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Executive Summary 

JASCO Applied Sciences performed a numerical estimation study of underwater sound levels 
associated with the planned INPEX Western Australia (WA) 2-D Marine Seismic Survey (MSS) to 
assist in understanding the potential acoustic impact on key regional receptors including fish, marine 
mammals, benthic invertebrates (including pearl oysters), plankton, and turtles. The planned 
Acquisition Area is focused on two exploration permits, WA-533-P and WA-532-P, and Production 
Licence, WA-50-L, in northwest WA. Three seismic sources were initially considered, with the 
propagation modelling considering the source with the loudest far-field representative signature, a 
3080 in3 seismic source towed at a 7 m depth behind a single vessel.  

A specialised airgun array source model was used to predict the acoustic signature of the three 
seismic sources, and complementary underwater acoustic propagation models were used in 
conjunction with the modelled array signature of a 3080 in3 to estimate sound levels over a large area 
around the source. Single-impulse sound fields were predicted at defined locations within the entire 
Acquisition Area, and accumulated sound exposure fields were predicted for three representative 
scenarios for likely survey operations over 24 hours. The modelling methodology considered source 
directivity and range-dependent environmental properties in each of the areas assessed. Estimated 
underwater acoustic levels are presented as sound pressure levels (SPL, Lp), zero-to-peak pressure 
levels (PK, Lpk), peak-to-peak pressure levels (PK-PK; Lpk-pk), and either single-impulse (i.e., per-
pulse) or accumulated sound exposure levels (SEL, LE) as appropriate for different noise effect 
criteria. A conservative sound speed profile that would be most supportive of sound propagation 
conditions for the period of the survey was defined and applied to all modelling.  

The analysis considered the distances away from the seismic source at which several effects criteria 
or relevant sound levels were reached. The results are summarised below for the representative 
single-impulse sites and accumulated SEL scenarios. Additionally, sound levels were predicted at five 
locations relevant to the pearl oyster fishery and four locations relevant to calving and resting 
humpback whales. 

Marine mammal injury and behaviour 

¶ The maximum distance where the NMFS (2014) marine mammal behavioural response criterion 
of 160 dB re 1 µPa (SPL) could be exceeded varied between 5.52 and 11.19 km (Site 8, 45 m 
and Site 12, 103 m, permit WA-532-P). 

¶ The maximum received SPL, LF-weighted SPL and per-pulse SEL at any of the four locations 
relevant to calving and resting humpback whales were received at Tasmanian Shoal considering 
a modelled site 79 km away. The respective levels were 134.6 (Lp; dB re 1 ɛPa), 120 (Lp,LF; 
dB re 1 ɛPa) and 126.2 (LE; dB re 1 µPa²·s). 

¶ The results for the criteria applied for marine mammal Permanent Threshold Shift (PTS), NMFS 
(2018), consider both metrics within the criteria (PK and SEL24h). The longest distance associated 
with either metric is required to be applied. The table below summarise the maximum distances 
for PTS, along with the relevant metric and the location of the results within this report.  

¶ The furthest distance from the array that high-frequency cetaceans could experience PTS was 
440 m at Site 12 (103 m, permit WA-532-P), a site in a different location to any of the SEL24h 
scenarios.  



JASCO APPLIED SCIENCES  Western Australia 2-D Marine Seismic Survey 

Version 1.0 2 

Table 1. Summary of maximum marine mammal PTS onset distances for SEL24h modelled scenarios 

Relevant hearing 
group 

Metric associated with 
longest distance to PTS onset 

Rmax (km) 

Scenario 1 
(WA-533-P Shallow) 

Scenario 2  
(WA-533-P Deep) 

Scenario 3 
(WA-532-P) 

Low-frequency 
cetaceansÀ  

SEL24h 0.7 1.35 2.13 

Mid-frequency 
cetaceansÀ  

PK < 0.02 < 0.02 < 0.02 

High-frequency 
cetaceans 

PK 0.27 0.22 0.39 

Sirenians PK NA NA 0.02 
À The model does not account for shutdowns. 

¶ The 24-h SEL is a cumulative metric that reflects the dosimetric impact of noise levels within 
24 hours based on the assumption that an animal is consistently exposed to such noise levels at 
a fixed position. The corresponding 24-h SEL radii for low-frequency cetaceans were larger than 
those for peak pressure criteria, but they represent an unlikely worst-case scenario. More 
realistically, marine mammals (and fish) would not stay in the same location or at the same range 
for 24 hours. Therefore, a reported radius for 24-h SEL criteria does not mean that marine fauna 
travelling within this radius of the source will be injured, but rather that an animal could be 
exposed to the sound level associated with injury (either PTS or TTS) if it remained in that range 
for 24 hours 

Turtle Behaviour 

¶ The maximum distance where the United States NMFS criterion (NSF 2011) for behavioural 
effects in turtles of 166 dB re 1 µPa (SPL) could be exceeded varied between 3.09 and 6.13 km 
(Site 8, 45 m and Site 11, 70 m, permit WA-532-P). 

Fish, turtle injury, fish eggs, and fish larvae 

¶ The modelling study assessed the seafloor and water column ranges for quantitative criteria 
based on Popper et al. (2014) and considering both PK and SEL24h metrics associated with 
mortality and potential mortal injury and impairment in: 

o Fish without a swim bladder (also appropriate for sharks in the absence of other information) 

o Fish with a swim bladder that do not use it for hearing 

o Fish that use their swim bladders for hearing 

o Turtles 

o Fish eggs and fish larvae 

¶ Water column receptors, assessed at four modelling sites: 

o The maximum distance to sound levels associated with mortality and potential mortal injury 
on most the sensitive fish groups are associated with the PK metric, and range from 120 m 
(Sites 1, 5 and 12) to 220 m (Site 7). For fish without a swim bladder, the distance is 60 m at 
all four sites. 

¶ Seafloor receptors, assessed at five modelling sites, along with sites representative of different 
depths and geoacoustic parameters, three in WA-533-P and five in WA-532-P (depths from 30 to 
103 m): 

o The maximum distance to sound levels associated with mortality and potential mortal injury in 
fish, turtles, fish eggs and fish larvae is associated with the PK metric in all cases. 

o The maximum distance for the most sensitive fish groups (associated with a PK threshold of 
207 dB re 1 µPa) varies between 154 and 185 m. 
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o The maximum distance for the less sensitive fish groups (associated with a PK threshold of 
213 dB re 1 µPa) varies between 54 and 114 m. 

¶ Considering the three 24-hour SEL scenarios, and based on Popper et al. (2014), the SEL24h 
metric criteria for potential TTS could be exceeded within the following distances: 

o 1.58 km of the array at both the seafloor for maximum-over-depth during Scenario 1,  

o 4.94 km for maximum-over-depth during Scenario 2  

o within 2.92 km at the seafloor and 3.5 km for maximum-over-depth during Scenario 3. 

Crustaceans and Bivalves, Sponges and Coral, and Plankton 

To assist with assessing the potential effects on these receptors, the following have been determined: 

¶ The maximum received SPL and per-pulse SEL at any of the five locations relevant to the pearl 
oyster fishery were received at the closest lease to modelling Site 1, 74.5 km away. The 
respective levels were 101.9 (Lp; dB re 1 ɛPa) and 121.1 (LE; dB re 1 µPa²·s). 

¶ Crustaceans: The sound level of 202 dB re 1 µPa PK-PK from Payne et al. (2008) was 
considered; it was reached at ranges between 461 and 666 m depending on the modelled site, 
with range generally increasing with bottom depth. 

¶ Sponges and coral: The PK sound level at the seafloor directly underneath the seismic source 
was estimated at all modelling sites considered for seafloor fish receptors, and compared to the 
sound level of 226 dB re 1 µPa PK for sponges and corals (Heyward et al. 2018); it was found to 
reach or just exceed the criterion only at sites with a water depth less than 45 m, with the 
maximum distance being < 12 m (30 m depth). 

¶ Plankton: The distance to the sound level of 178 dB re 1 µPa PK-PK from McCauley et al. (2017) 
was estimated at all modelling sites through full-waveform modelling using FWRAM; the results 
ranged from 7.94 km to 12.23 km. 
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1. Introduction 

JASCO Applied Sciences (JASCO) performed a numerical estimation study of underwater sound 
levels associated with the planned INPEX Western Australia (WA) 2-D Marine Seismic Survey (MSS) 
to assist in understanding the potential acoustic impact on key regional receptors including fish, 
marine mammals, benthic invertebrates (including pearl oysters), plankton, and turtles. The survey 
plan Acquisition Area is focused on two exploration permits, WA-533-P and WA-532-P, and 
Production Licence, WA-50-L, in northwest WA. Three seismic sources were initially considered, with 
the propagation modelling considering the source with the loudest far-field representative signature, a 
3080 in3 seismic source towed at a 7 m depth behind a single seismic source vessel. 

JASCOôs specialised Airgun Array Source Model (AASM) was used to predict the acoustic signature 
of all three arrays. AASM accounts for individual airgun volumes and array geometry. Complementary 
underwater acoustic propagation models were used in conjunction with the selected modelled array 
signature to estimate sound levels over a large area around the source. Single-impulse sound fields 
were predicted at defined locations within the entire Acquisition Area, and accumulated sound 
exposure fields were predicted for three representative scenarios for likely survey operations over 
24 hours. A conservative sound speed profile that would be most supportive of sound propagation 
conditions for the period of the survey was defined and applied at each of the modelling locations.  

The modelling methodology considered source directivity and range-dependent environmental 
properties in each of the areas assessed. Estimated underwater acoustic levels are presented as 
sound pressure levels (SPL, Lp), zero-to-peak pressure levels (PK, Lpk), peak-to-peak pressure levels 
(PK-PK; Lpk-pk), and either single-impulse (i.e., per-pulse) or accumulated sound exposure levels 
(SEL, LE) as appropriate for different noise effect criteria.  
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2. Modelling Scenarios 

Six standalone single impulse sites and three likely scenarios of survey operations over 24 hours to 
assess accumulated SEL were initially defined, with an additional six modelling sites (a combined total 
of 12 sites) defined to ensure a robust assessment of accumulated SEL. The locations of all modelling 
sites are provided in Table 2, with all sites shown in Figure 1 along with the exploration permits and 
survey boundaries. Seafloor sound levels were examined at depths of 45, 55, and 65 m in WA-533-P, 
and 30ï70 m in WA-532-P using geological profiles consistent with associated water depths. 

Single impulse sound fields were also sampled at fixed receiver locations relevant to humpback whale 
resting, calving and nursing grounds (Figure 1, Table 3) and pearl oyster fishery lease and fishing 
grounds (Figure 1, Table 4). 

Three representative scenarios (Scenarios 1ï3) for acquisition within the Acquisition Area were 
considered for 24 hours of operation, the period relevant considering the various criteria applied in this 
study. Two scenarios are located in permit WA-533-P, located in the shallowest (Scenario 1) and 
deepest (Scenario 2) sections of the permit, and the third scenario is in WA-532-P, close to shoals 
and Australian Marine Parks. The track lines for each scenario are shown in Figures 2ï4. The 
modelling assumes that the vessels sail along the survey lines at ~4.5 knots, with an impulse interval 
of 18.75 m. The considered survey lines take between ~3.75ï11.3 h to traverse, with ~1.86ï1.92 h of 
turn time required between the lines depending upon the scenario, this is likely a faster turn than for 
the actual survey. The scenarios account for 9840, 9046, and 9591 impulses, respectively. For 
Scenario 3, the time history of sound exposure accumulation at the seafloor was also estimated at 
static receivers located at eight offset distances (50, 100, 300, 500, 1000, 2000, 3000, and 5000 m) 
from both survey lines within the scenario. 

 
Figure 1. Overview of the modelling sites and features for the WA 2-D marine seismic survey modelling. 
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Table 2. Location details for the standalone single impulse sites. 

Site Latitude (S) Longitude (E) 

UTM (WGS84), Zone 
51 S 

Water 
depth 
(m) 

Representative 
tow direction (°) 

Associated 24-
hour Scenario 

X (m) Y (m) 

1 18° 02' 13.9900" 121° 04' 33.4297" 296326.9 8004637 67 

189.9/9.9 Scenario 1 2 17° 29' 49.1347" 121° 10' 22.9614" 306025.7 8064535 98 

3 17° 53' 14.1409" 121° 06' 07.7760" 298932.4 8021264 89 

4 16° 29' 36.2192" 120° 15' 10.6251" 206726.2 8174490 37 121.3 NA 

5 17° 05' 25.8942" 121° 34' 42.8679" 348758.8 8109879 451 
210.9/30.9 Scenario 2 

6 16° 04' 07.4590" 120° 37' 26.6740" 245821.2 8222002 360 

7 15° 37' 26.7291" 122° 23' 02.9719" 433987.3 8272549 59 

71.5/251.5 Scenario 3 
8 15° 40' 10.9159" 122° 09' 33.6274" 409907.5 8267422 45 

9 15° 29' 40.4578" 122° 47' 35.8906" 477830.4 8286960 84 

10 15° 38' 15.4254" 122° 21' 15.4894" 430791.4 8271043 34 

11 15° 10' 29.8828" 123° 30' 06.3271" 553899.2 8322260 70 160.9 NA 

12 14° 16' 20.9080" 123° 33' 04.0528" 559446.5 8422069 103 339.5 NA 

 

Table 3. Humpback whale receiver locations and relevant modelling sites. 

Receiver 
location 

Latitude (S) Longitude (E) 

UTM (WGS84), Zone 51 
S Relevant  

modelling 
site 

Distance  
(km) 

X (m) Y (m) 

Camden 
Sound 

15° 24' 00.0000" 124° 12' 00.0000" 628774.2 8297073 
11  93.8 

12 142.9 

Tasmanian 
Shoal 

15° 45' 00.0000" 123° 15' 00.0000" 526781 8258702 
7  79.0 

11 69.1 

Pender Bay 16° 27' 00.0000" 122° 33' 00.0000" 451962.6 8181234 
4  125.4 

7 93.1 

Gourdon Bay 18° 15' 00.0000" 121° 45' 00.0000" 367851 7981704 
1 75.1 

4 129.5 
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Table 4. Pearl oyster fishery receiver locations and relevant modelling sites. 

Pearl oyster 
fishery receiver 

Latitude Longitude 
Relevant  

modelling site 
Location description 

Distance  
(km) 

A 18° 56' 51.1990" S 121° 05' 11.6198" E 1 
Compass Rose fishing 

ground 
100.8 

B 18° 21' 06.1200" S 121° 42' 06.1200" E 1 Port Smith farm lease 74.8 

C 17° 14' 18.2400" S 122° 05' 02.7600" E 4 
North Coulomb Pt farm 

lease 
56.0 

D 16° 58' 48.7447" S 122° 09' 54.4718" E 4 
Lacepede Channel 

fishing ground 
63.6 

E 15° 15' 52.9045" S 124° 20' 32.5257" E 11 
Pearl Transport Exempt 

Area / Kuri Bay farm 
leases 

90.7 

 

 
Figure 2. Scenario 1: Acquisition lines and static receiver locations considered for SEL24h calculations, WA-533-P 
Shallow. 
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Figure 3. Scenario 2: Acquisition lines and static receiver locations considered for SEL24h calculations, WA-533-P 
deep. 

  
Figure 4. Scenario 3: Acquisition lines and static receiver locations considered for SEL24h calculations, 
WA-532-P. 
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3. Noise Effect Criteria 

The perceived loudness of sound, especially impulsive noise such as from seismic airguns, is not 
generally proportional to the instantaneous acoustic pressure. Rather, perceived loudness depends 
on the pulse rise-time and duration, and the frequency content. Several sound level metrics, such as 
PK, SPL, and SEL, are commonly used to evaluate noise and its effects on marine life (Appendix A). 
The period of accumulation associated with SEL is defined, with this report referencing either a ñper 
pulseò assessment or over 24 hours. Appropriate subscripts indicate any applied frequency weighting; 
unweighted SEL is defined as required. The acoustic metrics in this report reflect the updated ISO 
standard for acoustic terminology, ISO/DIS 18405.2:2017 (2017). 

Whether acoustic exposure levels might injure or disturb marine mammals is an active research topic. 
Since 2007, several expert groups have investigated an SEL-based assessment approach for injury, 
with a handful of key papers published on the topic. The number of studies that investigated the level 
of disturbance to marine animals by underwater noise has also increased substantially. 

We chose the following noise criteria and sound levels for this study because they include standard 
thresholds, thresholds suggested by the best available science, and sound levels presented in 
literature for species with no suggested thresholds (Sections 3.1ï3.2 and Appendix A): 

1. Peak pressure levels (PK; Lpk) and frequency-weighted accumulated sound exposure levels (SEL; 
LE,24h) from the U.S. National Oceanic and Atmospheric Administration (NOAA) Technical 
Guidance (NMFS 2018) for the onset of Permanent Threshold Shift (PTS) in marine mammals. 

2. Marine mammal behavioural threshold based on the current interim U.S. National Marine 
Fisheries Service (NMFS) (2014) of 160 dB re 1 µPa SPL (Lp) for impulsive sound sources. 

3. Sound exposure guidelines for fish, fish eggs and larvae, and turtles (Popper et al. 2014). 

4. Threshold for turtle behavioural response (NSF 2011), 166 dB re 1 ɛPa SPL (Lp), applied by the 
U.S. NMFS. 

5. A sound level 178 dB re 1 ɛPa PK-PK in the water column, reported for comparing to McCauley 
et al. (2017) for plankton. 

6. Peak-peak pressure levels (PK-PK; Lpk-pk) at the seafloor to help assess effects of noise on 
crustaceans and bivalves, through comparing to results in Payne et al. (2008), and Day et al. 
(2016). 

7. A sound level of 226 dB re 1 µPa PK (Lpk) reported for comparing to Heyward et al. (2018) for 
sponges and corals. 

Additionally, to assess the size of the low-power zone required under the Australian Environment 
Protection and Biodiversity Conservation (EPBC) Act Policy Statement 2.1, Department of the 
Environment, Water, Heritage and the Arts (DEWHA) (2008), the distance to an unweighted per-pulse 
SEL of 160 dB re 1 ɛPa2·s is reported. 

The following section expands on the thresholds and sound levels for marine mammals, fish, turtles, 
fish eggs, and fish larvae and benthic invertebrates. 
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 Marine Mammals 

The criteria applied in this study to assess possible effects of airgun noise on marine mammals are 
summarised in Table 5 and detailed in Sections 3.1.1 and 3.1.2, with frequency weighting explained in 
Appendix A.3.  

Table 5. Unweighted SPL, SEL24h, and PK thresholds for acoustic effects on marine mammals.

Hearing group 

NMFS (2014) NMFS (2018) 

Behaviour 
PTS onset thresholds*  

(received level) 
TTS onset thresholds*  

(received level) 

SPL  
(Lp; dB re 1 ɛPa) 

Weighted SEL24h 

(LE,24h; dB re 1 ɛPa2·s) 

PK  
(Lpk; dB re 1 ɛPa) 

Weighted SEL24h  

(LE,24h; dB re 1 ɛPa2·s) 
PK  

(Lpk; dB re 1 ɛPa) 

Low-frequency cetaceans 

160 

183 219 168 213 

Mid-frequency cetaceans 185  230 170 224 

High-frequency cetaceans 155 202 140 196 

Sirenians (Dugong) 190 226 175 220 

* Dual metric acoustic thresholds for impulsive sounds: Use whichever results in the largest isopleth for calculating PTS onset. If a non-
impulsive sound has the potential of exceeding the peak sound pressure level thresholds associated with impulsive sounds, these 
thresholds should also be considered.  
Lpïdenotes sound pressure level period and has a reference value of 1 µPa 
Lpk, flatïpeak sound pressure is flat weighted or unweighted and has a reference value of 1 µPa 
LE - denotes cumulative sound exposure over a 24-hour period and has a reference value of 1 µPa2s 
Subscripts indicate the designated marine mammal auditory weighting. 

3.1.1. Behavioural response 

Southall et al. (2007) extensively reviewed marine mammal behavioural responses to sounds. Their 
review found that most marine mammals exhibited varying responses between 140 and 
180 dB re 1 µPa SPL, but inconsistent results between studies makes choosing a single behavioural 
threshold difficult. Studies varied in their lack of control groups, imprecise measurements, inconsistent 
metrics, and that animal responses depended on study context, which included the animalôs activity 
state. To create meaningful quantitative data from the collected information, Southall et al. (2007) 
proposed a severity scale that increased with increasing sound levels. 

NMFS has historically used a relatively simple sound level criterion for potentially disturbing a marine 
mammal. For impulsive sounds, this threshold is 160 dB re 1 µPa SPL for cetaceans NMFS (NMFS 
2014). This threshold has been applied for this report. 

3.1.2. Injury and hearing sensitivity changes 

There are two categories of auditory threshold shifts or hearing loss: permanent threshold shift (PTS), 
a physical injury to an animalôs hearing organs; and Temporary Threshold Shift (TTS), a temporary 
reduction in an animalôs hearing sensitivity as the result of receptor hair cells in the cochlea becoming 
fatigued. 

To assist in assessing the potential for injuries to marine mammals this report applies the criteria 
recommended by NMFS (2018), considering both PTS and TTS, to help assess the potential for 
injuries to marine mammals. Appendix A.2 provides more information about the NMFS (2018) criteria. 
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 Fish, Turtles, Fish Eggs, and Fish Larvae 

In 2006, the Working Group on the Effects of Sound on Fish and Turtles was formed to continue 
developing noise exposure criteria for fish and turtles, work begun by a panel convened by NOAA two 
years earlier. The resulting guidelines included specific thresholds for different levels of effects and for 
different groups of species (Popper et al. 2014). These guidelines defined quantitative thresholds for 
three types of immediate effects:  

¶ Mortality, including injury leading to death.  

¶ Recoverable injury, including injuries unlikely to result in mortality, such as hair cell damage and 
minor haematoma. 

¶ TTS. 

Masking and behavioural effects can be assessed qualitatively, by assessing relative risk rather than 
by specific sound level thresholds. These effects are not assessed in this report. Because the 
presence or absence of a swim bladder has a role in hearing, fishôs susceptibility to injury from noise 
exposure varies depending on the species and the presence and possible role of a swim bladder in 
hearing. Thus, different thresholds were proposed for fish without a swim bladder (also appropriate for 
sharks and applied to whale sharks in the absence of other information), fish with a swim bladder not 
used for hearing, and fish that use their swim bladders for hearing. Turtles, fish eggs, and fish larvae 
are considered separately.  

Table 6 lists relevant effects thresholds from Popper et al. (2014). In general, any adverse effects of 
seismic sound on fish behaviour depends on the species, the state of the individuals exposed, and 
other factors. We note that, despite mortality being a possibility for fish exposed to airgun sounds, 
Popper et al. (2014) do not reference an actual occurrence of this effect. Since the publication of that 
work, newer studies have further examined the question of possible mortality. Popper et al. (2016) 
adds further information to the possible levels of impulsive seismic airgun sound to which adult fish 
can be exposed without immediate mortality. They found that the two fish species in their study, with 
body masses in the range 200ï400 g, exposed to a single-impulse of a maximum received level of 
either 231 dB re 1 ɛPa (PK) or 205 dB re 1 ɛPa2Ās (SEL), remained alive for 7 days after exposure 
and that the probability of mortal injury did not differ between exposed and control fish. 

The SEL metric integrates noise intensity over some period of exposure. Because the period of 
integration for regulatory assessments is not well defined for sounds that do not have a clear start or 
end time, or for very long-lasting exposures, it is required to define a time. Popper et al. (2014) 
recommend a standard period should be applied, where this is either defined as a justified fixed 
period or the duration of the activity, however also include caveats about how long the fish will be 
exposed because they can move (or remain in location) and so can the source. Popper et al. (2014) 
summarises that in all TTS studies considered, fish that showed TTS recovered to normal hearing 
levels within 18ï24 hours. Due to this, a period of accumulation of 24 hours has been applied in this 
study for SEL, which is similar to that applied for marine mammals in NMFS (2016, 2018). 

In the discussion of the criteria, Popper et al. (2014) discuss the complications in determining a 
relevant period of mobile seismic surveys, as the received levels at the fish change between impulses 
due to the mobile source, and that in reality a revised guideline based on the closest PK or the per-
pulse SEL might be more useful than one based on accumulated SEL. This is because exposures at 
the closest point of approach are the primary exposures contributing to a receiverôs accumulated level 
(Gedamke et al. 2011). Additionally, several important factors determine the likelihood and duration a 
receiver is expected to be in close proximity to a sound source (i.e., overlap in space and time 
between the source and receiver). For example, accumulation time for fast moving (relative to the 
receiver) mobile sources is driven primarily by the characteristics of source (i.e., speed, duty cycle; 
NMFS 2016, 2018). 
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Table 6. Criteria for seismic noise exposure for fish and turtles, adapted from Popper et al. (2014). 

Type of animal 
Mortality and 

Potential mortal 
injury 

Impairment 
Behaviour 

Recoverable injury TTS Masking 

Fish:  
No swim bladder (particle 
motion detection) 

>219 dB SEL24h 
or 

>213 dB PK 

>216 dB SEL24h 
or 

>213 dB PK 
>>186 dB SEL24h 

(N) Low 
(I) Low 
(F) Low 

(N) High 
(I) Moderate 

(F) Low 

Fish:  
Swim bladder not involved 
in hearing (particle motion 
detection) 

210 dB SEL24h 
or 

>207 dB PK 

203 dB SEL24h 
or 

>207 dB PK 
>>186 dB SEL24h 

(N) Low 
(I) Low 
(F) Low 

(N) High 
(I) Moderate 

(F) Low 

Fish:  
Swim bladder involved in 
hearing (primarily pressure 
detection) 

207 dB SEL24h 
or 

>207 dB PK 

203 dB SEL24h 
or 

>207 dB PK 
186 dB SEL24h 

(N) Low 
(I) Low 

(F) Moderate 

(N) High 
(I) High 

(F) Moderate 

Turtles 
210 dB SEL24h  

or 
>207 dB PK 

(N) High 
(I) Low 
(F) Low 

(N) High 
(I) Low 
(F) Low 

(N) Low 
(I) Low 
(F) Low 

(N) High 
(I) Moderate 

(F) Low 

Fish eggs and fish larvae 
>210 dB SEL24h 

or 
>207 dB PK 

(N) Moderate 
(I) Low 
(F) Low 

(N) Moderate 
(I) Low 
(F) Low 

(N) Low 
(I) Low 
(F) Low 

(N) Moderate 
(I) Low 
(F) Low 

Notes: Peak sound level (PK) dB re 1 µPa; SEL24h dB re 1µPa2Ās. All criteria are presented as sound pressure, even for fish without swim 
bladders, since no data for particle motion exist. Relative risk (high, moderate, or low) is given for animals at three distances from the 
source defined in relative terms as near (N), intermediate (I), and far (F). >> denotes levels much greater than. 

3.2.1. Turtle behavioural response and injury 

There is a paucity of data regarding responses of turtles to acoustic exposure, and no studies of 
hearing loss due to exposure to loud sounds. McCauley et al. (2000) observed the behavioural 
response of caged turtlesðgreen (Chelonia mydas) and loggerhead (Caretta caretta)ðto an 
approaching seismic airgun. For received levels above 166 dB re 1 ɛPa (SPL), the turtles increased 
their swimming activity and above 175 dB re 1 ɛPa they began to behave erratically, which was 
interpreted as an agitated state. The 166 dB re 1 ɛPa level has been used as the threshold level for a 
behavioural disturbance response by NMFS and applied in the Arctic Programmatic Environment 
Impact Statement (PEIS) (NSF 2011). At that time, and in the absence of any data from which to 
determine the sound levels that could injure an animal, TTS or PTS onset were considered possible at 
an SPL of 180 dB re 1 ɛPa (NSF 2011). Some additional data suggest that behavioural responses 
occur closer to an SPL of 175 dB re 1 ɛPa, and TTS or PTS at even higher levels (Moein et al. 1995), 
but the received levels were unknown and the NSF (2011) PEIS maintained the earlier NMFS criteria 
levels of 166 and 180 dB re 1 ɛPa (SPL) for behavioural response and injury, respectively. Popper et 
al. (2014) suggested injury to turtles could occur for sound exposures above 207 dB re 1 ɛPa (PK) or 
above 210 dB re 1 ɛPa2·s (SEL24h) (Table 6). Sound levels defined by Popper et al. (2014) show that 
animals are very likely to exhibit a behavioural response when they are near an airgun (tens of 
metres), a moderate response if they encounter the source at intermediate ranges (hundreds of 
metres), and a low response if they are far (thousands of meters) from the airgun. Finneran et al. 
(2017) indicate that the 175 dB re 1 ɛPa SPL is an appropriate received sound level at which turtles 
are expected to actively avoid seismic air gun exposures. However, the lower and more conservative 
NMFS criterion for behavioural disturbance (SPL of 166 dB re 1 ɛPa) and the Popper et al. (2014) 
injury criteria were included in this analysis, although the analysis did not consider the ranges where 
an animal could suffer impairment, as defined by Popper et al. (2014). 
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 Benthic Invertebrates (Crustaceans and Bivalves) 

Research is ongoing into the relationship between sound and its effects on crustaceans, including the 
relevant metrics for both effect and impact. Available literature suggests particle motion, rather than 
sound pressure, is a more important factor for crustacean and bivalve hearing. Water depth and 
seismic source size are related to the particle motion levels at the seafloor, with larger arrays and 
shallower water being related to higher particle motion levels, more likely relevant to effects on 
crustaceans and bivalves.  

At the seafloor interface, crustaceans and bivalves are subject to particle motion stimuli from several 
acoustic or acoustically-induced waves. These include the particle motion associated with an 
impinging sound pressure wave in the water column (the incident, reflected, and transmitted portions), 
substrate acoustic waves, and interface waves of the Scholte type. However, it is unclear which 
aspect(s) of these waves is/are most relevant to the animals, either when they normally sense the 
environment or their physiological responses to loud sounds so there is not enough information to 
establish similar criteria and thresholds as done for marine mammals and fish. Including recent 
research, such as Day et al. (2016), current literature does not clearly define an appropriate metric or 
identify relevant levels (pressure or particle motion) for an assessment. This includes the 
consideration of what particle motion levels lead to a behavioural response, or mortality. Therefore, at 
this stage, we cannot propose authoritative thresholds to inform the impact assessment. However, 
levels can be determined for pressure metrics presented in literature to assist the assessment. 

A PK-PK sound level of 202 dB re 1 ɛPa (Payne et al. 2008) is considered to be associated with no 
impact, and therefore applied in the assessment. Additionally for context, the PK-PK sound levels 
determined for crustaceans in Day et al. (2016), 209ï212 dB re 1 ɛPa, are also included  
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4. Methods 

 Acoustic Source Model 

The pressure signatures of the individual airguns and the composite 1/3-octave-band point-source 
equivalent directional levels (i.e., source levels) of three seismic sources (2970, 3000 and 3080 in3) 
were modelled with JASCOôs Airgun Array Source Model (AASM). Although AASM accounts for 
notional pressure signatures of each seismic source with respect to the effects of surface-reflected 
signals on bubble oscillations and inter-bubble interactions, the surface-reflected signal (known as 
surface ghost) is not included in the far-field source signatures. The acoustic propagation models 
account for those surface reflections, which are a property of the propagating medium rather than the 
source. 

AASM considers: 

¶ Array layout. 

¶ Volume, tow depth, and firing pressure of each airgun. 

¶ Interactions between different airguns in the array. 

The array was modelled over AASMôs full frequency range, up to 25 kHz. Appendix B details this 
model.  

 Sound Propagation Models 

Three sound propagation models were used to predict the acoustic field around the seismic source for 
frequencies of 5 Hz to 25 kHz: 

¶ Combined range-dependent parabolic equation and gaussian beam acoustic ray-trace model 
(MONM-BELLHOP). 

¶ Full Waveform Range-dependent Acoustic Model (FWRAM). 

¶ Wavenumber integration model (VSTACK). 

 Parameter Overview 

The specifications of the seismic sources and the environmental parameters used in the propagation 
models are described in detail in Appendix D. 

The following seismic sources considered were: 

¶ 2970 in3 seismic source array consisting of three strings towed at a depth of 7 m, 
(see Figures D-7 to D-5) with a nominal firing pressure of 2000 psi. 

¶ 3000 in3 seismic source array consisting of three strings towed at a depth of 6 m, 
(see Figures D-7 to D-5) with a nominal firing pressure of 2000 psi. 

¶ 3080 in3 seismic source array consisting of three strings towed at a depth of 7 m, 
(see Figures D-7 to D-5) with a nominal firing pressure of 2000 psi. 

A single sound speed profile for July was considered in the modelling; this was identified as the 
seasonal period that would provide the greatest propagation. The following four geological regions 
were identified: 

¶ Gravelly sand (SW shelf), Sites 1ï4  

¶ Muddy sand (SW slope), Sites 5 and 6 

¶ Muddy sandy gravel (central shelf), Sites 7ï11 

¶ Gravelly muddy sand (NE shelf), Site 12 
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 Accumulated SEL 

During a seismic survey, new sound energy is introduced into the environment with each pulse from 
the seismic source. While some impact criteria are based on the per-pulse energy released, others, 
such as the marine mammal and fish SEL criteria used in this report (Sections 3.1 and 3.2) account 
for the total acoustic energy marine fauna is subjected to over a specified period of time, defined in 
this report as 24 hours. An accurate assessment of the accumulated sound energy depends not only 
on the parameters of each seismic pulse impulse, but also on the number of impulses delivered in a 
period and the relative positions of the impulses. 

When there are many seismic pulses, it becomes computationally prohibitive to perform sound 
propagation modelling for every single event. The distance between the consecutive seismic impulses 
is small enough, however, that the environmental parameters that influence sound propagation are 
virtually the same for many impulse points. The acoustic fields can, therefore, be modelled for a 
subset of seismic pulses and estimated at several adjacent ones. After sound fields from 
representative impulse locations are calculated, they are adjusted to account for the source position 
for nearby impulses.  

Although estimating the cumulative sound field with the described approach is not as precise as 
modelling sound propagation at every impulse location, small-scale, site-specific sound propagation 
features tend to blur and become less relevant when sound fields from adjacent impulses are 
summed. Larger scale sound propagation features, primarily dependent on water depth, dominate the 
cumulative field. The accuracy of the present method acceptably reflects those large-scale features, 
thus providing a meaningful estimate of a wide area SEL field in a computationally feasible 
framework.  

To produce maps of accumulated received sound level distributions and calculate distances to 
specified sound level thresholds, the maximum-over-depth level and level at the seafloor were 
calculated at each sampling point within the modelled region. The radial grids of maximum-over-depth 
and seafloor sound levels for each impulse were then resampled (by linear triangulation) to produce a 
regular Cartesian grid. The sound field grids from all impulses were summed (Equation A-5) to 
produce the cumulative sound field grid with cell sizes of 40 m. The contours and threshold ranges 
were calculated from these flat Cartesian projections of the modelled acoustic fields. The single-
impulse SEL fields were computed over model grids 200 × 200 km in range, which encompasses the 
full area of the cumulative grid (the entire survey area). 

The unweighted (fish) and frequency-weighted SEL24h results were rendered as contour maps, 
including contours that focus on the relevant criteria-based thresholds. Only contours at ranges larger 
than the nearfield of the seismic source were rendered. 

 Geometry and Modelled Regions 

To assess sound levels with MONM-BELLHOP, the sound field modelling calculated propagation 
losses up to distances of 100 km from the source, with a horizontal separation of 10 m between 
receiver points along the modelled radials. The sound fields were modelled with a horizontal angular 

resolution of Dq = 2.5° for a total of N = 144 radial planes. Receiver depths were chosen to span the 
entire water column over the modelled areas, from 2 m to a maximum of 10,000 m, with step sizes 
that increased with depth. To supplement the MONM results, high-frequency results for propagation 
loss were modelled using Bellhop for frequencies from 2.5 to 25 kHz. The MONM and Bellhop results 
were combined to produce results for the full frequency range of interest. 

FWRAM was run to 150 km, but along only four radials (fore and aft endfire and port and starboard 
broadside) for computational efficiency, from 10 Hz to 2048 Hz in 1 Hz steps. This was done to 
compute SEL-to-SPL conversions (Appendix D.2). The horizontal range step is dependent on 
frequency and ranges from 50 m at lower frequencies to 10 m above 800 Hz. Additional single 
transects from specific modelling sites to the humpback whale receivers (Table 3) were run. 

The maximum modelled range for VSTACK was 1000 m and used a step size of 10 m. Received 
levels were computed for receivers at seafloor. 
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5. Results 

 Acoustic Source Levels and Directivity 

AASM (Section 4.1) was used to predict the horizontal and vertical overpressure signatures and 
corresponding power spectrum levels for the three seismic sources, with results provided in 
Appendix B.2 along with the horizontal directivity plots. 

Tables 7ï9 show the PK and per-pulse SEL source levels for each seismic source in the horizontal-
plane broadside (perpendicular to the tow direction), endfire (along the tow direction), and vertical 
directions. The vertical source level that accounts for the ñsurface ghostò (the out of phase reflected 
pulse from the water surface) is also presented to make it easier to compare the output of other 
seismic source models. 

Figures B.1 through B.3 show the broadside, endfire, and vertical overpressure signature and 
corresponding power spectrum levels for each array. The signatures consist of a strong primary peak, 
related to the initial release of high-pressure air, followed by a series of pulses associated with bubble 
oscillations. Most energy is produced at frequencies below 500 Hz, although this is different for each 
array, with noticeable differences between the broadside and endfire signatures. Frequency-
dependent peaks and nulls in the spectrum result from interference among airguns in the array and 
correspond with the volumes and relative locations of the airguns to each other. 

The source with the loudest far-field source level specifications is the 3080 in3 source, therefore, is 
was selected for consideration in the propagation modelling. 

Table 7. Far-field source level specifications for the 2970 in3 array, for a 7 m tow depth. Source levels are for a 
point-like acoustic source with equivalent far-field acoustic output in the specified direction. Sound level metrics 
are per-pulse and unweighted. 

Direction 
Peak source pressure level 

(LS,pk) (dB re 1 ɜPa2m2) 

Per-pulse source SEL 
(LS,E) (dB 1 ɜPa2m2s) 

10ï2000 Hz 2000ï25000 Hz 

Broadside 247.1 223.3 180.0 

Endfire 246.5 223.8 183.5 

Vertical 255.8 228.8 189.9 

Vertical  
(surface affected source level) 

255.8 231.8 192.8 

 

Table 8. Far-field source level specifications for the 3000 in3 array, for a 6 m tow depth. Source levels are for a 
point-like acoustic source with equivalent far-field acoustic output in the specified direction. Sound level metrics 
are per-pulse and unweighted. 

Direction 
Peak source pressure level 

(LS,pk) (dB re 1 ɜPa2m2) 

Per-pulse source SEL 
(LS,E) (dB 1 ɜPa2m2s) 

10ï2000 Hz 2000ï25000 Hz 

Broadside 249.3 224.7 180.8 

Endfire 245.8 222.9 181.9 

Vertical 255.2 228.2 189.2 

Vertical  
(surface affected source level) 

255.2 231.1 192.2 
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Table 9. Far-field source level specifications for the 3080 in3 array, for a 7 m tow depth. Source levels are for a 
point-like acoustic source with equivalent far-field acoustic output in the specified direction. Sound level metrics 
are per-pulse and unweighted. 

Direction 
Peak source pressure level 

(LS,pk) (dB re 1 ɜPa2m2) 

Per-pulse source SEL 
(LS,E) (dB 1 ɜPa2m2s) 

10ï2000 Hz 2000ï25000 Hz 

Broadside 249.6 224.8 184.6 

Endfire 246.4 223.6 187.2 

Vertical 255.9 228.5 194.6 

Vertical  
(surface affected source level) 

255.9 231.4 197.6 
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 Per-pulse Sound Fields 

5.2.1. Tabulated results 

Per-pulse results for the 3080 in³ seismic source towed at 7 m are presented for SPL, SEL, PK, and 
PK-PK, including seafloor PK and PK-PK. Tables 10ï13 list the estimated ranges for the various 
applicable maximum-over-depth per-pulse effects criteria and isopleths of interest, and Tables 14 and 
15 list the sound levels at the pearl oyster fishery and humpback whale receivers. Tables 16ï19 list 
the estimated ranges for seafloor per-pulse effects criteria and isopleths of interest 

5.2.1.1. Entire water column 

Table 10. Maximum (Rmax) and 95% (R95%) horizontal distances (in km) from the 3080 in3 array to modelled 
maximum-over-depth per-pulse SEL isopleths from the twelve modelled single impulse sites.  

Per-pulse SEL 
(LE; dB re 1 µPa²·s) 

Site 1 (67 m) Site 2 (98 m) Site 3 (89 m) Site 4 (37 m) Site 5 (451 m) Site 6 (360 m) 

Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% 

190 0.04 0.04 0.04 0.04 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.04 

180 0.27 0.24 0.24 0.21 0.26 0.23 0.23 0.22 0.16 0.14 0.16 0.14 

170 0.82 0.72 0.77 0.66 0.74 0.65 0.87 0.77 1.01 0.92 1.00 0.88 

160À 2.76 2.37 2.84 2.42 2.92 2.55 2.79 2.29 3.56 3.03 3.89 3.22 

150 7.34 6.06 8.10 6.58 7.29 6.25 7.23 5.89 14.57 12.25 15.59 11.90 

140 19.73 16.46 19.65 16.24 19.06 15.91 21.56 17.23 43.40 33.82 44.56 36.75 

130 54.14 44.02 49.09 41.07 48.41 41.44 76.16 66.42 130.58 100.43 124.36 102.82 

Per-pulse SEL 
(LE; dB re 1 µPa²·s) 

Site 7 (59 m) Site 8 (45 m) Site 9 (84 m) Site 10 (34 m) Site 11 (70 m) Site 12 (103 m) 

Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% 

190 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

180 0.34 0.30 0.26 0.23 0.22 0.19 0.26 0.22 0.34 0.29 0.32 0.29 

170 1.69 1.38 0.93 0.82 0.85 0.68 1.01 0.83 1.63 1.39 1.60 1.37 

160À 4.71 3.82 2.55 2.14 2.94 2.54 3.19 2.42 4.94 3.96 5.88 4.83 

150 12.59 10.04 6.36 5.14 7.16 5.97 8.64 6.83 12.32 9.69 14.98 12.54 

140 39.97 31.71 16.25 13.08 17.55 13.22 22.54 17.58 29.96 24.70 38.99 32.91 

130 92.39 80.91 32.21 25.54 45.51 35.71 62.41 47.18 85.24 63.40 105.30 83.78 
À Low power zone assessment criteria DEWHA (2008). 
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Table 11. Maximum (Rmax) and 95% (R95%) horizontal distances (in km) from the 3080 in3 array to modelled 
maximum-over-depth SPL isopleths from the twelve modelled single impulse sites.  

SPL  
(Lp; dB re 1 ɜPa) 

Site 1 (67 m) Site 2 (98 m) Site 3 (89 m) Site 4 (37 m) Site 5 (451 m) Site 6 (360 m) 

Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% 

200 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.04 0.04 

190 0.23 0.20 0.18 0.15 0.21 0.18 0.22 0.20 0.15 0.13 0.15 0.13 

180 0.73 0.62 0.67 0.57 0.68 0.58 0.80 0.70 0.48 0.40 0.88 0.79 

170 2.60 2.13 2.36 2.08 2.79 2.19 2.59 2.10 2.82 2.31 3.06 2.59 

166À 4.07 3.25 3.98 3.36 3.79 3.40 3.81 3.08 4.29 3.69 4.53 3.83 

160Ā 6.73 5.57 7.22 5.96 6.73 5.81 6.55 5.41 7.74 6.51 8.04 6.69 

150 17.96 14.88 17.64 14.67 17.06 14.52 18.85 15.29 24.32 19.46 23.90 18.83 

140 49.41 40.75 44.19 37.79 44.96 38.80 69.50 60.78 112.80 66.18 120.30 65.62 

130 101.45 76.56 79.64 66.57 93.77 72.85 139.36* 112.61* 141.39* 109.96* 139.61* 112.51* 

SPL  
(Lp; dB re 1 ɜPa) 

Site 7 (59 m) Site 8 (45 m) Site 9 (84 m) Site 10 (34 m) Site 11 (70 m) Site 12 (103 m) 

Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% Rmax R95% 

200 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

190 0.31 0.27 0.24 0.21 0.19 0.15 0.23 0.21 0.30 0.26 0.31 0.28 

180 1.35 1.17 0.81 0.70 0.68 0.58 0.91 0.74 1.35 1.15 1.24 1.09 

170 3.77 3.15 2.19 1.91 2.35 2.06 2.50 1.99 4.01 3.29 4.09 3.56 

166À 5.98 4.73 3.09 2.65 3.74 3.07 4.16 3.07 6.13 4.76 6.09 5.10 

160Ā 10.84 8.62 5.52 4.35 6.80 5.16 7.11 5.70 10.32 8.19 11.19 9.14 

150 33.85 27.13 14.58 11.51 14.77 11.80 20.37 16.23 27.45 22.64 28.25 24.19 

140 90.49 75.93 29.85 23.96 40.71 32.01 55.04 42.43 75.51 57.72 78.18 62.97 

130 112.26 94.57 61.14 45.10 87.13 69.86 93.07 75.72 114.92* 96.09 131.72* 102.65* 

* Radii extend beyond modelling boundary. 
À Threshold for turtle behavioural response to impulsive noise (NSF 2011). 
ÿ Marine mammal behavioural threshold for impulsive sound sources (NMFS 2014) 
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Table 12. Maximum (Rmax) horizontal distances (km) from the 3080 in3 array to modelled maximum-over-depth 
peak pressure level (PK) thresholds based on the NOAA Technical Guidance (NMFS 2018) for marine mammals, 
and Popper et al. (2014) for fish and turtles, at four of the modelling sites (Table 2). 

Hearing group 
PK threshold  

(Lpk; dB re 1 µPa) 

Distance Rmax (km) 

Site 1 
(67 m) 

Site 5 
(451 m) 

Site 7 
(59 m) 

Site 12 
(103 m) 

Low-frequency cetaceans (PTS) 219 0.03 0.03 0.03 0.03 

Low-frequency cetaceans (TTS) 213 0.06 0.06 0.06 0.06 

Mid-frequency cetaceans (PTS) 230 < 0.02 < 0.02 < 0.02 < 0.02 

Mid-frequency cetaceans (TTS) 224 0.02 0.02 0.02 0.02 

High-frequency cetaceans (PTS) 202 0.27 0.22 0.39 0.44 

High-frequency cetaceans (TTS) 196 0.64 0.43 0.67 0.8 

Sirenians (PTS) 226 0.02 NA 0.02 0.02 

Sirenians (TTS) 220 0.03 NA 0.03 0.03 

Fish: No swim bladder  
(also applied to sharks) 

213 0.06 0.06 0.06 0.06 

Fish: Swim bladder not involved 
in hearing, Swim bladder 
involved in hearing 
Turtles, fish eggs, and larvae 

207 0.12 0.12 0.22 0.12 

 

Table 13. Maximum (Rmax) horizontal distances (in km) from the 3080 in3 array to modelled maximum-over-depth 
178 dB re 1µPa PK-PK , assessed along the three FWRAM modelling transects (maximum presented) at four of 
the modelling sites (Table 2).

PK-PK  
(Lpk-pk; dB re 1 µPa) 

Distance Rmax (km) 

Site 1 
(67 m) 

Site 5 
(451 m) 

Site 7 
(59 m) 

Site 12 
(103 m) 

178 7.94 12.23 10.71 9.56 
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Table 14. Received maximum-over-depth per-pulse SEL and SPL at pearl oyster fishery receivers (Table 4) from 
the closest modelling sites. 

Pearl oyster 
fishery receiver 

Relevant 
modelling site 

Location 
relevance 

Distance  
(km) 

Location 
Received SEL  

(LE; dB re 1 µPa²·s) 
Received SPL  

(Lp; dB re 1 ɜPa) 

A ï Compass 
Rose fishing 
ground 

1 
Closest fishing 

ground 
100.7 

18° 56' 51.1990" S,  
121° 05' 11.6198" E  

95.6 119.4 

B ï Port Smith 
farm lease 

1 Closest lease 74.5 
18° 21' 06.1200" S,  
121° 42' 06.1200" E 

101.9 121.1 

C ï North 
Coulomb Pt farm 
lease 

4 Closest lease 56.0 
17° 14' 18.2400" S, 
122° 05' 02.7600" E 

101.1 110.1 

D ï Lacepede 
Channel fishing 
ground 

4 
Closest fishing 

ground 
63.6 

16° 58' 48.7447" S,  
122° 09' 54.4718" E 

97.6 106.6 

E - Pearl 
Transport Exempt 
Area / Kuri Bay 
farm leases 

11 Closest lease 90.8 
15° 15' 52.9045" S,  
124° 20' 32.5257" E 

113 121.9 

 

Table 15. Received SPL, LF-weighted SPL and per-pulse SEL at humpback whale resting/calving receivers 
(Table 3) from the closest modelling sites. 

Receiver 
location 

Relevant 
modelling site 

Distance  
(km) 

Received SPL  
(Lp; dB re 1 ɜPa) 

Received LF-weighted  
(Lp,LF; dB re 1 ɜPa) 

Received SEL  
(LE; dB re 1 µPa²·s) 

Camden Sound 
11 93.8 120.5 118.2 113.2 

12 142.9 120.3 120.2 111.4 

Tasmanian Shoal 
7 79.0 134.6 120.1 126.2 

11 69.1 120.6 120.2 111.6 

Pender Bay 
4 125.4 107.6 107.6 98.6 

7 93.1 123.2 122.9 114.2 

Gourdon Bay 
1 75.1 118.0 117.8 109.0 

4 129.5 120.5 120.3 111.5 
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5.2.1.2. Seafloor 

Table 16. Maximum (Rmax) horizontal distances (in m) from the 3080 in3 array to modelled seafloor PK for 
representative depths in WA-532-P.

Hearing group/animal type 
PK threshold  

(Lpk; dB re 1 µPa) 

Distance Rmax (m) 

30 m 40 m 50 m 60 m 70 m 

Sound levels for sponges and coralsÀ 226 12 7 ð ð ð 

Fish: No swim bladder  
(also applied to sharks) 

213 89 98 105 114 88 

Fish: Swim bladder not involved in 
hearing, Swim bladder involved in hearing 
Turtles, fish eggs, and larvae 

207 185 154 164 185 178 

À(Heyward et al. 2018) 
A dash indicates the level is not reached. 

Table 17. Maximum (Rmax) horizontal distances (in m) from the 3080 in3 array to modelled seafloor PK for 
representative depths in WA-533-P

Hearing group/animal type 
PK threshold  

(Lpk; dB re 1 µPa) 

Distance Rmax (m) 

45 m 55 m 65 m 

Sound levels for sponges and coralsÀ 226 1 ð ð 

Fish: No swim bladder  
(also applied to sharks) 

213 95 82 71 

Fish: Swim bladder not involved in 
hearing, Swim bladder involved in hearing 
Turtles, fish eggs, and larvae 

207 168 185 205 

À Heyward et al. (2018) 
A dash indicates the level is not reached. 

Table 18. Maximum (Rmax) horizontal distances (in m) from the 3080 in3 array to modelled seafloor PK from five 
single-impulse modelling sites (Table 2).

Hearing group/animal type 
PK threshold  

(Lpk; dB re 1 µPa) 

Distance Rmax (m) 

Site 1 
(67 m) 

Site 4  
(37 m) 

Site 7  
(59 m) 

Site 11  
(70 m) 

Site 12 
(103 m) 

Sound levels for sponges and coralsÀ 226 ð 7 ð ð ð 

Fish: No swim bladder  
(also applied to sharks) 

213 71 100 114 88 54 

Fish: Swim bladder not involved in 
hearing, Swim bladder involved in hearing 
Turtles, fish eggs, and larvae 

207 205 163 185 178 230 

À Heyward et al. (2018) 
A dash indicates the level is not reached. 
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Table 19. Maximum (Rmax) horizontal distances (in m) from the 3080 in3 array to modelled seafloor PK-PK from 
five modelling sites (Table 2). Results included in relation to benthic invertebrates (Section 3.3).

PK-PK 
(Lpk-pk; dB re 1 µPa) 

Distance Rmax (m) 

Site 1 
(67 m)  

Site 4 
(37 m) 

Site 7 
(59 m) 

Site 11 
(70 m) 

Site 12 
(103 m) 

213 190 161 181 177 212 

212 210 169 190 189 241 

211 228 178 199 203 266 

210 243 186 215 215 289 

209 257 195 304 231 310 

202 559 461 536 536 666 

 

5.2.2. Sound field maps and graphs 

5.2.2.1. Sound level contour maps 

Maps of the estimated sound fields, threshold contours, and isopleths of interest for the per-pulse SEL 
and SPL sound fields have been presented at all modelling sites, with representative sites (the six 
standalone single impulse sites, Table 2), shown in Figures 5ï16, and the additional six sites included 
in the accumulated SEL scenarios shown in Appendix E.1, Figures E-1 to E-12. 

 
Figure 5. Site 1 (WA-533-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-depth 
results. 
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Figure 6. Site 1 (WA-533-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 

 
Figure 7. Site 4 (WA-533-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-depth 
results. 
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Figure 8. Site 4 (WA-533-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 

 
Figure 9. Site 5 (WA-533-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-depth 
results. 
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Figure 10. Site 5 (WA-532-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 

 
Figure 11. Site 7 (WA-532-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-
depth results. 
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Figure 12. Site 7 (WA-532-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 

 
Figure 13. Site 11 (WA-532-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-
depth results. 
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Figure 14. Site 11 (WA-532-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 
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Figure 15. Site 12 (WA-532-P), per-pulse SEL: Sound level contour map showing unweighted maximum-over-
depth results. 

 
Figure 16. Site 12 (WA-532-P), SPL: Sound level contour map showing unweighted maximum-over-depth results. 
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5.2.2.2. Vertical slices of modelled sound fields 

Vertical slices of the per-pulse SEL sound fields for the 3080 in3 airgun array are shown in 
Figures 17ï22, while vertical slices of the SPL sound fields are shown in Appendix E.2, Figures E-13 
to E-18. 

 
Figure 17. Site 1 (WA-533-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 array. 
Levels are shown along the broadside (top) and endfire (bottom) directions. 

 
Figure 18. Site 4 (WA-533-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 array. 
Levels are shown along the broadside (top) and endfire (bottom) directions. 
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Figure 19. Site 5 (WA-533-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 array. 
Levels are shown along the broadside (top) and endfire (bottom) directions. 

 
Figure 20. Site 7 (WA-532-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 array. 
Levels are shown along the broadside (top) and endfire (bottom) directions. 
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Figure 21. Site 11 (WA-532-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 
array. Levels are shown along the broadside (top) and endfire (bottom) directions. 

 

Figure 22. Site 12 (WA-532-P), per-pulse SEL: Vertical slice of the predicted per-pulse SEL for the 3080 in3 
array. Levels are shown along the broadside (top) and endfire (bottom) directions. 
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 Multiple Pulse Sound Fields 

The SEL24h results for the proposed survey are presented for three possible operational scenarios 
within the Acquisition Area, described in Section 2. Tables 20ï25 show the estimated ranges to the 
appropriate cumulative exposure criterion contour for the various marine fauna groups considered, 
and the corresponding ensonified areas. The ranges in this section are the perpendicular distance 
from the survey line to the relevant isopleth.  

5.3.1. Scenario 1 

Table 20. Scenario 1: Maximum-over-depth distances to SEL24h based marine mammal PTS and TTS thresholds 
(NMFS 2018). 

Hearing group 

PTS 

Threshold for SEL24h 

(LE,24h; dB re 1 µPa²·s) 
Rmax (km) Area (km2) 

Low-frequency cetaceans 183 0.70 213.05 

Mid-frequency cetaceans 185 ð ð 

High-frequency cetaceans 155 ð ð 

Hearing group 

TTS 

Threshold for SEL24h 

(LE,24h; dB re 1 µPa²·s) 
Rmax (km) Area (km2) 

Low-frequency cetaceans 168 17.92 3470.09 

Mid-frequency cetaceans 170 ð ð 

High-frequency cetaceans 140 0.34 100.50 

A dash indicates the threshold is not reached. 

Table 21. Scenario 1: Distances to SEL24h based fish and turtle criteria.  

Marine fauna group 
Threshold for SEL24h 
(LE,24h; dB re 1 µPa²·s) 

Maximum-over-depth At seafloor 

Rmax (km) Area (km2) Rmax (km) Area (km2) 

Mortality and potential mortal injury   

I 219 0 0 ð ð 

II, Turtles, fish eggs and fish larvae 210 0 0 ð ð 

III 207 0.03 3.59 ð ð 

Fish recoverable injury   

I 216 0 0 ð ð 

II, III 203 0.03 3.62 ð ð 

Fish TTS   

I, II, III 186 1.58 540.0 1.58 496.6 

A dash denotes a value below the minimum resolution of the modelling. 
Fish IïNo swim bladder; Fish IIïSwim bladder not involved with hearing; Fish IIIïSwim bladder involved with hearing. 
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Figure 23. Scenario 1: Sound level contour map showing maximum-over-depth SEL24h results. 

 
Figure 24. Scenario 1: Sound level contour map showing seafloor SEL24h results. 










































































































