbour porpoises were
related instead to effective shallow water SEL
thresholds. These were more easily calculated and
robust to environmental uncertainties. The empiri-
cal relationship between the measured peak over-
pressure and SEL is described in Appendix A.

Harbour Porpoise Density Estimates

Line transect surveys were carried out in the
Dutch section of the North Sea during four sea-
sons in 2010 and 2011 (i.e., in March, July, and
October/November 2010, and in March 2011;
Geelhoed et al., 2012; Scheidat et al., 2012), pro-
viding a large temporal overlap with the occur-
rence of explosions. In order to estimate absolute
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abundance, one needs to correct for nondetect-
ability (e.g., Hiby & Lovell, 1998). To do so, the
one-sided effective strip width (taking the detec-
tion probability or g[0] values into account) was
calculated and defined as 76.5 m for good sight-
ing conditions and 27 m for moderate sighting
conditions (Scheidat et al., 2005, 2008; Gilles
et al., 2009). Next, for each grid cell (10 km x
10 km), the number of harbour porpoise sight-
ings and the effective surveyed area were calcu-
lated. A Bayesian spatial model was fitted to the
data wherein the number of sightings in each grid
cell was treated as a Negative Binomial distrib-
uted count, and the log of the area surveyed was
treated as an offset. Spatial variability in sighting
rate was modelled as a latent Gaussian random
field using a two-dimensional autoregressive cor-
relation function of order-1 (Rue et al., 2009). The
final seasonal absolute harbour porpoise density
estimates (illustrated in Figure 3) were overlaid
with the generated soundmaps. The number of
affected animals receiving an SEL as defined by
the risk thresholds was then estimated by sum-
ming the number of predicted animals for each
grid cell within a contour on the sound exposure
map (for more detail, see Aarts et al., in prep.).
This resulted in an estimate of the number of har-
bour porpoises affected by each explosion.
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Figure 2. Examples of unweighted broadband SEL maps for a single explosion (263-kg TNT eq. charge mass) calculated
for different receiver depths (at 1 m above the sea floor, left, and 1 m from the sea surface, right) computed with the model
described in Sertlek & Ainslie (2014) and Sertlek et al. (in prep.). The water depth at the detonation site is approximately 28 m.
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Mar 2011

Figure 3. Example of the model-based estimates of harbour porpoise density (grey scale: number of harbour porpoises/ km?)
within the Dutch Continental Shelf (DCS; polygon) for March 2011 based on the aerial survey performed in that month.

Results

Overview of Explosion Activities by the RNLN in
the Southern North Sea
In 2010 and 2011, detonations were located pre-
dominantly in the southern DCS (Figure 4).
Reported charge masses range from 10 to 1,000 kg,
with most at 125 to 250 kg (Figure 4). Most detona-
tions occurred in water depths between 20 and 30 m.
There was a distinct seasonal pattern to the
explosions, with a peak in March and smaller
peaks in August and November (Figure 5). The
March peak coincided with a peak of fishing
activity and, thus, an increase in encounter rate of
UXO (OSPAR Commission, 2010).

Measured SEL and Peak Overpressure of
Explosions in Shallow Water

In the measured explosions, large differences in
received levels were noticeable. They were attrib-
uted to super-positioning of direct and surface
reflected paths (Figure 6). SELs were on average
lower near the surface than near the bottom or in
the middle of the water column. This suggested
that the depth where the harbour porpoise was
most likely to be located needed to be considered
when discussing the impact of the sound.
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Figure 4. Geographical distribution of detonation events for the years 2010 and 2011 (left). Distribution of charge mass (TNT
equivalent) (top right) and depth (bottom right) at the charge detonation site for the years 2010 and 2011. The 62 explosions
for which charge masses were not available are indicated by the grey bar in the left plot. A charge mass of 10-kg TNT-eq. was
assumed for these for the purpose of this study (see text for details).

Comparison of Measured and Modelled Sound
Levels of Explosions in Shallow Water

Measured explosions were run through the propa-
gation model to test its efficacy (Figure 7). The
model was in agreement with the data at frequen-
cies containing the peak energy in the spectrum
between the cut-off frequency of ~20 and 100 Hz
but systematically overestimated the measured
SEL at frequencies above 100 Hz (Figure 7, right
panel).

The systematic overestimate of SEL by the
model (likely causes are interpreted in the
“Discussion” section) resulted in an overestima-
tion of 8.1 dB (Standard Deviation [SD] = 3.6 dB)
of the broadband SEL. Such an overestimate
would lead to a systematic overestimation of the
impact ranges and, therefore, required a correction
factor. For this, the power mean over each decide-
cade band was subtracted from the modelled SEL.
After application of the correction factor, the
modelled broadband SEL agreed within 0.1 dB
(SD = 3.7 dB) from the measured broadband SEL
(see Figure 6) and was used to estimate impact
distances and number of affected animals.

Effect Distances for Shallow Water Detonations
Based on Field Measurements

The largest distance at which the peak overpres-
sure corresponded to risk of observed ear trauma
was at approximately 500 m (Figure 8). Between
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Figure 5. Number of explosion events per month in the North
Sea for the years 2010 and 2011 based on the information
provided by the Netherlands Ministry of Defence
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1,200 and 1,800 m, the peak overpressures fell
below the limit at which no ear trauma occurred.
The minimum SEL measured within 2 km was
191 dB re 1 uPa’, which exceeded by 1 dB the
SEL-based risk threshold above which PTS was
considered very likely (190 dB re 1 pPa’s), and
exceeded by 12 dB, the lower limit of PTS onset
(179 dB re 1 uPa’).

Modelled Effect Distances for Harbour Porpoises
Exposed to Explosions in 2010 and 2011

Model predictions of effect distances as a func-
tion of SEL threshold were made for all explosion
events occurring in the DCS in the years 2010 and
2011 (Figure 9). Effect distances for the lower
limit of PTS (179 dB re 1 uPa’ ) varied between

hundreds of meters and 15 km, which were higher
than the empirical relationship by Weston (1960)
for deep water environments. There was a trend of
increasing effect distances with increased charge
mass, with substantial scatter due to variations in
water depth in which explosives were detonated.
This indicated that the water depth in which the
explosion occurs has a significant influence on the
effect range for a given charge mass (Figure 10).
The density of harbour porpoises in the DCS in
2010 was dependent on season, varying between
1.34 animals/km’ in early spring to 0.60 animals/
km? in summer (these model-based values are
similar to the values reported by Geelhoed et al.,
2012, and Scheidat et al., 2012, based on tradi-
tional distance analysis). Thus, a fixed impact
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Figure 8. Effect of distances based on measured peak overpressure for a charge mass of 263 kg in water depth of 26 m.
Superimposed in grey are risk thresholds for blast injury from Ketten (2004).

distance would affect a different number of
animals depending on the season of the event.
Herein, explosions occurring in the DCS between
March 2010 and March 2011 were considered (88
in total), providing a maximal temporal overlap
with the aerial line-transect surveys in the DCS.
By comparing modeled effect areas to measured
harbour porpoise densities, the mean number of
affected animals and the total number of impact
events as a function of SEL threshold per explo-
sion were estimated (Figure 11; Table 2).

Harbour porpoises were likely to receive lower
SEL when near the surface than when at depth
(see Figure 6). To account for this in the expo-
sure determinations, it was assumed that harbour
porpoises spent 50% of their time near the surface
and 50% near the bottom (Table 2). This assump-
tion was based on published data for normal har-
bour porpoise behaviour (Westgate et al., 1995;
Akamatsu et al., 2007). The average number of
animals affected by each underwater explosion
was then estimated by taking the mean of the
number of animals exposed at 1 m below the sur-
face and 1 m above the bottom.

A typical underwater explosion was esti-
mated to lead to PTS in multiple individuals,
with mean overall explosions ranging from 8 to

51 individuals, depending on the chosen SEL
threshold level, and TTS in several hundreds of
individuals (Figure 11). Although the impact area
and corresponding number of harbour porpoises
increased as a function of charge weight, the rela-
tionship was weakened by spatial and seasonal
variability in harbour porpoise density and loca-
tion of the explosion relative to topography (i.e.,
shallower regions more strongly attenuate sound).

Between March 2010 and March 2011 (the
period with temporal overlap between harbour
porpoise surveys and explosions), a total of 88
UXO were detonated by the RNLN in the DCS.
These would have resulted in a total of approxi-
mately 5450 impact events (i.e., instances in
which the SEL at a harbour porpoise exceeded
the estimated risk threshold) for the lower limit
for permanent hearing loss and more than 28,000
TTS-onset impact events (Table 2). This was pos-
sibly an overestimation of the number of individ-
ual animals affected since some may have been
affected on several occasions. The frequencies of
multiple exposures depended on how individual
animals move, but the probability of multiple
exposures for high SEL thresholds that lead to
PTS was small (Aarts et al., in prep.).
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Based on the limited number of studies of actual
explosion-induced ear trauma in fresh cadavers
(Ketten, 2004), it was judged that a SEL >190 dB
re 1 uPa’s would very likely result in permanent

hearing loss. The model estimated an annual total
of approximately 1,280 impact events in which
animals were very likely to sustain permanent
hearing loss (Table 2).
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Figure 9. Modelled effect distances for a harbour porpoise at 1 m above the bottom (top) and 1 m below the surface (bottom)
as a function of SEL threshold. Each black curve indicates a single explosion in the years 2010 and 2011. Vertical lines
bordering the pink shaded areas represent the TTS, PTS, and ear trauma onset threshold values (see Table 1).
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Table 2. The estimated average number of harbour porpoises impacted with a temporary or permanent hearing loss by a
single explosive clearance and the total impact events (i.e., instances where a harbour porpoise was exposed to levels high
enough to cause a specified effect) from the total of 88 explosions in the Dutch Continental Shelf (DCS) waters between
March 2010 and March 2011. The effects considered were temporary and permanent hearing loss by explosions. Estimates
are made for near the sea surface (i.e., at I m depth), near the bottom (i.e., 1 m above the bottom), and for the mean of these
two, which assumed 50% of the harbour porpoises were near the surface and 50% were near the bottom.

# of harbour porpoises # of impact events
(single explosion — average) (88 explosions)
Threshold If 50% near If 50% near
Type unweighted | Ifall | Ifall | surfaceand | Ifall Ifall | surface and
P SEL near near | 50% near near near 50% near
(dB re 1 pPa’s)| surface |bottom [ bottom | surface | bottom bottom
Blast wave
ear trauma 203 0 1 1 1 119 60
Very likely
Permanent
hearing loss 190 2 27 15 205 2,362 1,283
Very likely
Permanent
hearing loss 179 18 106 62 1,584 | 9318 5451
Increasingly
likely
s 164 190 | 448 319 | 16721 | 39413 | 28067
Very likely
Discussion the spectrum of the signal is lower. Such effects

Implication of Underwater Explosions for the
North Sea Harbour Porpoise Population

Risk of Permanent Hearing Loss—This study
aimed to quantify the potential impact on harbour
porpoises of underwater ordnance explosions
on the Dutch Continental Shelf conducted by
the RNLN. It was estimated that in a 1-y period
(March 2010 to March 2011), the 88 explosions
that occurred in the DCS very likely caused 1,280,
and possibly up to 5,450, permanent hearing loss
events, with some animals potentially exposed
multiple times.

The implication of a permanent hearing loss
for a harbour porpoise depends on the severity of
the hearing loss and the frequency range that is
affected. Because of the configuration and map-
ping of frequencies in the inner ear, the impulse
from a blast results in a broad movement of the
inner ear membranes that is not frequency spe-
cific. Since high frequencies are encoded shortly
after the entry to the cochlea, they are subject to
impulse-related effects even though the peak in

were also observed in Kastelein et al. (2014a),
who reported TTS to occur at increasingly higher
frequencies with increasing noise exposure. When
received levels of an explosion impulse exceed
the threshold for causing a permanent hearing loss
to part of the harbour porpoise’s hearing range, a
wider range of hearing is also likely to be nega-
tively affected. Although the frequency range
affected remains unknown, when explosion levels
are high enough to cause primary blast injury
resulting in ear trauma, exposures near those
levels will very likely result in a large reduction
in hearing ability over a broad frequency range.
While the dominant parts of the sound energy
from the explosion shock wave is contained in
low frequencies (< 1 kHz), harbour porpoises
are known to echolocate at frequencies above
100 kHz (Mghl & Andersen, 1973). They do
produce low-level sounds at frequencies below
1 kHz that have been attributed to communica-
tion (Verboom & Kastelein, 1997), while others
argue that they communicate solely at frequencies
> 100 kHz (Hansen et al., 2008; Clausen et al.,
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2010). Harbour porpoises rely on their echoloca-
tion ability on a daily basis to catch prey and navi-
gate (Kastelein, 1997). Any impairment of their
echolocation hearing abilities would likely lead to
significant negative effects on their fitness. The
implications of TTS are less clear. The estimated
number of impact events for TTS by the model
suggested that a large number of animals could
have been exposed to one instance of TTS, and
some could have experienced multiple exposures
each year (see Aarts et al., in prep.). In principle,
TTS is expected to recover quickly (within hours
to days). Minor TTS in a low-frequency range out-
side the frequency regimes used for communica-
tion and echolocation are unlikely to significantly
affect the animal’s fitness. Repeated or severe
TTS might result in noticeable, even if transitory,
damage to the inner ear at the submicroscopic
level (Kujiwa & Liberman, 2009), which could
have significant consequences for fitness and sur-
vival. It is unknown whether harbour porpoises
would have responses similar to the species tested
in Kujiwa & Liberman.

The detonation activities in the DCS strongly
peaked in March when the harbour porpoise abun-
dance also peaks (Geelhoed et al., 2012). The per-
centage of animals estimated to have suffered from
permanent hearing loss per year due to exposure to
underwater explosions in the DCS could be at least
1.3% and potentially up to 8.7% of the harbour
porpoise population present in the DCS (based on
the average population size in the DCS of the four
survey estimates in Geelhoed et al., 2012).

Uncertainty in Estimated Impacts

The predicted impacts contained uncertainties,
which were attributed to the following factors:
(1) difficulty of predicting the generation and
propagation of underwater shock waves in shal-
low water at large distances, (2) lack of data
on sensitivity of harbour porpoises exposed to
explosion shock waves and broadband impulsive
sound, and (3) a lack of knowledge on habitat
use and movement patterns of harbour porpoises
in the North Sea. The main uncertainties in the
model predictions are discussed in the following
sections. Uncertainties in habitat use are discussed
in Aarts et al. (in prep.).

Sound Exposure Levels of Explosions in
Shallow Water —The impact assessment relied on
the validity of the propagation model used to esti-
mate SEL for different explosive charge mass and
water depths. With the adopted deep water model
for the explosion source energy level from Weston
(1960), prior to correction, the model systemati-
cally overestimated the observed broadband SEL
(by approximately 8 dB), particularly at frequen-
cies higher than 200 Hz.

Different mechanisms could be responsible for
the overestimation of the (uncorrected) model.
For example, interaction with the sea floor for an
explosive detonated near or on the bottom, energy
losses due to a blow-out as the shock wave first
reaches the surface, energy loss by cavitation close
to the surface, a lower effective charge mass due
to degradation of the explosive charge, or propa-
gation losses due to multiple interactions with
wind-generated bubbles at larger distances could
all lead to reductions in the estimated resulting
SEL (Cole, 1965; Ainslie, 2010; Pfeiffer, 2014).

The explosion source model assumed that no
blow-out at the surface occurred. Surface blow-out
may lead to pressure release in the bubble, leading
to lowered (horizontal) radiation efficiency. This
may occur for large explosives in very shallow
areas; however, the effect on the radiated energy
in the shock wave at large horizontal distances is
not well understood (Weston, 1960). No surface
blow-out occured during the measured explosions,
which were both typical in charge mass and water
depth (see Figure 4). The UXO were also assumed
to detonate at full power, and possible degrada-
tion that may have occurred due to long contact
with sea water (Pfeiffer, 2014) was not taken into
consideration. Degradation occurs more strongly
for some types of UXO (especially thin-walled
mines or aluminium torpedoes), but other types
of ammunition show less signs of strong deterio-
ration (Pfeiffer, 2014). Since most of the larger
UXO found at sea by the RNLN are aerial bombs,
the assumption of full power detonation is likely
a reasonable assumption for the majority of the
UXO considered herein (von Benda-Beckmann
etal., 2015).

To adjust for the overprediction in SEL, the
acoustic source model was corrected to match
measured SEL levels at various depths. Because
these experiments were representative of typical
charges and water depths at which these detona-
tions occur, the corrected model predictions were
expected to give a realistic estimate of the impact
distances for most of the explosions modelled.

Also, for very small charges (~1-kg TNT eq.
charge mass), the uncorrected source model sys-
tematically overestimated broadband SEL mea-
surements by Soloway & Dahl (2014) by ~7.6 dB
(SD = 2.1 dB) at distances up to 1 km. This over-
estimate also occurred for explosions in midwa-
ter, and these explosives were calibrated charges.
As a result, uncertainty in charge mass and effect
of bottom interactions of a bottom explosion
were unlikely causes for the model overestimat-
ing the SEL of an explosion. After applying the
empirical correction factor proposed in this study,
a better match was obtained for the Soloway &
Dahl (2014) measurements. The corrected model
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slightly underestimated the Soloway & Dahl
(2014) measurements by 1.5 dB (SD = 2.3 dB)
(1-sigma STD).

A plausible cause for the overestimation using
the uncorrected model was the effect of the cavi-
tation zone on the propagation of the generated
shock wave. The cavitation zone created by the
shock wave was likely to lead to energy loss and
also could act as a bubble screen for the bottom-
reflected paths, including the shock wave. In deep
water, shielding by the cavitation zone is unlikely
to have such a noticeable effect on the measured
SEL because a large fraction of the bottom reflec-
tions would have travelled beyond the cavitation
zone or would arrive much later than the direct
blast. The size of the cavitation zone would be
a function of the charge mass and depth of the
explosion. The slight overestimation observed
when comparing the model to the Soloway & Dahl
(2014) datasets agreed with this interpretation as
a smaller charge mass would result in a smaller
cavitation zone and, hence, less absorption.

Another effect that becomes important at large
distances is the attenuation by wind-generated
bubbles. This is most noticeable at higher fre-
quencies and longer distances. Attenuation by
wind-generated bubbles could in part explain
the large discrepancy between the modeled esti-
mate and the measurements at frequencies above
10 kHz. Alternatively, this discrepancy could be
caused by the low-pass filter on the measurement
devices. However, since the energy above 10 kHz
did not contribute significantly to the broad-band
energy at a distance of 2 km, its impact on harbour
porpoises could be ignored.

It is concluded, therefore, that the corrected
model provided a reasonable estimate of the SEL
within the first 2 km around the explosion. This
corresponded to the lower limit for effect distances
for smaller charges (< 25 kg). For larger explo-
sions (> 25 kg), for which the effect distances for
the lower limit of PTS onset (SEL > 179 dB re
1 uPa’s) approached the 10 to 20 km, the model
requires further validation.

Uncertainties in Dose-Response Relationships
for Hearing Loss— As there are no measurements
of onset thresholds of permanent hearing loss
in any marine mammal species, we considered
a range of SEL thresholds at which permanent
hearing loss could occur. A lower limit threshold
above which permanent hearing loss was consid-
ered increasingly likely to occur was obtained
by following the approach proposed by Southall
et al. (2007). That study assumed that PTS occurs
atalevel of 15 dB above the TTS onset. Data from
Kastelein et al. (2012b) suggest there could be a
higher TTS/PTS exposure difference. Kastelein
et al. (2014a) demonstrated a positive correlation

between frequency and rate of TTS increase. This
would result in a wider offset between TTS and
PTS than assumed in the present study and, con-
sequently, a higher PTS threshold, especially for
the low-frequency range containing most of the
propagated energy from an explosion. Therefore
this SEL threshold of 179 dB re 1 pPa’s might be
conservative and may lead to an overestimation of
the number of animals that could be affected by
permanent hearing loss.

In this study, the effect of frequency weighting
of the SEL was neglected when estimating the risk
of TTS and PTS on the basis that our risk criterion
was based on observation of TTS onset due to a
single airgun exposure (Lucke et al., 2009), which
was more representative of the explosion sound
than other stimuli for which TTS measurements
have been obtained in harbour porpoises.

Weighting of the received SEL would need to
be compared to the corresponding weighted expo-
sure levels at which TTS was measured by Lucke
et al. (2009). Since the very low frequencies prop-
agate poorly in shallow waters, the frequency con-
tent was similar to that of an airgun, and, hence,
the frequency weighting was unlikely to affect the
results as the risk threshold for TTS will be low-
ered by the same order as the predicted weighted
SEL. Therefore, it was expected that the lack of
frequency weighting does not affect the estimated
impact of temporary and permanent hearing loss.

Values of peak overpressure levels at which
ear trauma was observed in eight cadaveric har-
bour porpoises exposed to underwater explosions
(Ketten, 2004) were used to put an upper limit to
the PTS SEL threshold. Ketten (2004) noted that
other characteristics of the shock wave are likely
to be important in determining the risk of injury
and need to be considered such as near field vs
far field loading effects; exponential vs sinusoidal
bursts; and synergistic effects of rate of pressure
increase, peak sound pressure, waveform, dura-
tion, and rise time, coupled with body mass (spe-
cies with smaller average body mass have greater
liability for shock-induced trauma, particularly in
air-filled tissues and from bubble formation and
oscillation, lesser body shadow protection, etc.).
It is not obvious how to translate the experimental
conditions employed by Ketten to large explosions
at sea and with greater distances from the source-
except in terms of received peak sound pressures.
That is equivocal as well, however, because of
the complex physics of propagating shock waves.
Further, it is important to note that tissue and
whole system responses are different in live vs
postmortem specimens. Even in the freshest mate-
rial, the mechanical properties for some or all tis-
sues may be altered due to death. In some cases,
postmortem material may be more responsive
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than living tissue; in others, less. Thus, cadaveric
results are not definitive for live cases. They do
provide insights into purely mechanical responses
that may occur in marine mammals due to shock
waves, however. For this reason, the Ketten study
focused on the tissue changes that are essentially
mechanical and should be robust even in cadavers
such as ossicular fracture; middle, fenestral, and
inner ear membrane responses; and the minimal
end and massive, distinct trauma in other tissues
such as the liver and brain.

Conclusion

In this study, the impact of explosive clearance
activities of historical UXO on harbour porpoises
in the southern North Sea was assessed. This is the
first study to address on a broad scale the potential
impacts of underwater explosions on any marine
mammal species. This assessment was based on
actual explosion events carried out by the RNLN
in 2010 and 2011, using information on explosive
type, location, and timing of the detonations as
made available by the Netherlands Ministry of
Defense (NLMoD). For these explosion events,
impact areas were modelled and compared to the
aerial survey-based estimates of harbour porpoise
distribution during the same period. While the
data used in the analysis were site specific, the
methodology used in this study is broadly appli-
cable to other areas in which underwater explo-
sions occur.

Within the period of 2010 and 2011, a total
of 210 explosions occurred, with charge masses
ranging from several to one thousand kilograms
TNT eq. The model estimated that the 88 explo-
sions that occured in the DCS between March
2010 and March 2011 (the period of overlap
between aerial surveys and reported explosion
events) were very likely to have caused 1,280,
and possibly up to 5,450, permanent hearing loss
events (i.e., instances of a harbour porpoise pre-
dicted to have received sufficient sound exposure
to cause permanent hearing loss). Distances to
which there was a risk of permanent hearing loss
were on the order of one to several kilometres, and
possibly further for larger explosions.

The predicted impacts in this study contain
uncertainties, which were attributed to the follow-
ing factors:

¢ Lack of data on sensitivity of harbour porpoises
to explosion shock waves and broadband im-
pulsive sound

e Difficulty in predicting the generation and
propagation of underwater shock waves in
shallow water at large distance

e Lack of knowledge on movement patterns and
habitat use of harbour porpoises

This study confirms earlier concerns (Niitzel,
2008; Ainslie et al., 2009; Camphuysen &
Siemensma, 2011: Koschinski, 2012) that explo-
sions in the North Sea pose a risk to harbour por-
poises and has prompted the NLMoD to investi-
gate and implement mitigation measures to reduce
the adverse effects of underwater explosions.
Even the most optimistic estimates presented in
this study suggested that there was a significant
risk that hundreds of individual harbour por-
poises were negatively affected by the explosions,
although the population-level consequences could
not be judged. Models are being developed to
assess population-level consequences of under-
water sound on harbour porpoises (Lusseau et al.,
2012; Harwood et al., 2013; Nabe-Nielsen et al.,
2014). The detonation activities by all nations
active in the North Sea, as well as information on
distribution of harbour porpoises, should be con-
sidered in order to judge the cumulative effect of
all explosions on the harbour porpoise population
in the North Sea. To enable such assessment, it
is recommended that reportings of detonations
contain the necessary information (e.g., location,
depth, time, and estimated charge mass) to enable
an impact assessment.
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Appendix A

To delimit the effect range at which permanent hearing loss becomes “very likely,” levels at which ear
trauma occurred in fresh animal cadavers resulting from primary blast injury were considered. Peak over-
pressure was used in Ketten (2004) to predict the occurrence of primary blast injury. Here, instead, the
peak overpressure was empirically related to SEL for measured explosion sound in shallow water due to
the difficulties of modelling peak overpressure in shallow water. Then, an effective SEL that corresponded
to peak overpressures resulting in ear trauma was estimated.

To indicate at what distances a risk of blast injury occurred, the measured peak overpressure was
related to measured SEL using the data from the monitored explosions (Figure A1). Measured peak over-
pressure and broadband SEL showed a roughly log-linear relationship with a greater scatter for measure-
ments close to the surface (depths smaller than 6 m).

Observations by Ketten (2004) showed that ear trauma occurred at peak overpressures exceeding
172 kPa (25 psi), indicated by the grey dashed line in Figure A1, which corresponded to a range in SEL
of 195 to 203 dB re 1 pPa’s, which suggests that ear trauma is very likely to occur at SEL > 203 dB re
1 uPa’s. No ear trauma could be observed for peak overpressures of 69 kPa (10 psi) as indicated by the grey
solid line, suggesting that ear trauma due to primary blast injury is unlikely to occur at SEL < 190 dB re
1 uPa’s. The probability of ear trauma to occur between SEL = 190 and 203 dB re 1 uPa’s was considered
to be increasingly likely.

It is expected that the acoustics of a blast event at a received level of SEL > 190 dB re 1 pPa’s is very
likely (> 95% probability) to cause PTS. The delimitation between the terms “unlikely” (less than 5%
probability), “increasingly likely” (probability between 5 and 95%), and “very likely” (greater than 95%)
adopted in this study are not based on a statistical evaluation of the data; rather, they should be considered
as indicative of the consensus opinion of the authors of the likelihood at which these effects occur.
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Figure A1. Empirical relation between unweighted broadband SEL and peak overpressure for shallow water explosions of
263-kg TNT eq. charge mass, both measured at different distances (see “Results” for more details). Superimposed are risk
thresholds for a lower limit for PTS onset (black line, based on the Lucke et al. [2009] TTS measurement and adding 15 dB
following Southall et al. [2007]) and observed pathological effects (grey lines, observed by Ketten [2004]).





