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Abstract

Seismic airguns generate high intensity noise that can affect marine life. Emerging al-
ternative seismic sources offer promising opportunities to reduce acoustic impacts, yet
their performance and integration into regulatory processes remain poorly quantified. We
evaluated four recently developed alternative seismic sources to characterize their acous-
tic outputs, assess their relative impacts on marine mammals, and classify them within
the tiered framework of the Operational National Mitigation Protocol for Geophysical
Surveys—developed collaboratively by the National Marine Fisheries Service (NMFS),
Bureau of Ocean Energy Management (BOEM), and Bureau of Safety and Environmental
Enforcement (BSEE). The assessment included three ultra low-frequency (ULF) pneumatic
sources (Tuned Pulse Source™ [TPS™], Gemini Source™, and Harmony™) and a rep-
resentative marine vibroseis (MV) system. Using NMFS auditory injury and behavioral
disturbance thresholds alongside a new (60 s M-weighted sound exposure level) metric, we
found that all alternatives produced lower 60 s energy and smaller auditory injury zones
than conventional high impact airgun arrays. ULF pneumatic sources concentrate energy
below 10 Hz, contributing to reduced exposure at ecologically relevant frequencies. TPS™
and the Gemini Source™ align with moderate impact tiers, while Harmony™ is more
similar to higher impact sources. For MV systems, single and dual element configurations
are placed in a lower impact tier, though an 18-element array requires further characteriza-
tion before classification. Remaining uncertainties, including limited behavioral data and
incomplete source characterization, highlight the need for continued empirical research.
By offering a science-based framework, this work contributes to regulatory modernization,
advances efforts to reduce ocean noise, and enables the responsible adoption of emerging
“quieter” seismic technologies within a more consistent and streamlined approach.

Keywords: acoustics; airguns; seismic surveys; geophysical sources; marine life; ocean
energy; ocean quieting

1. Introduction

Marine seismic surveys are essential tools for imaging subsurface geology, supporting
applications ranging from hydrocarbon exploration to geohazard assessment, seafloor map-
ping, and marine research. Conventional seismic surveys, which have been the industry
standard since their introduction in the 1960s, typically rely on compressed air chambers
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(i.e., airguns) that are towed behind a ship and are programmed to release high-energy
pulses of sound at prescribed time intervals. The acoustic energy that is refracted and
reflected off the seafloor and geologic features is received by arrays of tens to thousands of
hydrophone receivers, either towed behind the ship or deployed on the seafloor. Despite
advances in receiver technology and data processing, the fundamental design and oper-
ation of seismic sources have changed little over the past several decades [1,2]. Airguns
and airgun arrays produce energetic broadband pulses spanning a few hertz to more than
10 kHz [3,4], though the frequencies that are most usable for geophysical imaging are
concentrated below ~100 Hz [2]. The extraneous energy at high frequencies (>100 Hz)
is substantial and represents an opportunity for quieting and reducing environmental
impacts while retaining imaging performance. This extraneous energy, while not useful for
geophysical imaging, is within the frequency bands where many marine mammals have
their greatest hearing sensitivity.

Marine mammals are highly dependent on acoustic cues as a means of navigating
through their environment, foraging, and communicating with conspecifics. The impor-
tance of sound to marine mammals means that unwanted anthropogenic noise could lead to
a range of potential effects including auditory injury (e.g., permanent threshold shift [PTS]),
temporary threshold shift (TTS), behavioral disturbance, acoustic masking, and physiolog-
ical stress [5,6]. A large body of research has shown that exposure to impulsive sounds
such as those produced by airgun arrays can negatively impact marine mammals [7], with
effects ranging from avoidance [8], to changing vocalization behaviors [9,10], to reduc-
ing foraging effort [11]. Baleen whales are especially vulnerable to noise from oil- and
gas-related activities because their hearing and communication range overlaps with many
commonly used sound sources. Given the complexity of the science and the influential
positions of the various stakeholders involved in this issue, regulating noise from seismic
surveys has become a “wicked environmental problem” [12]. Presently, there is increasing
scrutiny for regulatory bodies around the world to find better solutions to the growing
problem of ocean noise [13].

In U.S. waters, geophysical surveys used for hydrocarbon exploration are regulated
primarily by the Bureau of Ocean Energy Management (BOEM), Bureau of Safety and
Environmental Enforcement (BSEE), and National Oceanic Atmospheric Administration’s
National Marine Fisheries Service (NOAA-NMFS; hereafter referred to as NMFS), which
regulates the impacts of noise to protected species and implements mitigation and moni-
toring requirements under the Marine Mammal Protection Act (MMPA, 16 U.S.C. § 1371)
and Endangered Species Act (ESA, 16 U.S.C. § 1531 et seq.). NMFS, BOEM, and BSEE
have recently collaborated to develop a standard set of protocols that apply to geophysical
surveys across U.S. waters. These protocols include the Operational National Mitigation
Protocol (ONMP) for geophysical surveys, which formalizes a tiering system for catego-
rizing geophysical sound sources based on their relative potential to affect marine mam-
mals (https://www.boem.gov/environment/center-marine-acoustics /regulatory-policy
accessed on 30 June 2026). The ONMP is grounded in statutory requirements under
the Outer Continental Shelf Lands Act (OCSLA) to ensure that geophysical data are
collected in an environmentally sound manner and is implemented as part of BOEM’s
project-approval criteria.

The scientific underpinning of this tiering protocol was developed by Ruppel et al. [4],
which conducted a comprehensive review of active marine acoustic sources used for geo-
physical imaging (e.g., airguns, sparkers), high-resolution seafloor mapping (e.g., multibeam
echosounders, side scan sonars, sub-bottom profilers), oceanographic measurements (e.g.,
acoustic Doppler current profilers [ADCPs], split beam sonars), and communication or track-
ing applications (e.g., acoustic releases, navigational transponders). Rather than relying solely
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on source level (i.e., how “loud” a source is), Ruppel et al. [4] introduced additional factors
to describe physical qualities of the sound source. Those include transmission frequency,
directionality, beamwidth, pulse repetition rate, and duty cycle—which are attributes that
influence both the spatial footprint and biological relevance of acoustic exposures.

Using these physical attributes and typical operational configurations, Ruppel et al. [4]
proposed a four-tier classification scheme that groups acoustic sources according to their
relative risk to marine animals. Tier 1 represents the highest potential risk and includes high-
energy airgun arrays (>1500 in® total volume or >12 airguns). Tier 2 includes lower energy
airgun configurations (<1500 in3 or <12 airguns). The distinction between Tier 1 and Tier
2 was inferred by [4] based on a compilation of peak source levels and an observed change
in relationship between volume and peak source level near 1500 in® and generally serves
to provide a useful delineation separating the broad gamut of airgun sources utilized and
their associated acoustic energy. Tier 3 encompasses non-airgun impulsive seismic sources
such as sparkers and certain boomers, and Tier 4 includes de minimis sources considered
unlikely to result in auditory injury or behavioral disturbance of marine mammals. Tier 3
sources are expected to be less impactful than Tier 2 sources, but their effects are still not
minimal enough to be considered de minimis.

U.S. federal agencies adopted this tiering scheme nearly wholesale and folded it into
the ONMP (https://www.boem.gov/environment/center-marine-acoustics/regulatory-
policy accessed on 30 June 2026), underscoring its utility as a scientific foundation for regu-
latory mitigation frameworks. By grounding source categorization in physical, measurable
attributes rather than species-specific biological characteristics and behavioral responses,
the approach supports consistent and transparent regulation and emphasizes that the
framework is adaptable: i.e., it could be modified with new data on source characteristics or
if thresholds change, and it could be adapted by jurisdictions with different environmental
laws and/or thresholds.

Importantly, the source-based tiering approach provides a pathway for evaluating
emerging technologies. For sources not explicitly addressed in the original analysis,
Ruppel et al. [4] recommend applying the same physical criteria (i.e., frequency, source
level [SL], pulse rate, pulse duration, duty cycle, and directionality) to estimate likely
risk. This method enables regulators to integrate the tiering framework and reduce the
effect of uncertainty on regulatory processes. In cases where empirical data are limited,
Ruppel et al. [4] recommend a case-by-case evaluation until sufficient information be-
comes available. This paper uses and expands upon the Ruppel et al. [4] framework to
assess alternative seismic technologies, many of which differ substantially from tradi-
tional airguns in frequency content, temporal characteristics, air chamber volume size, and
operational mode.

Earlier work attempted to demonstrate the potential impacts of some alternative
seismic technologies through modeling approaches [14,15]; however, empirical data were
needed to verify model outputs. Several alternative seismic sources have now reached
a level of technical and operational maturity that allows their acoustic characteristics,
deployment approaches, and potential environmental impacts to be clearly defined and
reliably measured. Improved source characterization and expanded operational experience
support empirical comparisons with conventional technologies. Together, these advances
enable alternative seismic sources to be assessed in a manner that aligns technological
innovation with adaptive management and the use of best available science.

As governmental agencies around the world aim to integrate lower impact tech-
nologies into their regulatory frameworks, a quantitative tiering framework can offer a
consistent basis for evaluating and comparing emerging “quieter” seismic sources. The term
“quieter” can indicate reduced source levels, reduced signal energy at frequencies within
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marine mammal hearing ranges, or both. Establishing a science-based approach supports
regulatory modernization, advances efforts to reduce ocean noise, and enables the respon-
sible adoption of lower impact seismic technologies within a more streamlined approach.

The goal of this work is not to define a new tiering framework for conventional seismic
sources but to position emerging alternative technologies within the existing framework as
defined by Ruppel et al. [4] and adopted in the ONMP, commensurate with their acoustic
characteristics. To do this, relevant source parameters were compiled and analyzed for
several emerging technologies and conventional seismic sources that were classified as
either Tier 1, 2, or 3. Each source’s characteristics (i.e., SLs, temporal properties, and spectral
content) were used to estimate distances to auditory injury and behavioral disturbance,
calculate values for a new metric (60 s M-weighted sound exposure level [SELggs M]; see
Section 2.2), and compare emerging technologies with conventional sources. The results
were then leveraged to understand the relative impact of the alternative technologies
considered herein and categorize them within the existing tiering framework. An extensive
Supplementary File S1 provides the general methodology for deriving acoustic metrics and
weighting factor adjustments for each source, as well as figures detailing the array layout,
spectra, and waveforms associated with each source.

2. Materials and Methods
2.1. Evaluated Seismic Sources

This analysis focused on four emerging alternative seismic technologies: Tuned Pulse
Source (TPS™), Gemini Source™, HarmonyTM, and a representative marine vibroseis
(MV) system (Marine Vibrator Joint Industry Project Integrated Projector Node [MV JIP
IPN]). These sources were selected based on operational maturity and data availability.
For each technology, the best available acoustic characterizations were compiled from the
public literature, direct industry communication, and information submitted in federal
petitions and authorization applications (File S1). Comparable information was also as-
sembled for representative Tier 1-3 conventional sources, including medium volume Tier 1
airgun arrays, smaller airgun arrays consistent with the upper end of Tier 2, small airguns
consistent with the lower end of Tier 2, and sparkers (File S1). A summary of all sources
and their assumed source levels is provided in Table 1.

2.1.1. Conventional Seismic Sources

Conventional airguns are high-pressure pneumatic sources that generate repeatable,
broadband, impulsive acoustic pulses for marine seismic exploration. Each gun releases
compressed air into the water, producing a primary pressure pulse and a subsequent
bubble oscillation. Airguns are deployed in arrays combining different chamber volumes
and firing delays to increase source energy, enhance directivity, broaden bandwidth, and
reduce bubble effects. Conventional seismic airguns and airgun arrays radiate most of
their acoustic energy at low frequencies, with peak energy typically occurring between
approximately 10 Hz and 40 Hz depending on airgun volume, operating pressure, and
array design. However, detectable energy exists at frequencies above 10 kHz in field
measurements. As an example, Martin et al. [3] measured energy in the 16 kHz decidecade
band which was 20 dB above background sound levels at a range of 6 km.

The Tier 1 arrays considered are 5380 in® (42 airguns), 5110 in® (32 airguns), 4130 in®
(31 airguns), 1680 in® (20 airguns), and 1500 in (six airguns; 3000 psi) arrays, while Tier 2 is
represented by 1500 in® (six airguns; 2000 psi), 1000 in® (12 airguns), and 30 in® (2 airguns)
arrays, as well as 90 in® and 10 in® single airguns. These arrays span the range of source
configurations commonly deployed in contemporary geophysical operations—from the
large multi-element arrays used in full-scale 2D and 3D industrial surveys to the smaller
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arrays and single-gun systems typically employed in site-specific investigations, hazard
surveys, or down-hole applications. As such, they are representative of real, currently used
sources in global commercial practice. Importantly, the two larger Tier 2 arrays are each
at the upper limit of Tier 2 as defined in Ruppel et al. [4] and the ONMP: the 6-element,
1500 in® array is at the upper end in terms of total volume, and the 12-element 1000 in®
array is at the upper end in terms of number of elements. Similarly, the 90 in® and 10 in®
single airguns and the 30 in® 2-element array are representative of the lower end of Tier 2.

All conventional sources were modeled with a firing pressure of 2000 psi, which is
generally considered “standard” in the field, with the exception of the data obtained for
a 1500 in® array that was operated at 3000 psi [16]. Since 3000 psi is rather unusual for
a 1500 in® array, a 2000 psi version was also included as a scaled hypothetical source to
obtain an equal pressure comparison across sources. Notably, the 1500 in® 3000 psi array
has been evaluated as Tier 1 herein due to higher source levels compared to the 1500 in®
2000 psi array, which was the intended uppermost limit of Tier 2 in Ruppel et al. [4] and
the ONMP. Detailed descriptions of all conventional airgun sources are provided in File S1.

In addition to airguns, this analysis incorporates sparkers for comparative purposes.
Sparkers are high-resolution, impulsive seismic sources that convert electrical, rather than
pneumatic, energy into acoustic output. During operation, a high-voltage discharge is
released across multiple electrodes, or “tips,” which vaporizes the surrounding seawater,
leading to the creation and collapse of bubbles [17]. Consequently, the key predictors
of total acoustic energy for sparkers are electrical energy and the number of tips, rather
than air volume or array size as in airgun systems. Sparker energy may range from 0.2 to
30 kJ, which produces overall energy comparable to single airguns with volumes greater
than 1 in® and approximately 15 in3, respectively [17]. Relative to airguns, sparkers have
faster repetition rates, they have generally lower source levels, and their primary energy
is at higher frequencies [4]. Ruppel et al. [4] classifies most sparkers as Tier 3 sources,
with some low energy sparkers in Tier 4. This study included three sparker systems, each
evaluated in two configurations (i.e., low and high power), with source levels taken from
Crocker et al. [18]. The evaluated sparkers are the SIG ELC 820, Applied Acoustics (AA)
Dura-Spark, and AA Delta sparker; further details are provided in File S1.

2.1.2. Ultra Low-Frequency (ULF) Seismic Sources

ULF pneumatic sources have emerged in recent years to address the need for improved
low-frequency bandwidth for sub-salt and sub-basalt imaging, as well as to reduce potential
environmental impacts [1,19]. These systems include the TPS™, Gemini Source™, and
Harmony™, which are characterized by bubble resonance frequencies below 7 Hz and are
engineered to generate enhanced energy in the 1-10 Hz band. These sources typically contain
peak energy below 10 Hz, with reduced signal amplitude above ~60-90 Hz. The TPS™ (Sercel,
Houston, TX, USA) is a low pressure (~1000 psi), high volume (28,000 in®) pneumatic source
that releases a large, controlled air volume to produce an impulsive, long rise-time signal with
low-frequency bubble oscillation, yielding a 2.6-2.8 Hz peak frequency and a broad (1-60 Hz)
spectrum with reduced high-frequency energy. The Gemini Source™ (TGS, Houston, TX,
USA) is a high volume (8000 in®), single element source that produces a peak frequency of
3.4 Hz with a broad spectrum (~2-80 Hz) and has reduced high-frequency output relative to
conventional arrays. The HarmonyTM source (Shearwater Geoservices, Houston, TX, USA)
is a 6000 in® modified hypercluster array of six 1000 in® airguns that uses frequency locking
among closely spaced bubbles to enhance low-frequency output—producing a ~4.2 Hz peak
frequency and a broadband spectrum while reducing high-frequency energy.

ULF technologies are considered impulsive, intermittent sources; however, they are
designed to provide two primary advantages over conventional airguns. First, they pro-
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vide deeper subsurface penetration and improved imaging of complex geologies due to
the concentrated low-frequency energy. Second, the reduced signal amplitude at higher
frequencies may lower sound exposure for marine mammals whose hearing ranges overlap
with the higher frequency components of conventional airgun pulses. Descriptions and
images of representative ULF systems are provided in File S1.

2.1.3. Marine Vibroseis (MV)

MYV systems differ significantly from pneumatic sources because they generate con-
trolled, continuous, or swept acoustic signals using electromechanical or hydraulic actu-
ators that may be towed behind a vessel or deployed on the seafloor. Unlike impulsive
airgun sources, MV systems produce non-impulsive signals with operator-defined fre-
quency content and duration, resulting in lower peak sound pressure levels and a smoother
temporal envelope. MV systems can be tuned for specific geological targets and survey
objectives, supporting applications such as high-resolution imaging and full waveform
inversion modeling. These characteristics may also reduce the potential for disturbance to
marine mammals relative to impulsive sources. Operational details and acoustic source
characteristics for an empirical survey using small-scale representative MV systems and a
modeled large-scale MV system (i.e., the Marine Vibrator Joint Industry Project Integrated
Projector Node [MV JIP IPN]) are summarized in File S1.

Table 1. Source levels for conventional airguns, airgun arrays, sparkers, and alternative seismic
sources considered in this analysis. Source levels were derived from horizontal surface-affected
waveforms, except for MV and sparkers. Horizontal surface-corrected spectra were used for MV.
Source levels for all sparkers were taken directly from the primary reference. Where azimuthally
dependent data were available, the broadside angle was assumed to reduce that directionality (see
File S1 for details). Metrics are per-pulse sound exposure level (SELs;), zero-to-peak sound pressure
level (PK SPL), and 90% energy-windowed RMS SPL. SEL is given for the entire pulse duration for
all sources, which is typically less than 1 s for pneumatic sources and 5 s for MV JIP IPN sources.

s T ) SEL,s PK SPL RMS SPL
ource . . ow Pulse :
Category Source Configuration Depth (m) Interval (s) (dBrel (dBrel (dBrel Primary Reference
puPa? m? s) pPam) pPam)
5380 in® 42 airguns 12 10 233.9 256.0 248.0 CMA Gundalf analysis
5110 in® 32 airguns 9 10 232.4 254.3 248.3 CMA Gundalf analysis
Tier 1 4130 in® 31 airguns 8 10 229.3 251.8 245.8 CMA Gundalf analysis
1680 in3 20 airguns 7 10 227.3 252.1 246.3 CMA Gundalf analysis
3
1500 in 6 airguns 10 10 257 2512 2441 CMA Gundalf analysis
(BK psi)
1500 in® . .
(2K psi) 6 airguns 10 10 2221 248.2 240.1 CMA Gundalf analysis
. . CMA Gundalf analysis,
3 ]
1000 in 12 airguns 12 10 2229 2473 239.3 Frankel and Ozanich [20]
Tier 2 . . CMA Gundalf analysis
3 2
90 in’ 1 airgun 4 10 205.2 232.4 222.0 Zeddies etal. [21]
. CMA Gundalf analysis
in3 ysis,
30 in 2 airguns 4 10 206.4 235.5 230.2 Austin et al. [22]
10 in® 1 airgun 2 10 197.6 228.0 223.6 CMA Gundalf analysis
AA Dura-Spark 24007, 400 tip <1 0.5 188 225 214 Crocker and Fratantonio [18]
sparker
AA Delta Sparker 2400 J sparker 1 0.5 185 221 205 Crocker and Fratantonio [18]
SIG ELC 820 750 J sparker 1 0.5 182 214 206 Crocker and Fratantonio [18]
Tier 3
AA Dura-Spark 1007, 80 tip <1 0.5 173 207 200 Crocker and Fratantonio [18]
sparker
AA Delta Sparker 500 J sparker 1 0.5 167 206 190 Crocker and Fratantonio [18]
SIG ELC 820 300 J sparker 1 0.5 174 207 198 Crocker and Fratantonio [18]
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Table 1. Cont.

s - SELgs PK SPL RMS SPL
ource . . ow Pulse :
Category Source Configuration Depth (m)  Interval (s) (dBrel (dBre1 (dBre1 Primary Reference
uPa? m? s) puPam) uPam)
TPS™ 1-28,000 in® 8 12 2163 2376 219.7 Sercel Pers. Comm,,
analysis per this study
Gemini Source™ 1-8000 in® 8 5.5 216.9 240.0 231.0 TGS Nucleus analysis
Harmony™ 1-6000 in® 8 10 226.2 249.1 244.0 Sheérwater Geoservices
undalf analysis
MV JIP IPN 18 elements 6 50n/5 off 217.2 2186 210.6 Matthews et al. [23];
Alternatives dynamic
Li and Martin [24]; dynamic—
MV JIP IPN 1 element 6 50n/5 off 1965 199.0 193.1 i AN
Liand Martin [24]; dynamic—
MV JIP IPN 2 elements 6 5 on/5 off 201.1 204.0 198.9 PILOT-16-E-1-22
MV JIP IPN 2 elements 6 5 on/5 off 200.1 203.4 197.9 Li and Martin [24];

stationary—PILOT-05-B-1-01

2.2. Marine Mammal Acoustic Criteria and Metrics

The MMPA protects all marine mammals, while the ESA provides additional pro-
tections for species listed as threatened or endangered. Although their definitions of
“take” differ slightly, activities that may affect ESA-listed marine mammals must be con-
sidered under both statutes. Marine mammals are grouped into five functional hearing
categories based on auditory anatomy and hearing sensitivity: low-frequency cetaceans,
high-frequency cetaceans, very high-frequency cetaceans, phocid pinnipeds (in water and
in air), and otariid pinnipeds (in water and in air) [25,26]. NMFS has regulatory authority
over the protection of cetaceans and most pinnipeds, while the U.S. Fish and Wildlife
Service has jurisdiction over sirenians, polar bears, walruses, and sea otters.

Under the MMPA, auditory injury equates to Level A harassment, while behavioral
disturbance and TTS equate to Level B harassment'. NMFS [25] has defined auditory injury
onset thresholds using dual criteria for whichever is exceeded first of the unweighted peak

sound pressure level (PK SPL; L, gk in dB re 1 pPa) and the auditory injury-weighted

,0-
cumulative sound exposure leveri (gEL Aud Inj; LE,Aud Inj in dB re 1 uPa? s) for impulsive
sources and SELyq 1nj for non-impulsive sources [25]. The auditory weighting functions
for each hearing group are solely used for auditory injury onset and differ from the broader
M-weighting functions used later in this analysis. For behavioral disturbance onset thresh-
olds, NMEFS currently uses a 90% energy-windowed root-mean-square sound pressure
level (RMS SPL; Ly, rms,90%) of 160 dB re 1 pPa for non-explosive impulsive sound sources
(e.g., airguns and impact hammers) and intermittent sound sources (e.g., scientific and
non-tactical sonar), and 120 dB re 1 pPa for continuous sounds [27]. Those are unweighted,
non-cumulative (i.e., instantaneous) thresholds that are applicable for all marine mammal
species, regardless of hearing group. Notably, the decision is made here to use the 160 dB
re 1 uPa RMS SPL threshold as the criteria directly associated with behavioral disturbance
for all sources. This choice was made to provide direct comparisons, but also because the
operational timing assumed for the MV sources analyzed here is consistent with that of
an intermittent sound source. These criteria, combined with source characteristics and
propagation modeling, are used to estimate distances at which injury or disturbance may
occur [28].

It should be noted that an inherent limitation of this work and generally of assessing
acoustic impacts to marine mammals stems from the uncertainty in deriving acoustic
criteria. Regarding auditory injury, the NMFS [25] criteria is based on the best available data
for TTS and extrapolated to approximate auditory injury onset. However, in many instances
data is only available for a limited number of species or a limited number of individuals
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for a given species [25]. Regarding behavioral disturbance, the authors recognize that
behavioral response is complex and context-dependent [29], and further that it has been
shown that dose-response functions more accurately predict behavioral response than
single step function thresholds such as the 160 dB re 1 uPa RMS SPL threshold [30,31].
However, in this work we are focused on the acoustic properties of the sound sources
considered here rather than accurate quantification of behavioral responses. Thus, it is
deemed that the 160 dB re 1 pPa RMS SPL threshold is an appropriate means of a simplistic
point of comparison.

Two approaches were used to determine the appropriate tiers for the alternative
seismic sources. First, the current NMFS [25,32] auditory injury and behavioral disturbance
onset thresholds were used to estimate approximate distances at which received levels
may elicit auditory injury and behavioral disturbance for each source. These distances
are used solely for cross-source comparison; they are not intended for take estimation.
Therefore, the specific results herein (e.g., approximate distances to thresholds) likely will
differ significantly from those that are more appropriate for estimating take from a more
sophisticated modeling approach for a specific activity in a specific environment. It should
further be noted that the risk of auditory injury from geophysical sources is reduced when
standard mitigation and monitoring measures are implemented (Table 2).

Second, an audibility metric was incorporated that captures differences in spectral
and temporal characteristics across seismic sources. We introduce a 60 s M-weighted SEL
(SELgosm; LEcosm in dBre 1 uPa? m? s) which is nicknamed the “Conrad metric.” Sound
exposure level (SEL) provides a consistent basis for comparing the acoustic energy of
sources with differing durations or duty cycles [33], and a 60 s window exceeds the pulse
interval of all sources considered, ensuring the temporal differences are fully captured. The
older M-weighting functions introduced by Southall et al. [34] have been used to evaluate
marine mammal behavioral responses [21,35]. M-weighting functions were used because
they operate as frequency-dependent filters that emphasize broad audibility across each
hearing group rather than the narrower weighting functions used for injury onset, offering
a biologically relevant measure of audible energy. The SEL4gs v metric is a measure of the
total acoustic energy produced by each source in 60 s and within a frequency range relevant
to each hearing group. The 60 s M-weighted SEL is intended to compare seismic sources
and is not intended as a metric to assess behavioral harassment. In all cases, the metric is
represented herein as a source level (i.e., at 1 m distance).

Ranges to auditory impacts were assessed using NMFS [25,32] criteria alongside
SELgops M values for each source and each marine mammal hearing group. While NMFS’s
thresholds provide a basis for estimating ranges to onset of auditory injury and behavioral
disturbance, SEL¢ps v adds a comparative measure of audibility that reflects spectral and
temporal characteristics of the source. Although this approach diverges from the framework
developed in Ruppel et al. [4], each of the factors examined in that study were incorporated
to various degrees through a combination of the criteria and metrics that were analyzed.
For example, SELgps v directly accounts for inaudible frequencies (Factor 1) and partially
accounts for degree of exposure (Factor 5) by considering pulse duration and duration of
pulse intervals, while distance to the 160 dB re 1 yuPa behavioral threshold (Factor 2) is
explicitly evaluated. Although directivity and beamwidth parameters (Factors 3 and 4)
were not calculated, directional characteristics were considered by focusing on horizontal
propagation (see Section 2.3 and File S1). Evaluation of PK SPL also was included, which
informed airgun categorization in Ruppel et al. [4].

Together, these methods allow comparison of the potential for auditory injury and
behavioral disturbance using NMFS [25,32] criteria while also characterizing relative audi-
bility across hearing groups. This integrated framework supports consistent cross-source
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evaluation of potential auditory and behavioral impacts and builds upon the framework
developed by Ruppel et al. [4].

2.3. Acoustic Analysis

A complete discussion of the source modeling methodology and associated rationale
is presented in File S1. Briefly, source waveforms and spectra were derived from modeling
via Gundalf [36] for all conventional sources and HarmonyTM, from Nucleus+ [37] for

™ "and via the notional waveform as derived from far-field signatures

the Gemini Source
for TPS™. Waveforms and spectra included surface reflections or ghost notches, and the
effective horizontal characteristics were approximated from dip angles of 15°, 30°, and 45°,
following techniques for measurement of noise from vessels [38] and recommendations for
measuring seismic sources [39]. This represents the authors’ best attempts to capture the
likely horizontal down-range characteristics without conducting site-specific numerical
propagation modeling. Notably, it is standard to define source levels as the theoretical
or notional level at 1 m corresponding to an equivalent monopole source in a uniform
medium [40]. In this case, metrics were derived from the approximate horizontal surface-
affected source waveforms (i.e., PK SPL, SEL, RMS SPL) and do not meet this strict source
level definition but are rather closer to what may be referred to as dipole source levels.
Regardless, these metrics are simply referred to herein as “source levels,” though caution
should be exercised when applying them in other contexts. In this manuscript, source
levels are denoted as such based on the inclusion of meters in the units (e.g., dB re 1 uPa
m), following ISO 18405 [40].

In the case of MV, the authors did not have access to models or data associated
with surface-affected (i.e., with ghost) characteristics and therefore used reported surface-
corrected (i.e., without ghost) waveforms, spectra, and metrics from Matthews et al. [23]
and Li and Martin [24]. Source level metrics for sparkers were taken from Crocker and
Fratantonio [18], and a representative spectrum from McQueen et al. [41] was used for
all sparkers.

2.3.1. Source Characterization

NMES characterizes non-explosive sound sources as impulsive or non-impulsive for
the purpose of selecting the appropriate auditory injury criteria and as intermittent or con-
tinuous for behavioral harassment thresholds. In this analysis, these distinctions were made
categorically and based solely on source-specific, at-source characteristics; propagation-
dependent factors that could cause an impulsive signal to become non-impulsive were
not incorporated. For MV, the signal is non-impulsive, emitting sound at an approximate
50% duty cycle. It is recognized that there are very few sound sources that are truly
continuous temporally. However, a key distinction between continuous and intermittent
sound sources is that intermittent sounds have a more regular (i.e., predictable) pattern of
bursts of sounds and silent periods (i.e., duty cycle), which continuous sounds do not [28].
Therefore, the representative MV source is considered an intermittent source with respect
to the behavioral disturbance thresholds. All other sources in this document are impulsive,
intermittent sources.

2.3.2. Calculation of Auditory Injury Onset Ranges

Horizontal source spectra were weighted using the NMFS [25] auditory weighting
functions. For each hearing group, weighting factor adjustments were calculated as the
difference between the unweighted and hearing-group-specific weighted broadband levels.
The associated adjustment factors, SEL source level (Table 1, as calculated from horizontal
source waveforms, hereafter simply referred to as the SEL source level), pulse intervals,
and uniform assumptions of vessel speed (2.0 m/s for sparkers and 2.315 m/s for all other
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sources) were entered into the NMFS Optional User Spreadsheet tool (Version 3.1, 2024)
to estimate ranges to auditory injury thresholds (Table 2). Impulsive sources were evalu-
ated using the mobile impulsive source tab; MV was evaluated using the non-impulsive
intermittent mobile source tab [25]. This method assumes constant source velocity and di-
rection, a stationary receiver, consistent pulse spacing, and propagation loss using spherical
spreading [28,42]. For mobile sources, the NMFS Optional User Spreadsheet tool applies
the “safe distance” concept from Sivle et al. [42], defined as the distance from the source
beyond which the SEL-based threshold is not exceeded. Notably, the non-impulsive acous-
tic thresholds are higher than the thresholds for impulsive sources based on the reduced
potential for auditory injury.

For estimating auditory injury ranges (impulsive sources only) to the PK SPL thresh-
olds, PK SPL source levels were calculated from surface-affected source waveforms. Each
source level was then propagated to the appropriate thresholds assuming spherical spread-
ing, without considering absorption (Table 2). The simplifying assumption was made that
range dependence follows spherical spreading for all sources and all metrics.

2.3.3. Calculation of Behavioral Disturbance Onset Ranges

Ranges associated with the onset of behavioral disturbance were estimated by de-
termining the distance at which the received RMS SPL decayed to the 160 dB re 1 uPa
threshold [32], assuming spherical spreading in the absence of absorption. The distances to
the threshold were based on surface-affected source waveforms, except for MV, which used
surface-corrected source waveforms. Frequency-dependent auditory weighting was not
used when estimating behavioral disturbance ranges. It is important to note that the RMS
SPL metric in practice depends strongly on the environment and has range dependence that
requires time domain propagation modeling or empirical data to accurately estimate. For
this effort, the RMS SPL was computed from source waveforms; therefore, the simplifying
assumption was made that range dependence follows spherical spreading for all sources.

2.3.4. Calculation of 60 s M-Weighted SEL

For analysis of the 60 s M-weighted SEL, each spectrum was weighted according to the
Southall et al. [34] M-weighting functions for each marine mammal hearing group (Table 3)
to produce weighting factor adjustments. Weighting factor adjustments were calculated as
the difference between the unweighted broadband level and the M-weighted broadband
level using the horizontal source spectra. Single-shot SEL source levels (SELss; L s in dB
re 1 pPa? m? s) were also used, as they represent a per-pulse source level that accounts for
pulse duration. SELs were reduced by the weighting factor adjustment for each hearing
group and adjusted according to the source-specific pulse interval (i.e., the time between
pulses) to account for all energy within a 60 s time period. This method is represented in
Equation (1):

LE, 60s, M, hg — LE, ss Ade, hg + 10L0g10(60 5 /tint) ’ (1)

where Lg 605, M, ng is the hearing-group-specific 60 s M-weighted SEL, Lg s is the SELss,
Adjpy, ng is the hearing-group-specific weighting factor adjustment, and t;,; is the pulse
interval in seconds.

2.3.5. Tier Classification

Ruppel et al. [4] relied on multiple factors to ascribe sources into each tier, as described
in Section 2.2 above. Because of this, it is not possible to draw a line between tiers based
on a single metric. The somewhat qualitative definitions of tiers that emerged from [4]
are a result of the multi-faceted and complex nature of the problem. Similarly, defining
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quantitative thresholds for tiers is outside the scope of this manuscript. Instead, this work
aims to provide a general, science-based relative-risk arrangement of sources to support
policy frameworks such as the referenced tiering system. Most importantly, we seek to
clarify the relative risk associated with emerging sources compared with those previously
placed within the existing framework.

Tiering determinations for this work are made as follows: when an alternative seismic
source produced acoustic parameters comparable to those of a previously evaluated source
assigned to Tiers 1-3, the alternative source was placed in the corresponding tier. Sources
exhibiting characteristics consistent with those already classified as de minimis in the
ONMP or with negligible estimated ranges for auditory injury and behavioral disturbance
would likewise potentially be considered de minimis. However, none of the sources
evaluated in this analysis met the criteria for de minimis classification.

3. Results

The auditory injury and behavioral disturbance onset ranges provided in this analysis
are approximate estimates using simplified methods and intended for comparison across
sources rather than for estimating take. Results likely will vary significantly from those
generated by more sophisticated techniques, including location-specific propagation and
animat exposure modeling. Thus, while useful for tiering sources, these ranges are not
synonymous with location-specific estimates and are not recommended for use in assessing
take or exposure.

3.1. Spectral Characteristics

One of the primary distinctions among the various sources considered is their relative
energy distribution in the frequency domain. Many of the criteria considered depend
strongly on this input, as the overlap of source spectra with marine mammal weighting
functions dictates the portion of each signal that may contribute to weighted SEL metrics
(i.e., auditory injury and the Conrad metric). Spectra for each source were converted
to decidecade band SELs where necessary (i.e., unless the source data were taken from
the literature in decidecade band SELs) and are shown in Figure 1, which provides a
comparison of the analyzed alternative technologies and conventional sources in Tiers 1-3.

Figure 1 demonstrates that the alternative sources have a different distribution of
energy at frequencies < 100 Hz compared to conventional airgun sources. Specifically, ULF
pneumatic alternatives (i.e., Gemini Source™, HarmonyTM, and TPSTM) exhibit greater
energy than all conventional sources for some frequency bands below 10 Hz. Energy in
frequency bands above approximately 10 Hz is lower for alternative technologies than the
highest amplitude analyzed Tier 1 source (Figure 1). In the case of both the Gemini Source™
and TPS™, frequency band levels are within or below the range of levels associated with
Tier 2 sources for all frequencies above approximately 5 Hz. For Harmony™, frequency
band levels remain near the lower limit of Tier 1, from approximately 8 Hz to 200 Hz, and
generally remain bounded by the Tier 2 sources for higher frequencies. The MV source
is based on spectra from 1, 2, and 18 elements, and frequency band levels below 100 Hz
are consistently within the range of Tier 2 sources. Beyond 100 Hz, the frequency band
levels are significantly lower for the MV sources (Figure 1). The MV upper bounds above
100 Hz shown as solid green lines are based on measurements from Li et al. [24] and contain
background noise contamination, while the dashed green line indicates the lower bound
above 100 Hz based on the modeled results from Matthews et al. [23].
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Figure 1. Decidecade unweighted SEL source level spectra for the Gemini Source™, Harmony™,
TPS™, and MV JIP IPN (1, 2, and 18 elements) compared to the Tier 1-3 conventional sources
considered in this analysis. The range of levels analyzed for each tier is shown by their respective
shaded-colored regions. For simplicity, only two sparkers are included, representing the lowest and
highest amplitude sources. The spectra for sparkers only extend down to approximately 250 Hz, and
while they capture most of the total expected energy, it should be assumed that additional energy
extends to lower frequencies. All four configurations of MV sources are shown: single-element
MV (dynamic), dual-element MV (stationary and dynamic), and modeled data from a dynamic
18-element MV array (see Table 1 and File S1 for source details). Finely dotted lines for pneumatic
sources indicate applied high-frequency extrapolation (i.e., 15 dB per decade for decidecade bands).

3.2. Auditory Injury Ranges

Application of the NMFS [25] auditory weighting functions revealed substantial
differences in predicted auditory injury ranges across source types (Table 2). Auditory
injury has the potential to occur when either the SEL o 1nj threshold or the unweighted PK
SPL threshold is exceeded. To be conservative, the criterion that results in the largest injury
range is generally used. For all sources, either the SELq 1nj thresholds for low-frequency
cetaceans or the unweighted PK SPL thresholds for very high-frequency cetaceans result
in the largest injury ranges (Table 2). The auditory injury onset ranges (Table 2) for HF
cetaceans and pinnipeds are generally small for all sources (i.e., <20 m for HF cetaceans
and OW pinnipeds, and a maximum of 165 m for PW pinnipeds). For VHF cetaceans,
the PK SPL threshold results in auditory injury onset ranges of hundreds of meters for all
airgun arrays with volumes of >1000 in%, as well as Harmony™. Auditory injury onset
ranges for SELayq 1nj for LF cetaceans are significant for Tier 1 airgun arrays generally,
approaching 3 km for the 5380 in® airgun array but decreasing to tens of meters or less for

S™ and the Gemini Source™.

small volume airguns, sparkers, MV, TP

ULF pneumatic sources produced smaller SEL g 1nj ranges for pinnipeds and high-
and very high-frequency cetaceans due to their reduced high-frequency energy content
compared to Tier 1 and the larger Tier 2 conventional airgun arrays (Table 2). Some alterna-
tive sources (TPS™, Gemini Source™, and MV) have smaller or similar expected auditory
injury onset ranges compared to the Tier 2 conventional sources and have substantially

smaller ranges compared to Tier 1 conventional airgun arrays (Table 2). Thus, considering

https://doi.org/10.3390 /jmse14151379


https://doi.org/10.3390/jmse14151379

J. Mar. Sci. Eng. 2026, 14, 1379 13 of 22

the expected likelihood of auditory injury and based on the configurations presented, two

S™ and Gemini Source™)

pneumatic ULF alternative sources (i.e., TP can be placed in Tier
2. For the Harmony™ source, expected auditory injury onset ranges were similar to the
1500 in® 3000 psi airgun array, which is the lower bound of Tier 1 (Table 2). The small-scale
MV systems, which were analyzed using the higher non-impulsive SEL A4 1n; thresholds
rather than the impulsive thresholds, have null SEL ranges for all hearing groups (Table 2).
The likelihood of auditory injury is sufficiently less than Tier 2 sources, such that expected
impacts are at the most commensurate with Tier 3 for the smaller configurations of MV
based on auditory injury onset ranges alone. MV sources operated continuously were not

analyzed and should be treated on a case-by-case basis.

3.3. Behavioral Disturbance Onset Ranges

Conventional Tier 1 airgun arrays generated the largest behavioral disturbance zones.

S™ and Gemini Source™ produced behavioral ranges comparable

In this analysis, the TP
to or smaller than those of Tier 2 conventional sources (Table 2). For the HarmonyTM source,
expected behavioral disturbance ranges were similar to the 1500 in® 3000 psi airgun array,
which is the lower bound of Tier 1 (Table 2). MV systems, evaluated using the 160 dB re
1 pPa threshold for non-explosive impulsive or intermittent sources, exhibited behavioral

disturbance onset ranges similar to sparkers due to their comparable RMS SPLs (Table 2).

Table 2. NMFS auditory injury (AUD IN]) “safe distances” (m) calculated for auditory-weighted
cumulative SEL (dB re 1 pPa? s) and PK SPL (dB re 1 uPa) and the spherical spreading distance (m)
to the 160 dB threshold based on RMS SPL (dB re 1 uPa). PK SPL was calculated only for impulsive
sources. MV signals are non-impulsive, thus the non-impulsive auditory injury criteria were used.
Marine mammal hearing group abbreviations are low-frequency cetaceans (LF), high-frequency
cetaceans (HF), very high-frequency cetaceans (VHF), phocid pinnipeds in water (PW), and otariid
pinnipeds in water (OW) [25].

Source S Configuration SEL AUD IN]J Safe Distance PK SPL AUD IN]J Safe Distance 160 dB
Category ource & LF HF  VHF PW ow LF HF  VHF PW ow Distance
5380 in® 42 airguns 2910 4 92 165 13 50 20 502 45 20 25,214
5110 in® 32 airguns 1674 2 38 71 5 41 16 411 37 16 26,062
Tier 1 4130 in® 31 airguns 1230 1 14 53 3 31 12 308 27 12 19,389
1680 in 20 airguns 1087 1 20 55 3 32 13 320 28 13 20,694
a3
1500 in 6 airguns 486 2 153 5 7 29 1 287 26 11 16,040
(3K psi)
1500 in’ .
(K psi) 6 airguns 224 1 69 21 3 20 8 203 18 8 10,155
1000 in 12 airguns 205 1 118 23 4 18 7 183 16 7 9189
Tier2 90 in’ 1 airgun 10 0 0 1 0 3 1 33 3 1 1258
30 in® 2 airguns 17 0 1 2 0 5 2 47 4 2 3252
10 in® 1 airgun 3 0 0 0 0 2 1 20 2 1 1511
AA 2400 J, 400 tip
Dura-Spark sparker 9 0 213 7 3 1 1 14 1 1 501
AA Delta 2400 ] sparker 5 0 107 4 1 1 0 9 1 0 178
Sparker
SIG ELC 820 750 J sparker 2 0 54 2 1 0 0 4 0 0 200
Tier 3
AA 1007, 80 tip
Dura-Spark sparker 0 0 7 0 0 0 0 2 0 0 100
Q‘A Delta 500 J sparker 0 0 2 0 0 0 0 2 0 0 32
parker
SIG ELC 820 300 ] sparker 0 0 8 0 0 0 0 2 0 0 79
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Table 2. Cont.
Source S Configuration SEL AUD IN]J Safe Distance PK SPL AUD IN]J Safe Distance 160 dB
Category ource & LF HF  VHF PW ow LF HF  VHF PW ow Distance
TPS™ 1-28,000 in® 11 0 1 0 0 6 2 60 5 2 962
gemi“im 1-8000 in® 70 0 25 2 0 8 3 79 7 3 3541
ource
Harmony™ 1-6000 in® 415 0 4 8 1 23 9 227 20 9 15,774
Alternatives  \fy JIp PN 18 elements 0 0 0 0 0 n/a n/a n/a n/a n/a 339
MV JIP IPN 1 element 0 0 0 0 0 n/a n/a n/a n/a n/a 45
MV JIP IPN 2 elements 0 0 0 0 0 n/a n/a n/a n/a n/a 88
MV JIP IPN 2 elements 0 0 0 0 0 n/a n/a n/a n/a n/a 79

3.4. 60 s M-Weighted SEL

The SELgps M source level metric provided additional insight into broad audibility
across hearing groups, while also capturing important temporal characteristics of the sound
source (i.e., pulse duration and pulse interval). For low-frequency cetaceans, the TPS™
and Gemini Source™ produced SEL¢s v values within the range of those calculated for
Tier 2 conventional sources (Table 3), reflecting strong overlap with low-frequency cetacean
hearing sensitivity. As shown in Figure 2, the low-frequency cetacean SEL4g\ values
are approximately the same (i.e., within 1 dB) as the unweighted SEL4(s values for all
evaluated sources, except the 18-element MV and TPS™, which were reduced by ~1 and
2.6 dB, respectively. Notably, recent evidence suggests mysticetes may be more reasonably
represented by two hearing groups (very low frequency and low frequency) [43]. In this
case, the differences between the sources in Figure 2 may be understated for those species
which would be placed into the updated low-frequency hearing group. For pinnipeds and
high- and very high-frequency cetaceans, SELgs M values for TPS™ and Gemini Source™
were lower than those of Tier 1 and 2 airgun arrays >1000 in> (Figure 2; Table 3), consistent
with their reduced high-frequency output. For all hearing groups, SELggs v values for
Harmony™ were similar to the 1500 in® airgun arrays (Figure 2; Table 3). The single
and dual-element MV sources produced lower SELgys v values across all hearing groups
relative to ULF sources, conventional airguns, and high-energy sparkers (Figure 2; Table 3),
with the exception of the single 10 in® airgun. Additionally, the 18-element MV SELggs m
is lower for all hearing groups than that of conventional airgun arrays and ULF sources,
with the exception of the 30 in® airgun array. Together, these results indicate a general and
significant reduced audibility of MV sources compared to other technologies.

In categorizing airguns, Ruppel et al. [4] compiled peak source levels as a function of
total air volume in order to visualize a break point between Tier 1 and Tier 2, derived based
on separate known relationships between air volume and peak pressure for single airguns
and airgun arrays. A similar visualization is presented in Figure 3. Rather than examining
the relationship between air volume and peak pressure, Figure 3 shows the relationship
between PK SPL and SELgs M for low-frequency cetaceans using surface-affected source
levels, except for MV, which used surface-corrected source levels. According to NMFS [25],
it is recognized that PK SPL is not an evaluated metric for non-impulsive sources. However,
PK SPL can be computed for any acoustic signal, and it is often reported for these sources.
Further, because impulsive sources typically have high relative PK SPL, inclusion of this
metric allows consideration of relative impulsivity across sources. Because the SELgpsm
encompasses information about both frequency composition and temporal characteristics,
the relative position of each source on this plot provides a meaningful comparison across
sources (Figure 3). The low-frequency cetacean hearing group was chosen since this group

may be the most sensitive to exposures from these low-frequency sources.
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Figure 2. Comparison of unweighted SELg)s and M-weighted SEL¢s for all evaluated sources
(top panel), and the relative differences in decibels between the unweighted SELgps and marine mammal
hearing-group-specific M-weighted SEL4s (bottom panel). For Tier 1, Tier 2, sparkers, and MV, multiple
sources were evaluated per category. For these categories, the bar amplitudes are their associated median
value. The error bars indicate the minimum and maximum values in each case. M-weighted marine
mammal hearing group abbreviations are low-frequency cetaceans (LF-M), high-frequency cetaceans
(HE-M), very high-frequency cetaceans (VHF-M), and pinnipeds in water (PP-M).
Table 3. The 60 s M-weighted SEL (SELggg \; dB re 1 uPa? m? s) source levels for marine mammal
hearing groups. Pinnipeds are in a single hearing group following the methods and hearing ranges
from Southall et al. [34]. The terms high- and very high-frequency cetaceans [25] correspond to mid-
and high-frequency cetaceans, respectively, in Southall et al. [34]. Marine mammal hearing group
abbreviations are low-frequency cetaceans (LF), high-frequency cetaceans (HF), very high-frequency
cetaceans (VHF), and pinnipeds in water (PP).
Source . . SELgos,m
Category Sl Configuration LF HF VHF PP
5380 in3 42 airguns 241.2 231.9 230.4 234.7
5110 in® 32 airguns 239.8 228.5 226.9 232.3
Tier 1 4130 in® 31 airguns 236.6 228.1 226.3 231.2
1680 in3 20 airguns 234.9 227.8 226.4 230.6
1500 in3 (3K psi) 6 airguns 233.2 223.5 2219 227.2
1500 in® (2K psi) 6 airguns 229.5 220.5 219.0 223.8
1000 in® 12 airguns 230.3 219.7 218.4 223.3
Tier 2 90 in3 1 airgun 212.8 207.6 206.2 210.1
30 in® 2 airguns 2141 210.5 209.4 2124
10 in® 1 airgun 205.3 203.0 202.0 204.4
AA Dura-Spark 2400 J, 400 tip sparker 208.6 208.7 208.6 208.7
AA Delta Sparker 2400 ] sparker 205.6 205.7 205.6 205.7
Tier 3 SIG ELC 820 750 J sparker 202.6 202.7 202.6 202.7
ier
AA Dura-Spark 100 J, 80 tip sparker 193.6 193.7 193.6 193.7
AA Delta Sparker 500 J sparker 187.6 187.7 187.6 187.7
SIG ELC 820 300 J sparker 194.6 194.7 194.6 194.7
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Table 3. Cont.
Source . . SELgos,m
Category Source Configuration LF HF VHF PP
TPS™ 1-28,000 in> 220.7 204.1 201.0 210.6
Gemini Source™ 1-8000 in> 226.6 213.2 210.6 219.0
Harmony ™ 1-6000 in> 233.6 221.3 218.7 226.8
Alternatives MV JIP IPN 18 elements 223.9 200.1 195.6 209.7
MV JIP IPN 1 element 203.6 190.0 186.4 197.1
MV JIP IPN 2 elements 208.7 194.8 191.0 202.2
MV JIP IPN 2 elements 207.5 193.0 189.3 200.5
I Tier 1 Conventional
240 4 @ Tier 2 Conventional 5380 jn’
‘ ULF Pneumatic 5110 in®
4 Mmv 4130 in32 - 240
1680 in’
@ A Sparker Harmony ¢ g 1500 ind, 3k psi
£ 1000 in3
% 280+ 1 1500 in?, 2k psi
:" ¢ Gemini 230
g <MV JIP (18 element) -
g 3
= 220 1 ¢ TPS n
& =
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3 . =
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Figure 3. Visual comparison of PK SPL and SELgqs \ source levels for all sources. The low-frequency
cetacean hearing group was selected for the representative 60 s M-weighted SEL (SELggs M L) Values.
Sources are colored based on RMS SPL source levels shown on the secondary y-axis.

4. Discussion

This analysis evaluated four emerging alternative seismic sources within the tiered
source classification framework established by Ruppel et al. [4] and the ONMP (https:
/ /www.boem.gov/environment/center-marine-acoustics /regulatory-policy accessed on
30 June 2026). By applying the NMFS [25,32] auditory injury and behavioral disturbance
onset thresholds alongside a new metric that allows for comparisons across geophysical
source types (SELggs M), the analysis demonstrated that ULF pneumatic sources and a
representative MV system differ meaningfully from conventional airgun arrays in their
acoustic characteristics and their potential to affect marine mammals. Compared to Tier 1
airgun arrays, this analysis indicates that the TPS™  Gemini Source™, and MV arrays have
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lower energy over a 60 s window, smaller auditory injury ranges, and smaller behavioral
disturbance ranges for all marine mammal hearing groups (Tables 2 and 3). Taken together,
this assessment indicates that sources evaluated in Tiers 2 and 3 could justifiably warrant
less restrictive mitigation requirements than Tier 1 arrays, thereby supporting their broader
use and providing a foundation for the more detailed discussion that follows.

ULF pneumatic sources concentrate peak spectral energy below 10 Hz and exhibit steep
decay above roughly 60-90 Hz, resulting in reduced audibility for pinnipeds, and high-
and very high-frequency cetaceans compared to conventional airgun arrays. Additionally,
peak energy for the analyzed ULF pneumatic sources is below the cut-off for presumed
low-frequency cetacean hearing range (i.e., 7 Hz-36 kHz) [25], which is not the case for
conventional airgun sources.

™ ‘and HarmonyTM all demon-

When considered collectively, TPS™, Gemini Source
strate reduced high-frequency output above 200 Hz and overall acoustic energy consistent
with or less than the lower boundary of Tier 1 conventional airgun arrays; however, their
relative acoustic footprints differ, with TPS™ exhibiting the lowest impact, followed by

™ and then Harmony ™ (Figure 3; Tables 1-3). These differences underscore

Gemini Source
the need to evaluate emerging technologies based on their measured acoustic characteristics
when assigning mitigation tiers. Based on the configurations considered, TPS™ and Gem-
ini Source™ align well with Tier 2 (Figures 1-3). The acoustic profile of the Harmony™
source is comparable to the 1500 in® array operated at 3000 psi, which represents the lower
boundary of Tier 1 and is therefore provisionally placed in Tier 1. The distinction between
Tiers 1 and 2 in Ruppel et al. [4] did not consider a source’s operational pressure in psi,
but our work shows that this factor should be considered in future iterations. At this
time, tier placement has not been determined for a survey configuration that uses multiple
ULF sources fired simultaneously, fired nearly simultaneously (e.g., as used in seismic
apparition), or operated in conjunction with conventional airguns. For example, Gemini

Source™

as evaluated (i.e., single 8000 in® unit fired with a 5.5 s dither) is categorized as
Tier 2. However, significant variations of this configuration (e.g., higher pressure, higher
volume, simultaneous firing of multiple units, or shorter pulse intervals) may warrant a
Tier 1 categorization and should be evaluated on a case-by-case basis.

For MV, tier placement currently depends on the deployment scale. The MV source
operated with single- and dual-elements aligned with Tier 3 due to its non-impulsive char-
acteristics, lower source levels, reduced high-frequency output compared to the smallest
conventional airgun sources, and <100 m spherical spreading ranges to 160 dB RMS SPL,
which are comparable to the three evaluated lower energy sparkers (Figures 1-3; Tables 1-3).
There is potential for small MV arrays such as those examined to be grouped as Tier 4 (de
minimis) sources as more field data are collected. At the time of writing, data analysis is
underway for a behavioral response study of tagged foraging blue (Balaenoptera musculus)
and fin whales (B. physalus) exposed to a single-element MV JIP IPN system [44]. However,
it will likely take several years before sufficient behavioral response studies or other science
can support such a distinction for these relatively powerful geophysical sources.

For this analysis, empirical data were lacking for the 18-element MV array, and we
relied instead on modeled data [23]; therefore, there is uncertainty as to whether this MV
belongs in Tier 2 or Tier 3. Empirical data will be essential to determine the appropriate
mitigation tier for full-scale MV arrays. As additional MV technologies emerge, their classi-
fication similarly will require case-by-case assessment. The tiering framework is designed
to accommodate such developments, providing a flexible, source-based, quantitative ap-
proach. Notably, Austin et al. [45] recently conducted measurements of the SAExploration
MYV source in shallow water (2 Triton elements in a single tow body at a depth of 5 m). The
estimated source levels were 183 and 192 dB re 1 uPa? m? s, for low- and high-frequency
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sweeps, respectively. If converted to a 5 s SEL for comparison to the MV JIP sources in
this analysis, the high-frequency sweep would yield approximately 199 dB re 1 uPa? m? s.
Due to similarities in source level and the spectrum presented in Austin et al. [45] for the
high-frequency sweep, the SAExploration MV source is expected to have similar results to
the single- and dual-element MV JIP sources.

The results indicate that these four alternative seismic source technologies occupy an
intermediate space, where they are quieter and emit lower frequency sound than conven-
tional airgun arrays, yet none currently fall within the Tier 4 (de minimis) classification
under the ONMP due to their acoustic footprint. Tier 4 sources are described as “unlikely to
result in incidental take of marine mammals,” even without implementation of mitigation
measures. In this analysis, the MV sources are unlikely to result in take for some marine
mammal species based on the sources’ frequencies primarily being outside the hearing
range of those species, with the exception of low-frequency cetaceans and pinnipeds. There-
fore, we cannot deem the analyzed MV sources as de minimis. This analysis did not
evaluate modified airgun technologies such as Bluepulse™ and eSource™. It is possible
that some configurations of these and similar sources marginally above 1500 in® in total
volume or with 12 or more airguns have acoustic characteristics commensurate with Tier 2
and therefore should be evaluated in the future.

Although the present assessment relies on the best available early measurement data
for emerging alternative seismic sources, several uncertainties remain. We have applied
the most robust source modeling approaches currently available to account for known
variability amongst the sources, and we have worked closely with technology developers
to understand and predict the acoustic characteristics of these systems and their potential
implications for marine mammals. Even with these efforts, alternative seismic sources
cannot yet be classified with the same confidence as conventional airguns. General marine
animal behavioral response data for ULF and MV systems remain sparse, and source
characterization across many operational modes and environmental conditions is still
incomplete. Reported source levels can vary depending on assumptions made associated
with directionality and tow depth, and due to the inclusion or removal of the surface
reflections. The authors have taken care to compare sources equally when possible, and
this approach will need to be included in future analyses of alternative sources. Further,
significant uncertainty remains regarding the high-frequency characteristics of airguns [46].
This is a challenging problem to solve numerically [47] and is complicated by the potential
for high-frequency byproduct sounds [48], which may also exist for the alternative sources
considered here. While most of the energy for all sources is at lower frequencies, energy at
high frequencies can have a strong influence on SEL g 1nj for higher frequency hearing
groups. Our focus on low-frequency cetacean M-weighted SEL in Figure 3 mitigates this
to some degree, but future work is needed to resolve true differences in high-frequency
content. Additionally, a full-scale MV system capable of deep-penetration seismic imaging
has yet to be developed. Addressing these gaps would improve the precision of tier
placement and may ultimately support broader adoption of lower impact technologies,
including potential future consideration of some systems for Tier 4 classification.

This analysis demonstrates that the evaluated ULF pneumatic sources and a represen-
tative MV system generally potentially have lower effects on marine mammals compared
to Tier 1 conventional airgun arrays. These findings extend the source-based framework
of Ruppel et al. [4] and provide a science-based foundation for integrating alternative
technologies into the current U.S. regulatory context, while also offering an approach
applicable internationally in jurisdictions where the evaluated sound sources are used. This
approach supports innovation of lower impact technologies by ascribing mitigations that
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Note

are commensurate with impacts, which will advance efforts to reduce anthropogenic sound
in the ocean.

Source-based classification can be incredibly useful as regulators aim to provide pre-
dictability to industry but should be treated as an iterative process that is periodically
updated as new information on marine mammal biology and source characteristics emerge.
It is important that industry continues to simultaneously develop new sources and conduct
measurements in realistic field conditions using the best available measurement standards
so that these classifications can be updated. The scientific community should focus on
behavioral response studies and opportunistic field measurements to aid regulators in their
assessments. In turn, regulators should continually assess new information and use it to as-
cribe mitigations that are commensurate with impacts. This comprehensive approach offers
a path to quieting while maintaining or even advancing industry geophysical capabilities.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/jmse14151379/s1. Additional references found in the
Supplementary Materials: [49-64].

Author Contributions: ].E.C. was responsible for data curation, methodology, formal analysis, and
visualization. M.].M. was responsible for data curation, methodology, visualization, and validation.
A.S.C. provided technical support, software, data validation, and visualization. E.R.S. provided
conceptualization, methodology, and supervision. M.J.M. drafted the manuscript, which was re-
viewed and edited by all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This research did not receive any specific funding from agencies in the public, commercial,

or non-profit sectors.

Data Availability Statement: The original contributions presented in this study are included in the
article and Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: We are grateful to the technology developers and seismic operators for their time,
helpful input, and data sharing. We are grateful to BOEM’s Center for Marine Acoustics and Amy
Scholik-Schlomer at NOAA for their assistance with modeling conventional sources and frequency
weighting. Jill Lewandowski, Hilary Kates Varghese, Stan Labak, and Tre Glenn (BOEM), as well as
Amy Scholik-Schlomer, Ben Laws, Jenna Harlacher, and Jaclyn Daly-Fuchs (NOAA-NMFS) reviewed
various versions of the manuscript. Thank you to Tiffini Brookens, Dagmar Fertl, Mike Jenkerson,
Alex Louriero, and Aaron Thode for their time and helpful insight while reviewing this manuscript
prior to journal submission. Thank you to Jason Gedamke, Christina Fellas, and Elizabeth Fetherston
for helpful insight about future steps. Thank you to the three anonymous reviewers for providing
helpful feedback and edits that have improved this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

1 See 16 U.S.C. 1362(18) for definitions of “harassment” under the MMPA.

References

1. Chelminski, S.; Watson, L.M.; Ronen, S. Research Note: Low-frequency pneumatic seismic sources. Geophys. Prospect. 2019, 67,

1547-1556. [CrossRef]

2. Gisiner, R.C. Sound and marine seismic surveys. Acoust. Today 2016, 12, 10-18.

3. Martin, S.B.; Matthews, M.R.; MacDonnell, ].T.; Broker, K. Characteristics of seismic survey pulses and the ambient soundscape in
Baffin Bay and Melville Bay, West Greenland. J. Acoust. Soc. Am. 2017, 142, 3331-3346. [CrossRef] [PubMed]

4. Ruppel, C.D.; Weber, T.C.; Staaterman, E.R.; Labak, S.J.; Hart, P.E. Categorizing active marine acoustic sources based on their
potential to affect marine animals. J. Mar. Sci. Eng. 2022, 10, 1278. [CrossRef]

https://doi.org/10.3390 /jmse14151379


https://www.mdpi.com/article/10.3390/jmse14151379/s1
https://doi.org/10.1111/1365-2478.12774
https://doi.org/10.1121/1.5014049
https://www.ncbi.nlm.nih.gov/pubmed/29289080
https://doi.org/10.3390/jmse10091278
https://doi.org/10.3390/jmse14151379

J. Mar. Sci. Eng. 2026, 14, 1379 20 of 22

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Erbe, C.; Houser, D.; Bowles, A.; Porter, M.B. Marine Mammal Acoustics in a Noisy Ocean; Erbe, C., Houser, D., Bowles, A., Porter,
M.B., Eds.; Springer: Berlin/Heidelberg, Germany, 2025.

Gotz, T.; Hastie, G.; Hatch, L.T.; Raustein, O.; Southall, B.L.; Tasker, M.; Thomsen, E. Overview of the Impacts of Anthropogenic
Underwater Sound in the Marine Environment; OSPAR Commission: London, UK, 2009; p. 135.

Duarte, C.M.; Chapuis, L.; Collin, S.P.; Costa, D.P,; Devassy, R.P; Eguiluz, VM.; Erbe, C.; Gordon, T.A.C.; Halpern, B.S,;
Harding, H.R.; et al. The soundscape of the Anthropocene ocean. Science 2021, 371, eaba4658. [CrossRef] [PubMed]

Richardson, W.J.; Miller, G.W.; Greene, C.R., Jr. Displacement of migrating bowhead whales by sounds from seismic surveys in
shallow waters of the Beaufort Sea. J. Acoust. Soc. Am. 1999, 106, 2281. [CrossRef]

Blackwell, S.B.; Nations, C.S.; McDonald, T.L.; Greene, C.R.; Thode, A.M.; Guerra, M.; Michael Macrander, A. Effects of airgun
sounds on bowhead whale calling rates in the Alaskan Beaufort Sea. Mar. Mammal Sci. 2013, 29, E342-E365. [CrossRef]
Blackwell, S.B.; Nations, C.S.; McDonald, T.L.; Thode, A.M.; Mathias, D.; Kim, K.H.; Greene, C.R., Jr.; Macrander, A.M. Effects of
airgun sounds on bowhead whale calling rates: Evidence for two behavioral thresholds. PLoS ONE 2015, 10, €0125720. [CrossRef]
[PubMed]

Malme, C.I.; Wiirsig, B.; Bird, J.E.; Tyack, P. Behavioral Responses of Gray Whales to Industrial Noise: Feeding Observations and Predictive
Modeling; BBN Report 6265—Outer Continental Shelf Environmental Assessment Program, Final Report of Principal Investigators,
OCS Study MMS 88-0048; NOAA: Anchorage, AK, USA, 1986; pp. 393-600.

Lewandowski, J. Transforming Wicked Environmental Problems in the Government Arena. Human-Wildlife Conflict: Complexity in the
Marine Environment; Oxford University Press: Oxford, UK, 2015; pp. 39-60.

Weilgart, L. Best Available Technology (BAT) and Best Environmental Practice (BEP) for Mitigating Three Noise Sources: Shipping, Seismic
Airgun Surveys, and Pile Driving; CMS Technical Series No. 46; CMS Secretariat: Bonn, Germany, 2023; p. 53.

Grooms, C.H.; MacGillivray, A.O.; Wladichuk, J.L.; Pyc, C.D. Acoustic Modeling for a Novel Airgun Source: OCS Permit L19-036
Addendum Sound Propagation Report for GoM Green Canyon 3-D OBN Seismic Survey; Technical Report by JASCO Applied Sciences
for ION; JASCO Applied Sciences (Canada) Ltd: Dartmouth, NS, Canada, 2019.

Matthews, M.-N.R,; Ireland, D.; Brune, R.; Zeddies, D.G.; Christian, J.; Warner, G.; Deveau, T.J.; Frouin-Mouy, H.; Denes, S.;
Py¢, C.; et al. Determining the Environmental Impact of Marine Vibrator Technology: Final Report; Technical Report by JASCO Applied
Sciences; LGL Ecological Research Associates Inc., and Robert Brune LLC for the IOGP Marine Sound and Life Joint Industry
Programme: Bryan, TX, USA, 2018; p. 306.

LLOG Exploration Company. Letter of Authorization Application; LLOG Exploration Company: Covington, LA, USA, 2023; pp. 1-9.
Duchesne, M.].; Bellefleur, G.; Galbraith, M.; Kolesar, R.; Kuzmiski, R. Strategies for waveform processing in sparker data. Mar.
Geophys. Res. 2007, 28, 153-164. [CrossRef]

Crocker, S.E.; Fratantonio, F.D. Characteristics of Sounds Emitted During High-Resolution Marine Geophysical Surveys; OCS Study
BOEM 2016-044; NUWC-NPT Technical Report 12,203; Naval Undersea Warfare Center Division: Newport, RI, USA, 2016; p. 266.
Large, J.; Chambon, H.; Kryvohuz, M.; Macintyre, H.; Ronen, S.; Laroche, S.; Tellier, N.; Baeten, G. New Low Frequency Seismic
Source—Tuning the Bandwidth for Subsurface Penetration and Reducing High Frequency Content. In Proceedings of the Third
EAGE Marine Acquisition Workshop, Oslo, Norway, 22-24 August 2022; pp. 1-3.

Frankel, A.S.; Ozanich, E.R. BP GoM Sustainable Seismic Animal Exposure Modelling Report; Document 03484, Version 2.0. Technical
Report by JASCO Applied Sciences for BP America; NOAA: Washington, DC, USA, 2024.

Zeddies, D.G.; Zykov, M,; Yurk, H.; Deveau, T.; Bailey, L.; Gaboury, I.; Racca, R.; Hannay, D.; Carr, S. Acoustic Propagation and
Marine Mammal Exposure Modeling of Geological and Geophysical Sources in the Gulf of Mexico: 2016-2025 Annual Acoustic Exposure
Estimates for Marine Mammals; JASCO Applied Sciences: Dartmouth, NS, Canada, 2015.

Austin, M.E.; MacGillivray, A.O.; Chapman, N.R. Acoustic transmission loss measurements in Queen Charlotte Basin. Can. Acoust.
2012, 40, 27-31.

Matthews, M.-N.R,; Ireland, D.S.; Zeddies, D.G.; Brune, R.H.; Py¢, C.D. A modeling comparison of the potential effects on marine
mammals from sounds produced by marine vibroseis and air gun seismic sources. J. Mar. Sci. Eng. 2021, 9, 12. [CrossRef]

Li, Z.; Martin, S.B. Marine Vibrator Sound Source Characterization in Offshore Europe and Southern California; Document 03827,
Version 1.1, Technical Report by JASCO Applied Sciences for Texas A&M Engineering Experiment Station; Wiley: Hoboken, NJ,
USA, 2025.

NMES. Update to: Technical Guidance for Assessing the Effect of Anthropogenic Sound on Marine Mammal Hearing (Version 3.0):
Underwater and In-Air Criteria for the Onset of Auditory Injury and Temporary Threshold Shifts; U.S. Department of Commerce, NOAA:
Washington, DC, USA, 2024; p. 182.

Southall, B.L.; Finneran, J.J.; Reichmuth, C.J.; Nachtigall, PE.; Ketten, D.R.; Bowles, A.E.; Ellison, W.T.; Nowacek, D.P; Tyack, P.L.
Marine mammal noise exposure criteria: Updated scientific recommendations for residual hearing effects. Aquat. Mamm. 2019,
45,125-232. [CrossRef]

NOAA. Endangered Fish and Wildlife; Notice of Intent to Prepare an Environmental Impact Statement; NOAA: Washington, DC,
USA, 2005.

https://doi.org/10.3390 /jmse14151379


https://doi.org/10.1126/science.aba4658
https://www.ncbi.nlm.nih.gov/pubmed/33542110
https://doi.org/10.1121/1.427801
https://doi.org/10.1111/mms.12001
https://doi.org/10.1371/journal.pone.0125720
https://www.ncbi.nlm.nih.gov/pubmed/26039218
https://doi.org/10.1007/s11001-007-9023-8
https://doi.org/10.3390/jmse9010012
https://doi.org/10.1578/AM.45.2.2019.125
https://doi.org/10.3390/jmse14151379

J. Mar. Sci. Eng. 2026, 14, 1379 21 of 22

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

NMES. Manual for Optional User Spreadsheet Tool (Version 2.1; December) for: 2018 Technical Guidance for Assessing the Effects of
Anthropogenic Sound on Marine Mammal Hearing (Version 2.0): Underwater Thresholds for Onset of Permanent and Temporary Threshold
Shift; NMFS: Silver Spring, MD, USA, 2020.

Ellison, W.; Southall, B.; Clark, C.; Frankel, A. A new context-based approach to assess marine mammal behavioral responses to
anthropogenic sounds. Conserv. Biol. 2012, 26, 21-28. [PubMed]

Southall, B.L.; Nowacek, D.P.; Bowles, A.E.; Senigaglia, V.; Bejder, L.; Tyack, P.L. Marine mammal noise exposure criteria:
Assessing the severity of marine mammal behavioral responses to human noise. Aquat. Mamm. 2021, 47, 421-464. [CrossRef]
Tyack, PL.; Thomas, L. Using dose-response functions to improve calculations of the impact of anthropogenic noise. Aquat.
Conserv. Mar. Freshw. Ecosyst. 2019, 29, 242-253. [CrossRef]

NMEFS. Summary of Recommended Marine Mammal Protection Act Acoustic Thresholds; NMFS: Silver Spring, MD, USA, 2025.

van Geel, N.C.F; Risch, D.; Wittich, A. A brief overview of current approaches for underwater sound analysis and reporting.
Mar. Pollut. Bull. 2022, 178, 113610. [CrossRef] [PubMed]

Southall, B.; Bowles, A ; Ellison, W.; Finneran, J.J.; Gentry, R.; Greene, C.R.J.; Kastak, D.; Ketten, D.; Miller, J.; Nachtigall, P; et al.
Marine mammal noise-exposure criteria: Initial scientific recommendations. Aquat. Mamm. 2007, 33, 411-521. [CrossRef]
Wood, J.; Southall, B.L.; Tollit, D.J. PG&E Offshore 3-D Seismic Survey Project EIR—Marine Mammal Technical Draft Report; SMRU
Ltd.: Scotland, UK, 2012.

Gundalf. Version C8.3j. Available online: http://www.gundalf.com/ (accessed on 14 July 2026).

TGS. Nucleus+ Software. Available online: https:/ /www.tgs.com/seismic/marine-acquisition/survey-design/nucleus (accessed
on 14 July 2026).

ANSI/ASA §12.64-2009; American National Standard: Quantities and Procedures for Description and Measurement of Underwater
Sound from Ships—Part 1: General Requirements, Introduction. American National Standards Institute: Washington, DC,
USA, 2009.

de Jong, C.AE,; Jansen, HW.J.; Halvorsen, M.B.; Hannay, D.E.; Ainslie, M.A.; Racca, R.G. Measurement Procedures for Underwater
Sound Sources Associated with Oil and Gas Exploration and Production Activities; Prepared for E&P Sound and Marine Life Joint
Industry Programme: London, UK, 2021; p. 68.

ISO 18405; Underwater Acoustics—Terminology. ISO: Geneva, Switzerland, 2017.

McQueen, K; Sivle, L.D.; Khodabandeloo, B.; Skjeeraasen, J.E.; Olsen, E.M.; Karlsen, . Free-ranging Atlantic cod did not change
their behaviour in response to a sparker seismic sound source. Mar. Environ. Res. 2025, 210, 107254. [CrossRef] [PubMed]

Sivle, L.D.; Kvadsheim, PH.; Ainslie, M.A. Potential for population-level disturbance by active sonar in herring. ICES J. Mar. Sci.
2014, 72, 558-567. [CrossRef]

U.S. Department of the Navy. Criteria and Thresholds for U.S. Navy Acoustic and Explosive Effects Analysis (Phase 4) Revision 2025.1;
NIWC Pacific: San Diego, CA, USA, 2025.

Southall, B.L.; Fahlbusch, J.; Casey, C.; Fregosi, S.; Clayton, H.; Barkowski, J.; Jones, R.; Calambokidis, ]J. A Behavioral Re-
sponse Study with an Operational Marine Vibrator and Very-Low Frequency Whales. In Proceedings of the Effects of Noise on
Agquatic Life IV; Popper, A.N., Sisneros, J., Lepper, P, Vigness-Raposa, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2026;
ISBN 978-3-031-94229-7.

Austin, M.; Yancey, D.; Dushane, J.; Castellote, M. Sound characterization and marine mammal impact assessment of a marine
vibroseis source in a shallow, near-shore environment. J. Acoust. Soc. Am. 2026, 159, 3119-3129. [CrossRef] [PubMed]

Prior, M.K.; Ainslie, M.A.; Halvorsen, M.B.; Hartstra, I.; Laws, RM.; MacGillivray, A.; Miiller, R.; Robinson, S.; Wang, L.
Characterization of the Acoustic Output of Single Marine-Seismic Airguns and Clusters: The Svein Vaage Dataset. |. Acoust. Soc.
Am. 2021, 150, 3675-3692. [CrossRef] [PubMed]

MacGillivray, A.O. An Airgun Array Source Model Accounting for High-Frequency Sound Emissions During Firing—Solutions
to the IAMW Source Test Cases. IEEE |. Ocean. Eng. 2019, 44, 582-588. [CrossRef]

Landre, M.; Amundsen, L.; Barker, D. High-frequency signals from air-gun arrays. Geophysics 2011, 76, Q19-Q27. [CrossRef]
Duncan, A.J.; Weilgart, L.S.; Leaper, R.; Jasny, M.; Livermore, S. A modelling comparison between received sound levels produced
by a marine vibroseis array and those from an airgun array for some typical seismic survey scenarios. Mar. Pollut. Bull. 2017, 119,
277-288. [CrossRef] [PubMed]

Laws, R.M.; Hatton, L.; Haartsen, M. Computer modelling of clustered airguns. First Break 1990, 8, 331-338. [CrossRef]
Sidorovskaia, N.; Li, K. Marine compressed air source array primary acoustic field characterization from at-sea measurements.
J. Acoust. Soc. Am. 2022, 151, 3957. [CrossRef] [PubMed]

Mattsson, A. OGP, E&P Sound and Marine Life, [IP Svein Vaage Broadband Airgun Study; Final Report; PGS Geophysical: Oslo,
Norway, October 2010.

Madsen, P.T. Marine mammals and noise: Problems with root mean square sound pressure levels for transients. J. Acoust. Soc.
Am. 2005, 117, 3952-3957. [CrossRef] [PubMed]

https://doi.org/10.3390 /jmse14151379


https://www.ncbi.nlm.nih.gov/pubmed/22182143
https://doi.org/10.1578/am.47.5.2021.421
https://doi.org/10.1002/aqc.3149
https://doi.org/10.1016/j.marpolbul.2022.113610
https://www.ncbi.nlm.nih.gov/pubmed/35468578
https://doi.org/10.1578/am.33.4.2007.427
http://www.gundalf.com/
https://www.tgs.com/seismic/marine-acquisition/survey-design/nucleus
https://doi.org/10.1016/j.marenvres.2025.107254
https://www.ncbi.nlm.nih.gov/pubmed/40482351
https://doi.org/10.1093/icesjms/fsu154
https://doi.org/10.1121/10.0043144
https://www.ncbi.nlm.nih.gov/pubmed/41954356
https://doi.org/10.1121/10.0006751
https://www.ncbi.nlm.nih.gov/pubmed/34852616
https://doi.org/10.1109/joe.2018.2853199
https://doi.org/10.1190/1.3590215
https://doi.org/10.1016/j.marpolbul.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28433394
https://doi.org/10.3997/1365-2397.1990017
https://doi.org/10.1121/10.0011678
https://www.ncbi.nlm.nih.gov/pubmed/35778227
https://doi.org/10.1121/1.1921508
https://www.ncbi.nlm.nih.gov/pubmed/16018497
https://doi.org/10.3390/jmse14151379

J. Mar. Sci. Eng. 2026, 14, 1379 22 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

EnerGeo Alliance. Request for Incidental Take Regulations for the Taking of Marine Mammals Incidental to Geophysical Survey Activities
by Oil and Gas Industry Operators in the U.S. Gulf of America; EnerGeo Alliance: Houston, TX, USA, 2025; p. 366.

Weirathmueller, M.; Zammit, K.; Koessler, M.; Zeddies, D. Gulf of Mexico Exposure Estimation Technical Report by JASCO Applied
Sciences; JASCO Applied Sciences: Dartmouth, NS, Canada, 2022; p. 16.

Jochens, A.E.; Biggs, D.C. Sperm Whale Seismic Study in the Gulf of Mexico, Annual Report: Year 1; OCS Study MMS 2003-069;
U.S. Dept. of the Interior, Minerals Management Service, Gulf of Mexico OCS Region: New Orleans, LA, USA, 2003; p. 139.
Apache Alaska Corporation. Petition for Incidental Take Regulations for Seismic Program Cook Inlet, Alaska in 2015-2020; Apache
Alaska Corporation: Houston, TX, USA, 2014; p. 276.

LGL and MAI. Environmental Assessment of Marine Vibroseis; Joint Industry Programme, E&P Sound and Marine Life Programme; IOGP:
London, UK, 2011; p. 230. Available online: https:/ /usrd.iogp.org/resource/environmental-assessment-of-marine-vibroseis /
(accessed on 14 July 2026).

Martin, S.B.; Lawrence, C.B.; Delarue, J.J.-Y.; Wilson, C.C. Tuned Pulse Sound Source Characterization in Gulf of Mexico; Document
03240, Version 1.1, Technical report by JASCO Applied Sciences for TGS; JASCO Applied Sciences: Dartmouth, NS, Canada, 2024;
Available online: https:/ /www.sercel.com/sites /default/files /2025-02 /jasco-report_tps_sercel.pdf (accessed on 14 July 2026).
Large, J.; Ronen, S.; Wentzler, P.; Benaniba, M.; Aznar, J. Triple-source seismic acquisition operations with a Tuned Pulse Source
(TPS). First Break 2025, 43, 69-73. [CrossRef]

Parkes, G.E.; Hatton, L. The Marine Seismic Source; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1986;
Volume 4.

Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 2020, 17, 261-272. [CrossRef]
[PubMed]

Li, Z.; Quijano, J.E.; Martin, S.B. Gemini 8000: Sound Source Characterization in Gulf of Mexico; Document 03602, Version 2.0,
Technical report by JASCO Applied Sciences for TGS; JASCO Applied Sciences (USA) Inc.: Silver Spring, MD, USA, 2025.
Alfaro, R.; Secker, S.; Zamboni, E.; Cozzens, A.; Henderson, N.; Jenkerson, M.; Nechayuk, V.; Johnson, G.; Karran, J. Validation of
an Alternative Seismic Source: The Integrated Projector Node Marine Vibrator Pilot Seismic Survey. In Proceedings of the 84th
EAGE Annual Conference & Exhibition, Vienna, Austria, 5-8 June 2023; pp. 1-5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /jmse14151379


https://usrd.iogp.org/resource/environmental-assessment-of-marine-vibroseis/
https://www.sercel.com/sites/default/files/2025-02/jasco-report_tps_sercel.pdf
https://doi.org/10.3997/1365-2397.fb2025088
https://doi.org/10.1038/s41592-019-0686-2
https://www.ncbi.nlm.nih.gov/pubmed/32015543
https://doi.org/10.3390/jmse14151379

Supplementary Data Appendix to Categorizing
Alternative Seismic Sources Based on Their Potential
to Affect Marine Mammals

James E. Caplinger ' ¥, Morgan J. Martin 2, Alexander S. Conrad 2 and Erica R. Staaterman 2

1 Office of Protected Resources, National Marine Fisheries Service, National Oceanic and
Atmospheric Administration, 1335 East-West Hwy, Silver Spring, MD, USA, 20910

2 Center for Marine Acoustics, Bureau of Ocean Energy Management, 45600 Woodland Road, Sterling,
VA, USA, 20166

t These authors contributed equally to this work.

Corresponding author: Morgan J. Martin, morgan.martin@boem.gov

This data appendix contains information, figures, and tables regarding the acoustic sources evaluated
in this paper and the methods we used.

Source Characteristics Analysis

The goal of this analysis was to compare the relative source characteristics as they are likely to be
received at range. The analysis was designed for the specific purpose of providing fair comparisons
between a variety of sources with respect to their expected far-field horizontal characteristics.
Importantly, the analysis was not designed for prediction of take for a specific activity or location.

To simplify the analysis and attain environmentally agnostic and source-neutral results, the analysis
conducted was simplified with respect to propagation modeling (i.e., simple spreading laws). In
contrast to common numerical propagation models, this analysis does not inherently include
boundary effects such as surface reflections. Importantly, surface-corrected source levels (i.e., true
hypothetical source levels absent surface effects) are theoretical in nature unless propagated through
an appropriate propagation model in a particular environment and are therefore not as meaningful
for direct comparison. For these reasons, sound level metrics (sound exposure level [SEL], root-mean-
square sound pressure level [RMS SPL], and peak sound pressure level [PK SPL]) and spectra are
derived from surface-affected waveforms that include ‘ghost’ reflections from the surface, where
possible. Unless stated otherwise in the following sections, for all sources analyzed, surface-affected
waveforms and spectra were calculated using Gundalf [1] or Nucleus' [2], and by including a surface
reflection coefficient of -1.
Reducing Directionality

Airgun arrays are inherently complex acoustic sources with frequency-dependent directionality,
making it difficult to characterize them using a single waveform or spectrum, regardless of whether
surface reflections are included. Unlike for a theoretical point source, source characteristics for airgun
arrays result from the combined acoustic energy of several distributed sources. Their output varies
with both downward directivity (i.e., dip angle, measured in the plane perpendicular to the sea

1 Raw output files from Nucleus+ software run for the Gemini Source™ were provided by TGS.



surface) and azimuthal angle (i.e., in the plane parallel to the sea surface). Therefore, directionality
must be reduced carefully to obtain results that are characteristic of down-range sound levels and
spectrum for all azimuths. Figure S1 shows the general coordinate system used and defines dip and
azimuthal angles.

For azimuthal directionality, the broadside angle (90 degrees clockwise relative to vessel heading)
was selected since the broadside sound fields have a stronger influence on the overall ensonified area
of a mobile source as it moves along track-lines. Additionally, while there is considerable azimuthal
directionality at higher frequencies, broadband levels for many arrays are relatively uniform with
azimuth. For example, the 5,110 in® array examined exhibits only minor azimuthal variation in
broadband SEL (approximately 1-2 dB). Conventional arrays considered here generally exhibited
slightly higher broadband levels in the broadside direction relative to other azimuths.
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Figure S1. General coordinate system used for source directionality: (a) definition of azimuthal angle,
as well as broadside and endfire aspects in the horizontal plane, (b) definition of dip angle in the
vertical plane.

In reducing vertical directionality, source levels referenced to the horizontal plane are often used to
represent monopole point source equivalent source levels [e.g., 3]. This is practical given the sound
field at long ranges is dominated by sound propagating close to horizontal [4]. In those cases [e.g., 3],
the true horizontal direction is used, and surface effects are included by way of the propagation
model. However, when using surface-affected data, sound levels very near horizontal are not
appropriate to represent down-range sound fields due to significant cancellation of energy via the
Lloyd’s Mirror effect. To resolve this, effective ‘horizontal” surface-affected source levels and spectra
are computed from the linear arithmetic mean taken over dip angles of 15, 30, and 45 degrees [5,6],
unless stated otherwise in the following sections due to data availability. This approach provides a
more realistic representation of what a distant receiver would encounter without relying on a
propagation model and therefore allows comparisons that are independent of geographic location.
Similarly, narrowband spectra were computed by taking the arithmetic mean over the same angles
in each frequency bin. We applied this method to all of the following analyzed sources: conventional
airguns and airgun arrays (i.e., 5,380 in? 5,110 in? 1,500 in? 1,000 in? 90 in3, 30 in%®), Harmony™,
Tuned Pulse Source (TPS)™, and Gemini Source™. The following sections provide the resulting
2



waveforms, spectra, and derived metrics. Data for these sources were modeled using Gundalf [7],
except in the case of Gemini Source™ (in which Nucleus+ provided surface-affected waveforms) and
TPS (in which notional waveforms were leveraged). For marine vibroseis (MV), surface-affected data
were not available, and thus horizontal surface-corrected data were used. Each source's waveforms,
spectra, and acoustic metrics also are discussed.

High-Frequency Extrapolation

For some sources, the available or computed spectrum extends to 20 kHz, while others are truncated
near 1 kHz. To account for potentially missing energy from approximately 1 to 20 kHz, a log-linear
roll-off of 25 dB per decade was applied for narrowband spectra of pneumatic sources (airguns,
airgun arrays, TPS™, Gemini Source™, and Harmony™) for which the data did not extend to 20 kHz.
This assumption is based on several datasets that support a decay rate of roughly 20-26 dB per
decade in this band for surface-affected airgun signatures [8-11]. There is a fair amount of uncertainty
generally regarding the magnitude of the high-frequency content in airgun signals [e.g., 9,12], and
we discuss the implications of this assumption, particularly for M-weighted levels, in the manuscript.
For MV, no extrapolation was assumed, and therefore the data for those sources do not extend to 20
kHz. However, the modeled signatures from Matthews ef al. [13] had insignificant energy above
approximately 200 Hz, and Li and Martin [14] only attributed sound levels at and below 100 Hz to
the MV sources. Thus, it was deemed unnecessary to approximate spectral characteristics to 20 kHz
for MV.

Root-mean-square Sound Pressure Level

Regarding RMS SPL, the acoustic metric associated with behavioral harassment for impulsive or
intermittent sources, is defined as the RMS SPL calculated over the time window that contains 90%
of the acoustic energy. This is true for all sources considered, including MV when operated
intermittently. For methodology associated with this windowing technique, see Madsen [15]. As this
metric is range and environment dependent, it can be challenging to represent it in a generic sense
(i.e., as a source level). One option is to assume a standard relative offset between SEL and RMS SPL
(e.g., 6-8 dB) based on empirical data and anchor the values to the less variable sound exposure level.
However, because this analysis consists of a variety of sources with different temporal characteristics,
a single standard relative offset is likely not applicable for all sources, and determining an
appropriate standard far-field relative offset is beyond the scope of this work. In lieu of time domain
propagation modeling in representative environments, the RMS SPL used was calculated from the
surface-affected source waveform at 1 m. This results in the overall assumption that, for all sources
RMS SPL decays with range proportionally. Therefore, values provided for RMS SPL should be used
with caution, and associated spherical spreading ranges to the threshold of 160 dB re 1 pPa carry
significant uncertainty. This situation is similar to the frequently repeated cautionary statement that
PK SPL source levels for airguns: though they may be useful for approximating far-field levels, they
are theoretical in nature, and corresponding values of pressure near the source are typically much
lower [16].

Conventional Seismic Sources
5,380 in® Array

The 5,380 in? airgun array used in this analysis was modeled as an example of the upper volume end
of ‘medium’ sized seismic arrays (i.e., 1,500 to 5,400 in®). The array configuration is shown in Figure
52. The array consisted of 42 1900 LLXT airguns, ranging in size from 70 to 230 in®. Each airgun had
an operating pressure of 2,000 psi and a tow depth of 12 m. Gundalf was used to calculate the surface-
affected waveforms and spectrum (shown in Figure S3, along with derived metrics). Final horizontal
surface-affected source levels are given in Table S1. The decidecade band SEL spectrum is provided
in Figure 54.
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Table S1. Resulting source level metrics for the 5,380 in® airgun array.

SEL PK SPL RMS SPL
5,380 in3 (dB re 1 uPa?m? s) (dB re 1 uPam) (dB re 1 uPa? m)
Surface-Affected Horizontal
(15/30/45 degree dip) 233.9 256.0 248.0

5,110 in® Array

The 5,110 in® airgun array considered in this analysis is a common configuration that has been
suggested to be representative of typical arrays used for deep-penetration surveys in the Gulf of
America. Data for this source are available from several sources, including in-house Gundalf
modeling, Frankel and Ozanich [17], and the EnerGeo Alliance [18]. The source configuration as
initially presented by Weirathmueller et al. [19] was the starting point for the in-house Gundalf
modeling and is given in Figure S5. The array consists of 32 1900 LLXT airguns towed at a depth of 9
m and with air chamber volumes ranging from 90 to 250 in®. Each airgun had an operating pressure
of 2,000 psi. Gundalf was used to calculate the surface-affected waveforms and spectrum (shown in
Figure S6, along with derived metrics). Final horizontal surface-affected source levels are given in
Table S2, as well as surface-corrected source levels which were also available for this source. The
decidecade band SEL spectrum is provided in Figure S7.
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Table S2. Resulting source level metrics for the 5,110 in® airgun array. Surface-affected horizontal
metrics were carried forward in the analysis, the surface-corrected levels are provided for comparison
as they were also computed during initial phases of this analysis.

SEL PK SPL RMS SPL
5,110 in3 (dB re 1 uPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 232.4 254.3 248.3
Surface-corrected Horizontal
(0 degree dip) 2314 2525 -

4,130 in® Array

The 4,130 in® array configuration was taken from Matthews et al. [13] and was modeled in Gundalf
using the layout provided in Figure S8 below. The array consists of 31 airguns towed at a depth of 8
m and with air chamber volumes ranging from 40 to 250 in®. Each airgun had an operating pressure
of 2,000 psi. Gundalf was used to calculate the surface-affected waveforms and spectrum (shown in
Figure S9, along with derived metrics). Final horizontal surface-affected source levels are given in
Table S3, as well as surface-corrected source levels which were also available for this source. The
decidecade band SEL spectrum is provided in Figure S10.



. 150 60 40 70 100 90 250

GunType

150 1500
90 D 10 )| ) = : 250 a
0C 15 ) 19000LLX

1
1
>~ o — oo ax e om [ a 100wt

GunStatus

Kiie

150 150

150 y; ' 70 0
[wrim) om
B4 — - i

Figure S8. The 4,130 in® airgun array configuration for Gundalf simulation. Individual airgun
volumes are provided in green text in in%; x and y dimensions have units of meters. CoE, CoP, and
CoG correspond to the center of energy, pressure, and geometric center, respectively.

¥,

4130 in? array, Refl. Coef. =-1

40 7 ——  Asp/Elev. =-90/75, Lg=2274, Ly, ms.00=244.8, L. 0pi = 250.3 dB
—— Asp./Elev. =-90/60, L=228.4, Ly, yiu5,00=244.9, L, o px = 251.2 dB
. 204 —— Asp./Elev. =-90/45, Lg=231.2, L, yis,90=247.1, L, o—px = 253.3 dB
£
]
a 0 —_———
[}
s
£ 20
—40 -
0.00 0.05 0.10 0.15 0.20 0.25
Time (s)
————
200 -
28
z - 75
[l
E P 150 -
3 &
23 o
o 125 1
=B —— Asp./Elev. =-90/75, 227.4 dB
S @ 1004 — Asp./Elev. =-90/60,228.4 dB
g —— Asp./Elev. =-90/45, 231.2 dB
75 1 Arithmetic Mean, 229.3 dB
10! 102 103

Frequency (Hz)

Figure S9. Surface-affected waveforms, spectra, and associated metrics for the 4,120 in® airgun array
for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees).



4130 cuin.

’;; 220 4 —— Broadband SEL = 229.3 (dB re. 1uPa’s-m?)
2

g

m 200

=

2

17 180 -

=

=

<

m

_ﬂé 160 A -

3 -
=

3 140 -

@)

10! 10> Frequency (Hz) 10° 10*
Figure S10. Decidecade SEL spectrum for the 4,130 in® array, associated with the arithmetic mean,
with extrapolation beyond 10 kHz shown with the dashed line

Table S3. Resulting source level metrics for the 4,130 in® airgun array. Surface-affected horizontal
metrics were carried forward in the analysis, the surface-corrected levels are provided for comparison
as they were also computed during initial phases of this analysis.

SEL PK SPL RMS SPL
4,130 in® (dB re 1 pPa?m?s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 229.3 251.8 245.8

1,680 in® Array

The array layout for the 1,680 in? is based on the array presented in Jochens and Biggs [20] and was
modeled in Gundalf with the configuration shown in Figure S11 below. The array has a tow depth 7
m and is composed of 20 1900LLXT airguns ranging in volume from 40 in?® to 120 in3. The surface-
affected waveforms and spectrum are shown in Figure 512, along with derived metrics. Final
horizontal surface-affected source levels are given in Table S4, as well as surface-corrected source
levels which were also available for this source. The decidecade band SEL spectrum is provided in
Figure S13.




<Boat: Starboard

80 120 120 40
80 0 40
(. =l
= (s
80 120 40
120 |
80 120 coE 40

[a1] . CoGRE
o

x

Figure S11. The 1,680 in® airgun array configuration for Gundalf simulation. Individual airgun
volumes are provided in green text in in%; x and y dimensions have units of meters. CoE, CoP, and

80 80
80

80
80
80

GunStatus
Active

GunType
a leoouxr

CoG correspond to the center of energy, pressure, and geometric center, respectively.

1680 in? array, Refl. Coef. =-1

40 - —— Asp./Elev. =-90/75, Lg=225.1, L, yms,00=245.1, L 0 px = 250.5 dB
—— Asp./Elev. =-90/60, LE=227.1, L, yms,00=246.1, L, 0 px = 252.4 dB
3 20 - —— Asp./Elev. =-90/45, Lg=229.0, L), yims,00=247.5, Lp,0-px = 253.0 dB
5
8
o 0 A g —
2
s
A 20
—40 A
0.00 0.05 0.10 0.15 0.20 0.25
Time (s)

200 '\/

—_ — —_ —_
(=3 N W ~
(=) (%) (=) W

1 1 1 1

—— Asp./Elev. =-90/75, 225.1 dB

—— Asp./Elev. =-90/60, 227.1 dB

—— Asp./Elev. =-90/45, 229.0 dB
Arithmetic Mean, 227.3 dB

Energy Spectral Density
(dB rel. 1uPa’s-hz"'m?)

~
W
1

50

10! 102

Frequency (Hz)

103

Figure S12. Surface-affected waveforms, spectra, and associated metrics for the 1,680 in® airgun array
for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees).

10




1680 cuin.

)

£ 220

2

g 200 -

m

=

2

% 180 -

=

=

&

© 160 -

3 -
3

2 140 A

g 1 Broadband SEL = 227.3 (dB re. 1uPa%s-m?)

10! 10> Frequency (Hz) 10° 10*
Figure S13. Decidecade SEL spectrum for the 1,680 in® array, associated with the arithmetic mean,
with extrapolation beyond 10 kHz shown with the dashed line.

Table S4. Resulting source level metrics for the 1,680 in® airgun array. Surface-affected horizontal
metrics were carried forward in the analysis, the surface-corrected levels are provided for comparison
as they were also computed during initial phases of this analysis.

SEL PK SPL RMS SPL
1,680 in? (dB re 1 pPa?m?s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 227.3 252.0 246.3

1,500 in® High-Pressure Array
The hypercluster 1,500 in® airgun array consists of six G-Gun airguns with air chamber volumes of
250 in®and towed at a depth of 10.1 m. Each airgun has an operating pressure of 3,000 psi [21]. The
array configuration is given in Figure S14. Gundalf was used to calculate the surface-affected
waveforms and spectrum (shown in Figure 515, along with derived metrics). Final horizontal surface-
affected source levels are given in Table S5. The decidecade band SEL spectrum is provided in Figure
Sl1e.
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Table S5. Resulting source level metrics for the high-pressure 1,500 in® airgun array.
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SEL PK SPL RMS SPL

1,500 in? (3,000 psi) (dB re 1 pPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 225.7 251.2 244.1
1,500 in® Array

The hypercluster 1,500 in? airgun array is identical to the higher-pressure variant above, except that,
in this case, each airgun has an operating pressure of 2,000 psi [21]. The average source depth was
10.1 m. Gundalf was used to calculate the surface-affected waveforms and spectrum (shown in Figure
517, along with derived metrics). Final horizontal surface-affected source levels are given in Table Sé.
The decidecade band SEL spectrum is provided in Figure S18.
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Table S6. Resulting source level metrics for the 2,000 psi variant of the 1,500 in® airgun array.

SEL PK SPL RMS SPL
1,500 in? (2,000 psi) (dB re 1 pPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 222.1 248.2 240.1

1,000 in® Array

Data for the 1,000 in? airgun array considered in this analysis are available from in-house Gundalf
modeling and Frankel and Ozanich [17], which used JASCO’s Airgun Array Source Model. The
source configuration as initially presented by Frankel and Ozanich [17] was the starting point for the
Gundalf modeling and is provided in Figure S19. The array consists of 12 G-Gun airguns with air
volumes ranging from 50 to 150 in® and was modeled at a tow depth of 12 m. Each airgun had an
operating pressure of 2,000 psi. Gundalf was used to calculate the surface-affected waveforms and
spectrum (shown in Figure 520, along with derived metrics). Final horizontal surface-affected source
levels are given in Table 57. The decidecade band SEL spectrum is provided in Figure S21.
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Figure S19. The 1,000 in® airgun array configuration for Gundalf simulation. Individual airgun
volumes are provided in the green text in in% x and y dimensions have units of meters. CoE, CoP,
and CoG correspond to the center of energy, pressure, and geometric center, respectively.
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Figure S20. Surface-affected waveforms, spectra, and associated metrics for the 1,000 in® airgun array
for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees).
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Figure S21. Decidecade SEL spectrum for the 1,000 in® airgun array, associated with the arithmetic
mean, with extrapolation beyond 10 kHz shown with the dashed line.

Table S7. Resulting source level metrics for the 1,000 in® airgun array. Surface-affected horizontal
metrics were carried forward in the analysis, the surface-corrected levels are provided for comparison
as they were also computed during this analysis.

SEL PK SPL RMS SPL
1,000 in? (dB re 1 uPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 222.9 247.3 239.3
Surface-corrected Horizontal (0
degree dip) [17] 219.4 243.1 -

90 in® Airgun
Data for the 90 in®single 1900LLXT airgun was modeled at a tow depth of 4 m. The 90 in? airgun
source presented by Zeddies et al. [3] was the starting point for the in-house Gundalf modeling. The
model assumed an airgun operating pressure of 2,000 psi. Gundalf was used to calculate the surface-
affected waveforms and spectrum (shown in Figure 522, along with derived metrics). Final horizontal
surface-affected source levels are given in Table S8. The decidecade band SEL spectrum is provided
in Figure S23.
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Figure S22. Surface-affected waveforms, spectra, and associated metrics for the 90 in® airgun for dip

angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees). For the 60

and 45 degree elevation angles, the secondary pulse near

0.09 seconds has enough energy to drive

the 90% duration to that time, resulting in significantly lower SPL RMS for those angles. The 90%
duration for the 75 degree elevation angle is approximately 5 ms.
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Table S8. Resulting source level metrics for the 90 in® airgun. Surface-affected horizontal metrics were
carried forward in the analysis, the surface-corrected levels in Zeddies et al. [3] are provided for
comparison.

SEL PK SPL RMS SPL
90 in? (dB re 1 uPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 205.2 232.4 222.0
Surface-corrected Horizontal (0
degree dip) [3] 207.8 227.7 -

30 in® Array

Data for the 30 in? array consisted of two 1900LLXT airguns with volumes of 10 in® and 20 in?,
mounted side by side with a 1-m separation distance. The array was modeled at a tow depth of 4 m.
The 30 in®array source configuration presented by Austin ef al. [22] was the starting point for the in-
house Gundalf modeling. Each airgun had an operating pressure of 2,000 psi. Gundalf was used to
calculate the surface-affected waveforms and spectrum (shown in Figure 524, along with derived
metrics). Final horizontal surface-affected source levels are given in Table S9. The decidecade band
SEL spectrum is provided in Figure S25.
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Figure S24. Surface-affected waveforms, spectra, and associated metrics for the 30 in® airgun array
for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees).
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Figure S25. Decidecade SEL spectrum for the 30 in® airgun array, associated with the arithmetic mean,

with extrapolation beyond 10 kHz shown with the dashed line.

Table S9. Resulting source level metrics for the 30 in® airgun array. Surface-affected horizontal
metrics were carried forward in the analysis, the metrics from Austin et al. [22] are provided for

comparison.
SEL PK SPL RMS SPL
30 in? (dB re 1 uPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 206.4 235.5 230.2
Austin et al. [22] 206.1 231.5 2145

10 in® Airgun
Inclusion of a 10 in® single airgun is based on proposed use of a 10 in? single airgun for mitigation [23]
and use of 10 in® and other small volume single guns in directed environmental impact studies [24].
The 10 in® modeled here had an operating pressure of 2,000 psi, and a 2-m tow depth was assumed.
Gundalf was used to calculate the surface-affected waveforms and spectrum (shown in Figure S26,
along with derived metrics). Final horizontal surface-affected source levels are given in Table 510.
The decidecade band SEL spectrum is provided in Figure S27.
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Figure S27. Decidecade SEL spectrum for the 10 in® airgun, associated with the arithmetic mean, with
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Table S10. Resulting source level metrics for the 10 in® airgun. Surface-affected horizontal metrics

were carried forward in the analysis.
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SEL PK SPL RMS SPL

10 in? (dB re 1 pPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 197.6 228.0 223.6
Sparkers

Sparkers are high-resolution geophysical (HRG) seismic sources. Source levels for sparkers used in
this analysis were taken from Crocker and Fratantonio [25], who conducted close-range controlled
measurements of three sparker systems for a wide range of operational parameters. Crocker and
Fratantonio [25] contains the largest and most rigorously documented dataset available for source
levels and other characteristics of these HRG sources. We included all three sparker systems
measured by Crocker and Fratantonio [25]: the Applied Acoustics (AA) Dura-Spark, the AA Delta
Sparker, and the SIG ELC 820. The low and high-power configurations were analyzed for each source.
Based on the presence of ghost reflections in the signals, as well as a lack of discussion regarding
removing surface effects, it is assumed that source levels from Crocker and Fratantonio [25] are
surface-affected. A representative spectrum was digitized from McQueen et al. [26], which was based
on field measurements of an AA Dura-Spark operating at 800 J. The assumed vessel speed and pulse
interval were 2 m/s and 0.5 seconds, based on Ruppel et al. [27] and McQueen et al. [26], respectively.
The decidecade band SEL spectrum assumed for all sparkers is provided in Figure 528. Assumed
source levels are provided in Table 511.
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Figure S28. Decidecade SEL spectrum assumed for all sparkers from McQueen et al. [26]. The
spectrum is normalized in this case to the SEL source level for the SIG ELC 820; however, in the

analysis the appropriate broadband source levels were used for each sparker source and are provided
in Table 511 below.

Table S11. Source level metrics for Sparkers from Crocker and Fratantonio [25].

SEL PK SPL RMS SPL
Sparkers (dB re 1 uPa?m? s) (dB re 1 uPa m) (dB re 1 uPa m)
AA Delta Sparker
(High: 2,400 J) 185 221 205
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AA Delta Sparker

(Low: 500 J) 167 206 190
AA Dura-Spark

(High: 2,400 J, 400 Tip) 188 224 214
AA Dura-Spark

(Low: 100 J, 80 Tip) 173 207 200
SIG ELC 820

(High: 750 J) 182 214 206
SIG ELC 820

(Low: 300 J) 174 207 198

Ultra Low-frequency (ULF) Pneumatic Sources

In response to the need for improved low-frequency bandwidth (which is source limited for
conventional airgun arrays) to improve sub-salt and sub-basalt imaging, as well as to address
concerns related to conservation, novel pneumatic sources have emerged as viable options relative
to conventional airguns [28,29]. ULF seismic sources (e.g., TPS™, Gemini Source™, Harmony™) are
defined as pneumatic sources with bubble resonance frequencies below 7 Hz. These sources generally
contain peak energy below 10 Hz, with reduced signal amplitude above approximately 60-90 Hz.
Each one has a unique peak frequency based on the specific configurations of the hardware.

ULF seismic technologies aim to provide two benefits compared to conventional seismic airguns.
First, the lower peak frequency penetrates farther into the seabed and thus yields improved imaging.
Conventional airgun acoustic signals decay rapidly at these low frequencies, and ULF seismic sources
are designed to fill this information gap. Second, the reduced signal amplitude at higher frequencies
should reduce the sound exposure of marine mammals to seismic surveys that use these sources in
lieu of conventional airgun arrays. Descriptions and images of some market-ready ULF seismic
sources are provided herein.

Because ULF pneumatic sources typically involve only one or two elements, with the exception of
the Harmony™ six-element source, they are significantly more omnidirectional than traditional
airguns; thus understanding and reducing vertical directionality is not necessary.

TPS™

The TPS™ by Sercel is a broadband marine seismic source capable of generating energy below 2 Hz.
TPS™ is a pneumatic source that operates at low pressure (~1,000 psi) and releases a large volume of
air in a controlled manner (Figures A29 & A30). This generates an impulsive signal with a long rise
time and a bubble oscillation at low frequencies. The design enables the TPS™ to produce a high-
amplitude, low-frequency signal down to approximately 1 Hz, while emitting comparatively reduced
high-frequency signal content relative to conventional airgun arrays. The system is currently
available in a 28,000 in® volume chamber size, which produces a peak frequency of 2.6-2.8 Hz. TPS™
produces an effective frequency spectrum of approximately 1-60 Hz, enabling efficient seismic data
acquisition across a broad depth range by providing both lower and higher frequency content in a
single deployment.
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8 meters

0.35 meters

Figure S29. The TPS™ on a dry deck. Photo courtesy of Sercel.

Figure S30. The TPS™ suspended from a surface float after firing. Photo courtesy of Sercel.

Data for the 28,000 in® TPS™, typically operated at 1,000 psi, is available from Martin et al. [30], Large
et al. [29], and Large et al. [31]; it also was acquired via personal communication with Sercel. Sercel
provided far-field power spectral density (PSD) and time signatures recorded on ocean bottom nodes
(OBNSs) representing both the notional (de-ghosted) and vertical far field. The vertical far field was
an average of several measured shots from an ocean bottom node at a depth of approximately 3 km
(S. Ronen, personal communication, July 18, 2025). The signatures were analyzed by the authors to
calculate PK SPL and 90% RMS SPL, while SEL was estimated by summing the PSDs. As the far-field
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signature was provided as a keel aspect (i.e., directly down, dip = 90 degrees), it would not be a fair
comparison with the ‘horizontal’ surface-affected characteristics computed for other sources.
Additionally, the notional signature is de-ghosted or equivalently surface-corrected and also does
not provide a fair comparison. Thus, the notional was summed with an appropriate time-delayed
surface reflection to produce far-field signatures as a function of dip angle. Time delays were
computed as [32]:

T = 2dcos(¢p)/1500 m/s, (S1)

where d is the depth of the source (m), and ¢ is the elevation angle relative to vertical. The final signal
is then approximated as:

P(t) = Protionat(t) — Protionat(t — 7). (82)

Figure 531 shows the notional and vertical far-field signatures, along with a synthetic vertical far-
field signature (notional sum) calculated using the method described above. This reconstructed
vertical far field signal offers a rough check of this methodology for one angle, and, while it is not an
identical match to the vertical far-field signature, its derived metrics are within 1 dB of the actual
values in all cases (Figure S31). The disagreement that does exist is likely due to the de-ghosting
procedure, which is designed for traditional airguns and is not optimized for sources that are not
monopole, like TPS™.

Surface-affected waveforms were computed from the notionals, using the methodology described
above for 15, 30, and 45 degree dip angles. Corresponding power spectral densities were computed
from the waveforms using the periodogram function from the Python package SciPy [33]. Waveforms
and spectra are provided in Figure S32 based on a source depth of 8 m. Final horizontal surface-
affected source levels are given in Table S12. The decidecade band SEL spectrum is provided in Figure
S33.
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Figure S31. Vertical far field (i.e., surface-affected), notional (i.e. surface-corrected), and ‘notional
sum’, using equations (1) and (2) with ¢ = 0 (i.e., the reconstructed vertical far field) signatures of a

TPS™ signal from OBN measurements provided by Sercel. Legend includes acoustic metrics
calculated by the authors.
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TPS 28,000 in3, Refl. Coef. =-1
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Figure S32. Surface-affected waveforms, spectra, and associated metrics for the TPS™ for dip angles
of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45 degrees). Note that the
spectrum is in units of PSD rather than energy spectral density, and there the broadband level is
lower than the SEL source level.
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Figure S33. Decidecade SEL spectrum for TPS™, associated with the arithmetic mean in Figure S32.
No extrapolation was necessary for high frequencies due to the high temporal resolution time
signatures used.
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Table S12. Resulting source level metrics for the TPS™. Surface-affected horizontal metrics were
carried forward in the analysis, the metrics analyzed from notional and far-field signatures are
included for comparison.

SEL PK SPL RMS SPL
TPS™ (dB re 1 uPa?m? s) (dB re 1 pPa m) (dB re 1 uPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 216.3 237.6 219.7
Surface-affected Vertical 221.2 239.0 223.4
Surface-corrected Monopole
(notional) 230.5 239.4 231.4

Gemini Source™

The Gemini Source™ by TGS is a broadband marine seismic source capable of generating energy
below 4 Hz. It uses a pneumatic, airgun-based mechanism compatible with standard seismic vessels
and operates as a high volume single point source, giving it a compact configuration that simplifies
deployment and handling (Figures A34 & A35). The system is available in 4,000 in®> and 8,000 in?
volume chambers, with the 8,000 in® size most common. The 8,000 in® size produces a peak frequency
of 3.4 Hz. The Gemini Source™ produces an effective frequency spectrum of approximately 2 to 80
Hz, enabling efficient seismic data acquisition across a broad depth range by providing both low and
higher frequency content in a single deployment. Although the Gemini Source™ emits across this
broad range, its higher frequency amplitudes are generally lower than those of conventional airgun
arrays (e.g. approximately 15 dB lower at 1 kHz than the 5,110 in® source analyzed), contributing to
a reduced high-frequency acoustic footprint.
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Figure S34. The Gemini Source™ 8,000 in® on a dry deck. Photo courtesy of TGS.

Figure S35. The Gemini Source™ 8,000 in® before firing (left) and after firing (right). Photo courtesy
of TGS.

Data regarding the 8,000 in® configuration of the Gemini Source™ is available from EnerGeo Alliance
[18] and Li et al. [34]. For this effort, the surface-affected waveforms were modeled by TGS using
Nucleus+, which was recently calibrated based on the measurements of Li et al. [34]. Corresponding
power spectral densities were computed from the waveforms using the periodogram function from
the Python package SciPy [33]. Both waveforms and spectra are provided in Figure S36 based on a
source depth of 8 m. Final horizontal surface-affected source levels are given in Table S13. The
decidecade band SEL spectrum is provided in Figure S37.
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Gemini 8000 in3, Refl. Coef. =-1

10.0 7 —— Elev. =75, Lg=2134, Ly yms.00=230.5, Lp.0_ i = 239.7 dB
S5 —— Elev. =60, Lg=217.2, Ly ms.00=232.1, Ly 0_ pi = 240.1 dB
- —— Elev. =45, Lg=218.7, Ly, ms.00=230.0, Ly 0_ pi. = 240.1 dB
g
5 50
g
[0}
§ 2.5 4
g
£ 0.0 e ——
=2.5 1
0.0 0.2 0.4 0.6 0.8
R Time (s)
E
3
<5 200 -
Q-' /\/\/\/‘—"7
=
Td. 180 A
@
= '
= 160
Z
) — —
2 140 4 Elev. =75, 210.4 dB
= —— Elev. =60, 214.1 dB
51 —_— -
2 190 Elt?v. —45, 215.7dB
@ Arithmetic Mean, 213.9 dB
:
£ 100 10! 102 10°
Frequency (Hz)

Figure S36. Surface-affected waveforms, spectra, and associated metrics for the 8,000 in® Gemini
Source™ for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45
degrees). Note that the spectrum is in units of PSD rather than energy spectral density, and the
broadband level is lower than the SEL source level.
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Figure S37. Decidecade SEL spectrum for the 8,000 in® Gemini Source™, associated with the
arithmetic mean, with extrapolation beyond approximately 1 kHz shown with the dashed line.
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Table S13. Resulting source level metrics for the 8,000 in® Gemini Source™. Surface-affected
horizontal metrics were carried forward in the analysis, and the metrics analyzed from notional and
far-field signatures are included for comparison.

SEL PK SPL RMS SPL
Gemini Source™ (dB re 1 uPa?m? s) (dB re 1 yPam) (dB re 1 pPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 216.9 240.0 231.0
Surface-corrected
Measurement Li et al. [34] 219.1-221.9 239.5 -

Harmony™

The Harmony™ source by Shearwater Geoservices is a modified hypercluster airgun array consisting
of six 1,000 in® airguns (6,000 in® in total volume) with a peak frequency of approximately 4.2 Hz
(Figures A38 & A39). It is a broadband marine seismic source that produces a frequency spectrum of
approximately 2 to 90 Hz, enabling efficient seismic data acquisition across a broad depth range by
providing both low and higher frequency content in a single deployment. Unlike the TPS™ and the
Gemini Source™, the Harmony™ source enhances low-frequency output through frequency locking,
a physical process in which pressure fields from closely spaced airgun bubbles interact. Because the
source utilizes six elements, it may have more directionality than TPS™ and the Gemini Source™.
When the airguns are fired simultaneously in a tight hypercluster, the bubbles partially coalesce and
interact, effectively behaving as a larger bubble that shifts the dominant frequency downward by
roughly one half to one full octave compared with a conventional airgun array. This configuration
increases low-frequency energy while reducing comparatively high-frequency output and improving
the peak-to-bubble ratio relative to a single airgun of equivalent volume. By achieving increased low-
frequency content using existing airgun technology, the Harmony™ source likely offers some of the
associated benefits in reducing marine life exposure, but to a lesser extent than the TPS™ and the
Gemini Source™.

31



Figure S39. The Harmony™ source after firing. Photo is courtesy of Shearwater Geoservices.

As with all the conventional sources considered, data for Harmony™ were modeled using Gundalf
and were provided by Shearwater Geoservices. Results were provided for various depths, and for
consistency with the other ULF sources considered, a source depth of 8 m was carried forward.
Surface-affected waveforms and spectrum are shown in Figure 5S40, along with derived metrics. Final
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horizontal surface-affected source levels are given in Table S14. The decidecade band SEL spectrum
is provided in Figure S41.
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Figure S40. Surface-affected waveforms, spectra, and associated metrics for the 6,000 in® Harmony™
source for dip angles of 15, 30, and 45 degrees (or equivalent, elevation angles of 75, 60, and 45

degrees).
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Figure S41. Decidecade SEL spectrum for the 6,000 in* Harmony™ source, associated with the
arithmetic mean, with extrapolation beyond 10 kHz shown with the dashed line.
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Table S14. Resulting source level metrics for the 6,000 in®* Harmony™ source.

SEL PK SPL RMS SPL
Harmony™ (dB re 1 pPa?m?s) (dB re 1 uPa m) (dB re 1 pPa m)
Surface-affected  Horizontal
(15/30/45 degree dip) 226.2 249.1 244.0

Marine Vibroseis (MV)

MV is an alternative to conventional airgun sources used in marine seismic surveys. Instead of
releasing high-pressure pulses of air, marine vibrators use electromechanical or hydraulic actuators
towed from a vessel or mounted on the seafloor to produce controlled, continuous, or swept acoustic
signals. This allows MV systems to emit energy over a broader range of frequencies with a more
gradual onset and lower peak SPLs, which can improve subsurface imaging (especially for high-
resolution and full-waveform inversion applications) and potentially reduce disturbance to marine
life compared to impulsive sources like conventional airguns. MV systems also offer precise control
over signal characteristics, including frequency content and signal duration, which enables
optimization for specific geological targets and survey objectives. However, their deployment and
operational logistics differ from conventional towed arrays.

There have been 2D field trials of different MV technologies tested with limited output frequency
ranges typically below 100 Hz. Currently, an array of several MV systems is needed to achieve the
amplitudes that are necessary for deep-penetration seismic data acquisition. A large-scale MV array
does not currently exist; however, single- or dual-element MV systems appear to be capable of
acquiring usable seismic data for shallower targets. The Marine Vibrator Joint Industry Project (MV
JIP) sponsored by TotalEnergies, Shell, and ExxonMobil through the Texas A&M Engineering
Experimentation Station continues to support the development of the Integrated Projector Node (IPN)
marine vibrator developed by General Dynamics Applied Physical Sciences since 2013 [35]. The MV
JIP’s IPN system was selected as a representative technology (Figure S42). Field trials which used
single- and dual-element IPN systems deployed at a depth of 6 m were included in the analysis [14].
In addition, a modeling study by Matthews et al. [13], which included a large-scale array of 18 MV
JIP IPN systems towed at a depth of 6 m, was also included in the analysis. The IPN system can
produce frequency sweeps with different durations. This analysis considered a continuous 5 s
duration sweep from 5-100 Hz with a 50% duty cycle (i.e., 5s on /5 s off). Additional MV technologies
will be evaluated as data become available.

ﬁr'—-_}ft—
e
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Figure S42. Photos depicting the deployment of two MV JIP IPN systems under tow. On the left, the
black bodies are the floats that keep the IPNs floating in the water column where the yellow rope
attaches from the floats to the A-frame. On the right, a photograph from one of these IPNs in
stationary mode illustrates how towing is performed. The umbilical which is attached to the front of
the IPN is what provides the towing force when under tow. The chains on top of the IPN are attached
to the float providing buoyancy to the IPN. Photos and description used with permission from Alfaro
et al. [35].

MYV JIP (18-element)

Modeled source characteristics are available in Matthews ef al. [13] for an 18-element MV JIP IPN
array. Each element was modeled as a linear frequency upsweep, based on MV JIP guidelines, with
a source waveform amplitude of 5 kPa. The total array source waveform was established by summing
the waveforms from each individual element. As ghost or surface reflection contributions were not
discussed, and because the authors were developing source waveforms and spectra for use in
propagation models that would inherently include boundary effects, it is assumed that the source
waveforms, spectra, and source levels are surface corrected (i.e., de-ghosted). Spectra were digitized
from the energy source spectral density for the endfire orientation. Although the broadside source
levels as reported in Matthews ef al. [13] were used for consistency with other sources, the endfire
spectrum was used as the broadside spectrum was obscured in the figure by other traces. The endfire
digitized energy source spectral density was converted to decidecade band SEL, normalized to the
reported energy source level (ESL) in Matthews et al. [13], and used in this analysis (as shown in
Figure S43). Though it was not explicitly stated in [13], we assume that the reported SPL was
calculated over a 90% energy window. The associated source levels are provided in Table 515 and
were taken from Matthews et al. [13].
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Figure S43. Decidecade SEL spectrum for the modeled 18-element MV JIP IPN.

Table S15. Source level metrics for the 18-element MV JIP IPN, as taken from Matthews ef al. [13].
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SEL PK SPL RMS SPL
MV JIP (18-element) (dB re 1 pPa?m?s) (dB re 1 pPa m) (dB re 1 pPa m)
Modeled Matthews et al. [13] 217.2 218.6 210.6

MYV JIP (1- and 2-element)

Sound field measurements were conducted by Li and Martin [14] of single- and dual-element MV JIP
IPN sources. Measurements were back propagated and surface corrected, and tables of decidecade
band source levels were provided for a variety of measurements. For this effort, we selected three
sets of results as representative of this measurement campaign, namely the dual-element dynamic
MV JIP (PILOT-16-E-1-22), single-element dynamic MV JIP (PILOT-19-B-1-09), and dual-element
static MV JIP (PILOT-05-B-1-01). These results were presented in Li and Martin [14] as decidecade
band figures for the different MV configurations tested at sea. In all cases, the results for the seabed
critical angle back-propagation method were used. Decidecade band SEL is shown for each in Figures
A44-A46. PK SPL and RMS SPL were not back propagated in Li and Martin [14] but instead were
given in various figures as a function of range. It was confirmed with the authors that RMS SPL was
calculated using a 90% energy window (B. Martin, personal communication, February 27, 2026). To
approximate the source levels for these metrics, values were estimated from the figures for the closest
point of approach (CPA), which was approximately 170 m. Next, we assumed that the relative
difference between SEL and RMS SPL (and SEL and PK SPL) was approximately the same at the CPA
and at 1 m. Finally, the observed differences were used to adjust the SEL source level to produce
approximate PK SPL and RMS SPL source levels. The observed differences at the CPA were
approximately -7.5 dB for RMS SPL and -2 dB for PK SPL, relative to SEL. The pulse durations as
reported in Li and Martin [14] were variable and ranged from 12 to 17 s. For this effort, we
standardized MV sources to operate on a 50% duty cycle with 5-s durations and adjusted the SEL
accordingly. SEL provided in the figures are as they were reported in Li and Martin [14]. The SEL
given in the table is the adjusted value (duration of 5 s). Source levels carried forward in the analysis
are provided in Table S16.
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Figure S44. Decidecade SEL spectrum for the single-element dynamic MV JIP IPN (PILOT-19-B-1-09),
taken from tabulated values in Li and Martin [14].
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MYV JIP (2 element)
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Figure S45. Decidecade SEL spectrum for the dual-element static MV JIP IPN (PILOT-05-B-1-01),
taken from tabulated values in Li and Martin [14].
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Figure S46. Decidecade SEL spectrum for the single-element dynamic 2-element MV JIP (PILOT-16-
E-1-22), taken from tabulated values in Li and Martin [14].

Table S16. Source level metrics for the single- and dual-element dynamic MV JIP IPN systems. SEL
is from tabulated values and adjusted to a 5-s pulse; PK SPL and RMS SPL are inferred from figures
in Li and Martin [14].

SEL (5 s) PK SPL RMS SPL
MV JIP 1- & 2-element (dB re 1 pPa2 m?s) (dB re 1 pPa m) (dB re 1 pPa m)
1-element MV JIP (PILOT-19-
B-1-09) 196.5 199 193.1
2-element MV JIP (PILOT-05-
B-1-01) 200.1 203.4 197.9
2-element MV JIP (PILOT-16-
E-1-22) 201.1 204 198.9
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Acoustic Metrics

Standardized Notation Equivalent Terminology Equivalent Acronym!
Peak sound pressure level?
PK SPL3
Lp,O—pk [1 yPaor 1 yPa m]
L Sound exposure level SELS
P [1 uPa2sor 1 uPa?m?s]
Single shot (per-pulse) sound
Lg s exposure level SELss
[1 pPa?s or 1 pPa?m?s]
NMFS’s auditory injury-
weighted cumulative sound
SELAud mj
Leaup INJ exposure level ot
[1 uPa?s or 1 uPa?>m?s]
60-second M-weighted sound
Legos,m exposure level SELsosm
[1 pPa?s or 1 pPa?m?s]
90% energy-windowed root-
mean-square sound pressure
Ly rms,90% level RMS SPLS
[1 pPaor 1 pyPam]
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