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Supplemental Material

In November 2021, the Canadian National Facility for Seismological Investigations
launched its first long-term test of the new Güralp Aquarius broadband ocean-bottom
seismometers (OBS). The study targeted the lower Laurentian Fan seismic zone
(∼4.5 km water depth), a seismically active zone of oceanic lithosphere downslope from
the epicenter of the 1929 Grand Banks earthquake (Ms 7.2) offshore Atlantic Canada. A
total of 12 OBS were deployed, of which eight were recovered during an August 2022
recovery cruise,with threemonths of data suitable for analysis. Because of the absence of
Global Positioning System clock synchronization, we performed ambient noise cross-
correlation to assess clock drift; seven OBS displayed negligible drift, but one OBS clock
had a relative drift of 1.14 s over the three months and was corrected before further
analyses. We estimated the orientations of horizontal OBS components using particle-
motion analysis of P waves from four teleseismic earthquakes (Mw ≥ 6.8) and their tilt
angles using a noise-based transfer-function technique. We then scanned the data for
local-to-regional earthquakes using machine learning-based phase picking and auto-
mated association tools. Seventeen earthquakes were identified, including two detected
by Earthquakes Canada, with estimated local magnitudes
up to 2.2 and depths reaching ∼39 km relative to the sea-
floor. Seismic data also revealed baleen whale calls in the
15–25 Hz range. Using the double-spectrogram method,
we detected fin and blue whale vocalizations. Applying
a hybrid double-pair double-difference method with
cross-correlation delay times, we provide one example
24-hr blue whale track, spanning ∼58 km.

Introduction
Compared with terrestrial seismometers, ocean-bottom seis-
mometers (OBS) have a relatively short history as tools for
recording natural seismicity. Autonomous OBS were first
deployed to monitor local earthquakes in the 1980s, but only
for periods of up to a few weeks (Ewing and Meyer, 1982;
Toomey et al., 1988). These deployments used short-period
OBS, with typical natural frequencies of approximately 1 to
5 Hz, which were more commonly used for controlled-source
surveys (Kasahara et al., 1980). In the mid-1990s, OBS capable
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of measuring teleseismic earthquake phases at periods of
≤100 s for larger scale imaging were deployed for 6–7 months
in the MELT experiment (Forsyth and Chave, 1994). Modern
OBS, with broadband sensors (flat instrument response ∼100 s
to 100 Hz) capable of operating continuously for a year or
more, were first developed in the late 1990s (Kanazawa
et al., 2001; Suetsugu and Shiobara, 2014). As major seismic
zones are most often offshore, these broadband OBS have
quickly become a critical data source for seismologists.
Whereas modern short-period OBS (now capable of longer
deployments) remain sufficient for local earthquake monitor-
ing (Todd et al., 2018; Hutchinson et al., 2019) and crustal
tomography (Hutchinson et al., 2023), broadband OBS can
additionally image larger-scale structures with both teleseismic
earthquake arrivals (Hawley et al., 2016; Wamba et al., 2021)
and ambient noise (Hable et al., 2019; Harmon et al., 2020). In
Canada, the vast majority of earthquake hazard occurs off-
shore, including from the Cascadia subduction zone
(Walton et al., 2021) and Queen Charlotte plate boundary
(Hyndman, 2015) on the Pacific Coast; the Beaufort Sea
(Audet et al., 2010) and Baffin Bay (Bent and Voss, 2022) seis-
mic zones in the Arctic; and the Lower St. Lawrence (Plourde
and Nedimović, 2021; Liu et al., 2026), Laurentian Slope seis-
mic zone (LSSZ), and Laurentian Fan seismic zone (LFSZ) in
the Atlantic (Bent, 1995). Studies of modern seismicity in these
offshore regions relying on terrestrial seismic networks are lim-
ited by large source–receiver distances and poor azimuthal
coverage. International collaborations had provided some
OBS coverage in the Canadian portion of Cascadia (Obana
et al., 2014; Toomey et al., 2014), but until recently the majority
of these seismic zones had never been studied with long-term
broadband OBS. Therefore, Canadian seismologists identified
a need for modern OBS instrumentation to monitor seismicity,
as well as to image crustal and lithospheric structure in these
offshore seismic zones. This led to the creation of the National
Facility for Seismological Investigations (NFSI) in 2017
(Nedimović, 2019), which now operates >100 OBS across
multiple deployments each year.

A drawback of OBS, from the perspective of those studying
earthquakes and tectonics, is that their seismograms are typ-
ically noisy compared with those from onshore seismometers
(Janiszewski et al., 2022). However, this extra “noise” is useful
data to a variety of physical and biological oceanographic stud-
ies. On broadband OBS, horizontal currents along the seafloor
are a dominant noise source at low frequencies, and variations
in the amplitude and polarization of this noise can illuminate
ocean dynamic processes such as internal tides (Chang et al.,
2016; Ramakrushana Reddy et al., 2020; Wang et al., 2022) at
depths where direct measurements are sparse. At higher
frequencies, OBS commonly record noise from passing ships
(Trabattoni et al., 2023) as well as baleen whale calls (e.g.,
Harris et al., 2013). Passive acoustic monitoring (PAM) is a
primary method for monitoring endangered whale species,

as it provides long-term, noninvasive observations of their dis-
tribution and behavior (Mellinger et al., 2007; Van Parijs et al.,
2009). OBS-based whale studies regularly extend from merely
detecting vocalizations to localizing and tracking individuals
(Gaspà Rebull et al., 2006; Dunn and Hernandez, 2009;
Wilcock, 2012). OBS have lower sampling rates than typical
PAM hydrophones, so they only record low-frequency calls
(≲100 Hz) and are therefore only suitable for monitoring
larger species, such as fin whales (B. physalus) and blue whales
(B. musculus). However, OBS generally record continuously
for ∼12 month deployments, whereas autonomous PAM
deployments commonly last from several weeks to several
months, with recorders operating at high sampling rates often
employing duty-cycling to extend deployment duration by
conserving battery power and storage capacity (Sousa-Lima
et al., 2013; Stanistreet et al., 2016). Therefore, OBS have tre-
mendous potential to supplement PAM data for monitoring
habitat use and ultimately support the development of conser-
vation measures to protect baleen whales from human-caused
threats (Gibb et al., 2019; Davis et al., 2020).

Laurentian Fan seismic zone
The southeastern margin of Canada was created by Jurassic
rifting associated with the separation of Africa and North
America and has since experienced thermal subsidence and
extensive sedimentation (Keen and Hyndman, 1979; Pe-Piper
and Piper, 2004). It has more seismicity than many comparable
rifted margins (Adams and Basham, 1989), most notably pro-
ducing the 1929 Ms 7.2 “Grand Banks” earthquake (Bent,
1995), which triggered a major submarine slump and turbidity
current (∼200 km3; Piper et al., 1988, 1999) and subsequently
caused a tsunami that resulted in 28 fatalities on the Burin
Peninsula of southern Newfoundland (Ruffman and Hann,
2006). The shaking from the earthquake was widely felt
in eastern Canada and the northeastern United States
(Lamontagne and Burke, 2018), and the slumping and turbid-
ity current disrupted trans-Atlantic communications by sever-
ing twelve seafloor telephone cables (Doxsee, 1948).

The Grand Banks earthquake occurred at the continental
margin within the Laurentian Channel, which is the most sig-
nificant glacial trough in North America, extending over
1000 km landward to the St. Lawrence Estuary (Normandeau
et al., 2020). Modern earthquake rates in the source region of
the Grand Banks event are much higher than average on the
margin, and a zone of elevated earthquake rates extends sea-
ward along-dip across the continental slope and rise, transi-
tioning from hyperextended continental crust toward oceanic
lithosphere beneath the Laurentian Fan (Fig. 1). Following the
Canadian National Seismic Hazard Model (Kolaj et al., 2020),
we refer to the area around the Grand Banks earthquake, near
the continental margin, as the LSSZ and the portion further
offshore as the LFSZ (Fig. 1). The degree to which modern seis-
micity in the LSSZ can be considered an extended aftershock
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sequence of the 1929 event remains ambiguous, as does
whether a similar earthquake could occur elsewhere on the
margin of eastern North America (Basham and Adams, 1983).
Although the LFSZ forms a semicontinuous zone of seismicity
with the LSSZ, the two zones do not appear to share a common
major structure. Bent (1995) models the 1929 event as a

primary rupture on a southeast (SE)-striking strike-slip fault,
followed by two subevents on conjugate, west-southwest-strik-
ing strike-slip faults. They note that the 1929 epicenter and its
principal SE-striking (122°) fault align with the Newfoundland
fracture zone. Pe-Piper and Piper (2004) refer to the section of
fault zone between those two structures as the southwest (SW)
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Figure 1. Sediment thickness distribution offshore southeastern
Canada. Bathymetric contours are shown in gray at 500 m
intervals, with finer 200 m spacing on the continental shelf;
contour labels indicate depth values (m). The orange circles
denote earthquakes from the National Earthquake Database of
Canada (NEDB; Natural Resources Canada, 1985), recorded by
land-based stations between 1985 and 2025, with symbol size
proportional to magnitude (−0:3 < MN < 4:7). The red triangles
denote the 12 deployed ocean-bottom seismometer (OBS) sta-
tions. The Laurentian slope and Laurentian Fan seismic zones are
outlined by red dashed lines and labeled as LSSZ and LFSZ,
respectively. The Cobequid–Chedabucto fault zone (CCFZ) is
shown as solid lines, and dashed lines indicate inferred contin-
uations through the Orpheus Graben (OG) based on Hasegawa

and Kanamori (1987). The approximate location of the south-
west (SW) Grand Banks Transform is adapted from Pe-Piper and
Piper (2004). The purple stars indicate the locations of the 1929
Grand Banks earthquake (Bent, 1995) and the 1975 Laurentian
Channel earthquake (Hasegawa and Hermann, 1989). The
Newfoundland fracture zone lies east of the study area and
extends into the North Atlantic Ocean, although it is not shown.
The top inset map offers a regional overview of the study area.
The bottom inset map shows an enlarged view, with recovered
stations in black and lost stations in white. Station names are
labeled, and bathymetric contours (m) delineate the channel
geometry at the deployment location. The color version of this
figure is available only in the electronic edition.
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Grand Banks Transform (Fig. 1), noting that it appears to link
to the Orpheus Graben, the continental Cobequid–Chedabucto
fault system to the west, and the oceanic Newfoundland frac-
ture zone to the east, and they suggest that these structures
collectively accommodated dextral motion in the Cretaceous
and Oligocene. However, the LFSZ is ∼200 km south of the
trend of these features and strikes south-southeast, exhibiting
no clear structural relation.

The LFSZ produces more small earthquakes than the LSSZ,
but it has also had a higher historical b value (Kolaj et al.,
2023). In contrast to the LSSZ’s ≥ 6 earthquakes of M > 5
in the last century (e.g., Hasegawa and Hermann, 1989), no
M > 5 events have been recorded in the LFSZ in the
Canadian National Earthquake Database (NEDB; Halchuk
et al., 2015). We also note the complete absence of earthquakes
in the NEDB on the SW Grand Banks Transform Margin.

The Laurentian Fan’s current morphology has developed
over the past 2–3 m.y. of glacial and depositional history
(Stow, 1981), including the 1929 event and another 1.5 ka land-
slide that are among the largest Late Holocene failures globally
(Normandeau et al., 2019). A large positive gravity anomaly
over the Laurentian Fan indicates this deposition is isostatically
uncompensated (Courtney and Piper, 1992). The impact of
this loading on the tectonic stress field beneath the Fan, within
the oceanic lithosphere, may also contribute to the LFSZ’s
existence, but it is not clear whether this would be operating
on the timescales of millions of years as a response to the entire
depositional history of the Fan, thousands of years in response
to its extensive postglacial deposits, or merely a century in
response to the 1929 landslide.

This article summarizes the NFSI’s first long-term OBS
deployment, which took place in 2021–2022 over the LFSZ off-
shore Newfoundland and Nova Scotia in Atlantic Canada. It
includes descriptions of the equipment used, the deployment
and recovery cruises, data quality-control steps, seismic noise
characteristics, and the detection and location of both earth-
quakes and baleen whales.

OBS Data Acquisition
Instrumentation
In January 2021, the NFSI officially reached an agreement with
Güralp Systems Ltd. to acquire 120 Aquarius broadband OBS,
and it has since accepted all 120 in batches between August 2021
and April 2024. The Laurentian Fan deployment represented the
first long-term test of the Aquarius OBS using the initial batch of
instruments. The Aquarius offers a compact, free-fall design that
is fully operational at any tilt angle and is rated to a maximum
water depth of 6000 m (Fig. 2a). It has the battery life and data
storage capacity to record seismic data for up to 18 months
before entering hibernation mode, although to date NFSI has
not deployed them for longer than 14 months. The three-com-
ponent seismometer has a sampling rate of 250 Hz, a 24-bit
dynamic range, and a flat instrument response between 0.01

and 100 Hz, making it suitable for capturing local, regional,
and teleseismic earthquakes as well as controlled sources. The
internal clock is based on a voltage-controlled crystal oscillator
(VCXO) and, at a stable temperature, is expected to drift less
than a millisecond per day. A summary of the Aquarius OBS
technical specifications is provided in Table S1, available in
the supplemental material to this article.

In addition to the seismometer, the Aquarius is internally
equipped with a three-axis magnetometer and a microelectro-
mechanical systems accelerometer, as well as internal and
external temperature gauges (where the external gauge is in
contact with the pressure case). As the instrument is not
self-leveling, the internal accelerometer can be used to deter-
mine the instrument tilt after deployment and again immedi-
ately before recovery while the OBS is situated on the seafloor.
Externally, it has a pressure sensor with reported accuracy of
0.25% to determine water depth and can be equipped with an
additional absolute pressure gauge or hydrophone. For this
study, the OBS were equipped with HighTech HTI-04-PCA
ultra-low-frequency hydrophones that were set to a gain of
−146 dB (50 nV=μPa), which was far too high for the oceanic
setting, causing the signal to saturate rapidly and not recover,
resulting in unusable data. The hydrophones have since been
retrofitted to use a lower gain for subsequent deployments.

The Aquarius includes an integrated Sonardyne low-
medium frequency (LMF) band acoustic modem for commu-
nication with surface vessels while at the seabed. An omnidi-
rectional or directional dunker or ultrashort baseline (USBL)
acoustic system is used to communicate with the instrument
and determine its position on the seafloor. To assist in recovery
of the OBS, the NFSI utilizes Xeos Apollo Mono Iridium
Global Positioning System (GPS) beacons and XMB-11K
very-high frequency (VHF) band radio beacons. The Apollo
Mono transmits its GPS position via the Iridium satellite net-
work; communication longevity will depend on update fre-
quency and sea conditions, potentially tracking a drifting
instrument for more than a year with daily updates.

Deployment and recovery
On 7–8 November 2021, 12 OBS were deployed on the LFSZ
from the R/V Strait Explorer. The original plan was to place the
instruments in a 3 × 4 grid with 40 km spacing; however,
stormy weather conditions provided a very short time window
during which it was safe to operate. The grid spacing was
reduced to 20 km, keeping the 3 × 4 shape, reducing the array’s
spatial extent and the time required to deploy. The 12 OBS
were deployed in under 24 hr, made possible by forgoing
the OBS positioning surveys and leaving that task to the recov-
ery cruise. Acoustic communication with the OBS was main-
tained for the first few hundred meters of their descent (at
∼0:6 ms−1) to verify that the instrument appeared to be oper-
ating normally and to reset the backup timed release to a time
later than the expected recovery cruise. The 12 OBS stations,
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named LF01–LF12, are shown in Figure 1 and listed in
Table S2.

Nineteen days after deployment, on 26 November, OBS
LF08 surfaced unexpectedly; the NFSI was notified by its
Apollo recovery beacon. A second OBS, LF04, surfaced three
days later, and a third, LF03, surfaced on 21 December. Their
GPS beacons were configured to provide only one location per
day to conserve battery life, and through these daily updates,
they were tracked as they slowly drifted east across the Atlantic.
In May 2022, almost five months after it surfaced, LF04 was
drifting near the Azores in the eastern Atlantic. The NFSI

(a)

(c)

(b)

(d)

Syntactic 

foam 

buoyancy

Burnwire

release

Acoustic 

modem

Lifting

point
VHF and GPS/Iridium beacons

Broadband 

Hydrophone

Anchor

Tag line 

point

Figure 2. (a) Güralp Aquarius OBS in the lab. The syntactic foam
buoyancy with the ballast unit is 1 m in diameter and 0.46 m
high, increasing to 0.72 m with the lifting frame attached.
(b) Recovery of the OBS from the research vessel using a “Happy
Hooker” retrieval pole to thread a lifting strap through the lifting
frame before (c) hoisting the instrument onboard using the ship’s
crane. (d) OBS recovered near the Azores in May 2022, after
drifting across the Atlantic Ocean for 5 months. The color version
of this figure is available only in the electronic edition.
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was able to contract local fishermen to recover the instrument
(Fig. 2d) and, with help from researchers at the Okeanos
Institute of the Universidade dos Açores, ship it to Güralp
for testing. Stations LF03 and LF08 are presumably still adrift,
although the batteries in the beacons have drained below the
threshold required for Iridium transmissions. Their last
reported positions were near Madeira on 14 December 2022,
and roughly 300 km west of Lisbon, Portugal, on 16 January
2023, respectively.

Eight of the nine remaining OBS were positioned and recov-
ered on 29 and 30 August 2022, using the R/V Coriolis II
(Fig. 2b,c). However, LF12 did not respond to acoustic com-
munication attempts and was never recovered. Based on inves-
tigations following the recovery of LF04 and the premature
surfacing of OBS from later deployments, we suspect that
the OBS experienced water ingress through the connector port
to the external hydrophone.

Data Quality Control
If all aspects of OBS deployment and recovery proceed
smoothly, any clock drift the OBS experiences over the course
of the deployment can be corrected by assuming a linear shift
between GPS clock synchronizations immediately before
deployment and immediately after recovery. However, in the
eight OBS recovered from the Laurentian Fan, an OBS firm-
ware issue corrupted the seismic waveforms beginning some-
time on 31 January or 1 February 2022, with an approximately
constant offset relative to each station’s deployment time. A
step increase in power consumption and internal temperature
occurred at the same time (Fig. S1). Seismic data corruption
was observed when searching for teleseismic earthquake sig-
nals after those dates, with signals absent or offset by seemingly
unpredictable time shifts. This study, therefore, focuses on the
period of slightly under three months, from 7 November 2021
to 1 February 2022. We use both teleseismic earthquakes and
ambient-noise cross correlation to assess clock drift over that
span. This firmware issue was corrected before later OBS
deployments.

Time corrections from teleseismic P-wave arrivals
To assess potential clock drift, we first examine P-wave arrivals
from teleseismic earthquakes with epicentral distances (Δ)
greater than 30°. Nine events (Table S3), all withMw ≥ 6, were
found to have sufficient signal-to-noise ratios (SNRs) on the
vertical component to manually pick a P-wave arrival, though
the horizontal components were often noisier. Using these
picks, we computed station–pair travel-time double differences
(Zhang et al., 2010), defined as the difference between observed
and theoretical differential arrival times between pairs of sta-
tions for the same event (Fig. 3a). Double-difference times up
to ±5 s were considered normal due to velocity heterogeneities
and picking errors, and values for most stations lie within this
threshold. However, LF09 exhibited a time offset of ∼1050 s,

which was corrected before moving to the next steps. This is
the only instance thus far that NFSI has observed a static clock
offset for an Aquarius deployment; discussion with the manu-
facturer has not revealed a potential cause yet. As a further
check, we computed cross-correlation-based double-difference
times (Poupinet et al., 1984; Waldhauser and Schaff, 2007),
which reduced scatter to within ±2 s (Fig. 3b).

Time corrections from ambient noise cross-
correlation
To detect potential continuous clock drift, we performed a
time-symmetry analysis of ambient-noise cross-correlation
functions (NCCFs). Relative clock drift can be inferred from
asymmetry in the NCCF, which results in a shorter travel time
at the negative-lag peak and a longer travel time at the positive-
lag peak, or vice versa (Stehly et al., 2007). Ideally, NCCFs are
computed for all nine component pairs for each station pair;
however, for simplicity and because the horizontal compo-
nents exhibit higher levels of ocean noise, only the vertical
components were used.

We first implemented the data preprocessing scheme pre-
sented by Bensen et al. (2007): (1) the data were band-pass
filtered between 2 and 5 s, (2) time-domain normalization
was applied to reduce the impact of earthquakes, instrumental
irregularities, and nonstationary noise sources near the stations
on the NCCF, and (3) spectral normalization was applied to
combat NCCF degradation caused by persistent monochro-
matic sources. Following Abbas et al. (2023), we computed
NCCFs from preprocessed 6 hr long traces with a 3 hr (50%)
overlap between windows. The resulting NCCFs were first
stacked within each day to obtain daily functions and sub-
sequently stacked over time to highlight trends over the
deployment period (Figs. S4 and S5). Figure 4 compares differ-
ent station pairs and shows that seven stations do not exhibit
significant clock drift, whereas LF02 displays a distinct drift
relative to the others. We applied the multichannel cross-
correlation technique (VanDecar and Crosson, 1990), using
station–pair total relative clock drifts as input, to estimate
an optimal and self-consistent set of clock drift rates for each
station. Because LF02 was identified as anomalous, it was
excluded from the zero-sum constraint; that is, the sum of
drifts for the remaining seven stations was constrained to equal
zero. This resulted in a total clock drift of 1.14 s for LF02,
whereas the other stations exhibited drifts of less than ±0.1 s.
The clock drift on LF02 was corrected by incrementally adjust-
ing the start time of each daily seismogram (13 ms per day),
whereas the smaller drifts on the other stations were negligible
relative to the uncertainty in NCCF-derived travel times and
observed residual scatter.

Instrument orientation and tilt estimation
OBS deployed via free fall have (nominally) horizontal com-
ponents with unknown azimuths due to the lack of controlled
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orientation during descent; resolving their orientations is
important for various further applications. Although a variety
of methods exist to estimate orientation, using the polarization
of teleseismic earthquake P-wave arrivals (Niu and Li, 2011;
Braunmiller et al., 2020) is perhaps the most straightforward.
This process assumes a simplified, laterally homogeneous and
isotropic Earth such that energy from the direct P-wave arrival
is constrained to the vertical and radial (P and SV) compo-
nents, with negligible energy in the transverse (SH) compo-
nent. We found that only four events (Mw ≥ 6.8, Δ > 30°)
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Figure 3. Station–pair double-difference analysis results for OBS
stations. (a) Travel-time double-difference residuals for nine
teleseismic events recorded from November 2021 to February
2022 across eight stations. (b) Cross-correlation-based double-
difference residuals for the same period and station pairs.
Residuals are computed between pairs of stations for each event.
Each station is represented by a unique marker, with pairwise
combinations yielding seven observations per station. Results are
plotted over time, highlighting variations and trends in both
travel-time and cross-correlation residuals. The color version of
this figure is available only in the electronic edition.
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had sufficient SNR on the horizontal components to be
included in this analysis. We performed a line search over
potential orientations from 0° to 360°, maximizing energy on
the radial component while ensuring a positive cross-correla-
tion between the radial and vertical components. An example
of the rotation from the original horizontal components to
radial and transverse components for a teleseismic event is
provided in Figure S6. We used a 45 s window beginning at
a manual P arrival pick and varied the band pass slightly
between arrivals, from 0.02–0.06 Hz to 0.04–0.08 Hz, depend-
ing on the event magnitude and observed SNR. The SNR for
each station was calculated from the horizontal components
using 120 s of prearrival noise and 45 s of postarrival signal

windows. Results of the line search are shown in Figure 5
and summarized in Table 1 with median SNR reported in deci-
bels. With only four events, it is challenging to establish a

Figure 4. Ambient-noise cross-correlation function (NCCF) results
and inferred clock drift for OBS stations from November 2021 to
February 2022. Each subplot shows time shifts derived from
NCCFs between one reference station and all other stations.
Scatter points represent daily measurements, and solid lines
indicate linear fits used to estimate clock drift rates. The trends
highlight relative timing variations between stations over the
deployment period. The color version of this figure is available
only in the electronic edition.
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meaningful uncertainty measure, but the visual spread of min-
ima positions for each OBS suggests uncertainties ranging
from a few degrees for the highest-SNR stations to ∼20° for
the lowest-SNR stations.

Because of the free-fall deployment method, OBS may land
on a rough or sloping seafloor or sink unevenly into soft sea-
floor sediments, resulting in the seismometer components
being tilted from their nominal horizontal and vertical direc-
tions. The effect of this tilt can be corrected in the seismic data
to reduce low-frequency tilt noise on the vertical component.
Note that the term “tilt noise” has a double meaning: (1) it
describes the noise on the seismometer produced as bottom
currents flow past the OBS and induce Kármán vortex shed-
ding that deforms the underlying sediments and (dynamically)
tilts the instrument frame (Duennebier and Sutton, 1995;
Webb, 1998; Stähler et al., 2018), and (2) because this effect is
negligible on a truly vertical component, noise data can be

analyzed to determine an overall (static) instrument tilt and
remove tilt noise from the nominally vertical component
(Crawford and Webb, 2000).

We estimated the tilt angle and direction of each OBS using
the ATaCR module of the OBStools package (Audet and
Janiszewski, 2020), which applies the transfer function approach

Figure 5. Optimal orientation results for eight OBS stations using
four teleseismic events. Each subplot shows transverse energy as
a function of the assumed azimuth of the H2 horizontal com-
ponent. The colored curves correspond to individual events, and
the black curve represents the stacked transverse energy, with
solutions restricted to positive radial–vertical cross-correlation.
The red vertical line indicates the azimuth that minimized
transverse energy, interpreted as the optimal orientation of the
H2 component. The color version of this figure is available only in
the electronic edition.
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described by Bell et al. (2015). Circular statistics were applied to
determine the mean tilts and tilt directions from daily estimates
obtained using ATaCR (Table 1). Seven OBS exhibit a tilt angle
of <5°, whereas station LF05 displays a substantially larger tilt
angle of 19.1°. To validate the tilt angle estimated for station
LF05, we compared the SNR of the vertical and horizontal com-
ponents for teleseismic P-wave arrivals at frequencies below
0.1 Hz (Fig. S7). As expected, vertical components always exhibit
higher SNR than horizontal components on each OBS.
However, LF05 has the lowest vertical SNR and a reduced differ-
ence between vertical and horizontal SNR, supporting the
notion that LF05 had an anomalously high tilt angle.

Noise characteristics
OBS are subject to a diverse set of noise sources arising from
oceanic interactions, seafloor coupling conditions, and anthropo-
genic and natural sources (e.g., marine mammals). To quantita-
tively characterize the ambient noise characteristics, we
calculated the probabilistic power spectral density (PPSD) fol-
lowing McNamara and Buland (2004). The data were segmented
into 1-hr windows with 50% overlap, within the frequency band
recorded by our instruments, for the three months of quality
data. PPSD results for all stations are in Figures S8–S15. For
reference, the figures include the new high-noise model
(NHNM) and new low-noise model (NLNM) introduced by
Peterson (1993), using land-based stations.

Our findings are broadly consistent with trends observed by
Janiszewski et al. (2022), who analyzed noise characteristics
from 551 OBS deployments. These findings include ambient
noise that slightly exceeds the NHNM in the 0.2–1 Hz (secon-
dary microseism) frequency band. At lower frequencies
(0.01–0.1 Hz), all components exhibit high variability in noise
level, but the horizontal components are much noisier than the
vertical; vertical noise levels cluster near the NHNM, whereas

the horizontals greatly exceed the NHNM by up to ∼40 dB.
From 3 to 10 Hz, the band of interest for observing local seis-
micity, ambient noise falls below the NHNM but again exhibits
high temporal variability (especially on stations LF09 and
LF11) and remains ∼10 dB higher on the horizontals than
on the vertical component.

We examined noise spectrograms created from 5 min
windows with 50% overlap. Figure 6 illustrates four examples
from stations LF01, LF02, LF06, and LF09. The results show a
consistently elevated noise floor below 3 Hz, resulting from the
presence of microseisms, infragravity waves, and bottom-
current noise (Janiszewski et al., 2022). Blue whale calls are
observed at a frequency of approximately 16.5 Hz, whereas
fin whale calls predominantly appear at 18–22.5 Hz (seen most
clearly in Fig. 6c). Numerous vertical line features spanning the
full range of frequencies are discernible, some of which corre-
spond to abrupt data spikes and may be artifacts.

At some stations, an arc-like pattern appears in the spectro-
gram immediately after deployment, characterized by a step-
like increase in noise levels above a given frequency threshold.
This threshold changes rapidly over the first few days before
gradually stabilizing, as seen in Figure 6a at 40 to 70 Hz.
This behavior may be related to thermal adjustments within
the OBS, consistent with similar trends observed in internal
humidity and pressure records (Figs. S2 and S3).

Below 0.1 Hz, tilt noise dominates, and the horizontal com-
ponents exhibit significantly higher noise levels than the ver-
tical on most OBS (>25 dB difference), although the highly
tilted LF05 has more vertical noise, and the horizontal noise
amplitudes are more comparable (Figs. S16–S23). Seafloor
compliance noise is expected to be present on the vertical com-
ponent, but at frequencies below 0.02 Hz for this water depth
(Crawford andWebb, 2000), which is too low to be observed in
PPSD in Figures S8–S15. Because frequencies below 0.1 Hz are

TABLE 1
Orientation and Tilt Estimates for Eight OBS Stations

Station H1 Azimuth H2 Azimuth Std Med. SNR Tilt Tilt Dir.

LF01 179 269 1.7 21.4 0.9 337

LF02 195 285 9.0 19.6 1.1 126

LF05 211 301 25.7 13.4 19.1 344

LF06 46 136 3.4 8.1 3.0 305

LF07 315 45 13.1 12.1 4.8 342

LF09 147 237 33.4 14.1 0.7 96

LF10 55 145 3.8 10.3 3.4 119

LF11 289 19 20.7 2.3 1.9 300

Listed are the azimuths of the horizontal components (H1 and H2), the circular standard deviation (Std) reflecting orientation variability, and the median (Med.) signal-to-noise
ratio (SNR) for each station. The rotation required to align the recorded components with geographic north and east is given by the negative of the H1 azimuth. Also shown are
the estimated tilt angles and corresponding tilt directions (Dir.), which describe the magnitude and orientation of instrument inclination, measured clockwise from the H1
component. All angular measurements are in degrees. OBS, ocean-bottom seismometer.
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not relevant to our subsequent analyses, we opt not to correct
for tilt or compliance noise; we also lack the hydrophone data
required to perform compliance correction.

Between approximately 4 and 10 Hz, periods of elevated
noise persisting over several days are observed at most stations
(Fig. 6b,d) and are likely related to strong, transient seafloor
currents. These signals appear to be modulated at a semidiur-
nal period, suggesting an influence from internal tides, as pre-
viously observed on continental slopes (Ramakrushana Reddy
et al., 2020), including the North American Atlantic margin
(McGregor, 1979). Noise in this band includes broadband sig-
nals as well as signals with a strong characteristic frequency
(∼2 Hz in Fig. 6d) and its harmonics. These signals may be
related to resonance of the OBS–sediment coupling (Sutton
et al., 1981; Trehu, 1985), shear-wave resonance within the
sedimentary sequence (Godin and Chapman, 1999), and/or vor-
tex shedding off the OBS or one of its external components
(Essing et al., 2021; Corela et al., 2023). The OBS were deployed
on several kilometers of sediment, which may enhance seafloor
resonance. Based on the wide-angle seismic velocity model of
Lau et al. (2018), the sedimentary section in this region is
approximately 4 to 5 km thick, including an upper ∼3 km with
VP < 3 km s−1, consistent with Quaternary unconsolidated
sediments (Piper et al., 1983; Fig. 1).

Earthquake Detection and Location
To begin building an earthquake catalog, we first applied
OBSTransformer (Niksejel and Zhang, 2024), a generalized
transfer-learned P- and S-phase picker designed specifically
for OBS data. We selected P- and S-picking probability thresh-
olds of 0.1 and obtained 31,863 P picks and 87,312 S picks from
the three months of seismic data. These picks were then input
into the Rapid Earthquake Association and Location code
(REAL, Zhang et al., 2019), assigning a minimum of three P,
one S, and five total picks per event. The grid search for potential
hypocenters spanned 6° in both horizontal directions and 40 km
in depth, with grid intervals of 0.1° horizontally and 2 km
vertically. We derived a 1D velocity model (Table S4) from
the 2D P-wave velocity model of Lau et al. (2018), computed
from a dense wide-angle seismic survey across the northeastern
Nova Scotia margin, approximately 50 km west of our OBS
array at its closest point. The model includes 4.8 km of sedi-
ments overlying a 5.6-km-thick igneous crust, for a Moho depth
of 10.4 km relative to the seafloor. We applied the Wadati and
Oki (1933) method to estimate an average VP=VS for the study
area, resulting in an optimal VP=VS near 1.7 but with very high
uncertainties (95% confidence interval: 1.57–2.07; Fig. S24).
We expected a higher VP=VS because the OBS sit on several
kilometers of un- to poorly consolidated sediments, although
it may be that the Wadati analysis is insensitive to the sediments
if all arrivals traverse them with similar near-vertical ray-paths.
Given these uncertainties, we opted to apply a constant standard
VP=VS of 1.75.
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Figure 6. Spectrograms from stations LF01, LF02, LF06, and
LF09 during selected time periods. (a) Station LF01, horizontal
component, 0–100 Hz for 87 days of uncorrupted data.
(b) Station LF02, horizontal component, 0–30 Hz for 10 days.
(c) Station LF06, vertical component, 0–30 Hz for 10 days.
(d) Station LF09, horizontal component, 0–30 Hz for 10 days.
Note that the higher and lower limits of the colorbar were set to
20–80 dB to help visually highlight and contrast interesting
features. The color version of this figure is available only in the
electronic edition.
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REAL output more than 100 events; however, after manual
inspection and relocation using a likelihood-based hypocenter
inversion code in Python, similar to NonLinLoc (Lomax et al.,
2000) and that of Plourde and Nedimović (2021), only 17 were
confirmed to be robust detections (Fig. 7, Table S5). The NEDB
catalog lists only two earthquakes near the Laurentian Fan dur-
ing the time span of the OBS deployment, both of which are
included among our detected events.

Estimated hypocentral depths range from near the surface
to ∼39 km. Only 3 of the 17 epicenters lie within the OBS array
(although another 7 are within 20 km), resulting in poor azi-
muthal coverage for most events. The reported uncertainties
rely on arbitrarily applied Gaussian uncertainties for arrival
times, with higher uncertainties assigned to later arrivals, and
uncertainties in the velocity structure are not accounted for. As
a result, these estimates likely underestimate the true uncer-
tainties in some cases, particularly for the most distant events
and for those in which the inversion favors very shallow depths
(<1 km). Such shallow earthquakes are especially unlikely in
this region, where several kilometers of unconsolidated to
poorly consolidated sediments are expected at the surface. The
largest cluster of depths, at ∼30 km, is 20 km beneath the
Moho and includes 8 of the 10 events located within 20 km
of the OBS. Given the computed and inferred uncertainties
on shallower events, no hypocenters can be confidently inter-
preted as occurring within the oceanic crust.

Figure 8 shows vertical-component waveforms from the 15
December 2021 event, also recorded in the NEDB catalog,
arranged by increasing station distance. This earthquake
occurred more than 100 km south of the OBS array, and the
body waves appear to be followed by a T phase, characterized
by prolonged high-frequency energy trailing the surface waves
observed across all stations, with an apparent moveout velocity
of ∼1:5 km s−1. T waves are seismoacoustic waves generated
by earthquakes that propagate efficiently within the ocean's
sound fixing and ranging channel, where sound speed reaches
a minimum (Linehan, 1940; Tolstoy and Ewing, 1950), and can
travel long distances with minimal attenuation (Okal, 2008).

We determine local magnitudes for the 17 events in our
catalog using the amplitude–magnitude relationship estab-
lished by Bakun and Joyner (1984). To achieve this, the maxi-
mum amplitudes of the horizontal components are measured
after removing the instrument response and convolving the
resulting signals with the Wood–Anderson response. The
waveform window selected for this measurement spans 10 s
around the S wave. The detected events exhibit local magni-
tudes between −0.1 and 2.2, with the majority below 1.5
and only two exceeding magnitude 2.0.

Whale Detection and Location
We catalog specific types of low-frequency fin whale (B.
physalus) and blue whale (B. musculus) calls that are regularly
observed on OBS in the western North Atlantic. The fin whale

calls are generally an ∼1 s downsweep focused at ∼20 Hz and
repeated with an internote interval (INI) of approximately 10
to 15 s (Morano et al., 2012; Roy et al., 2018); whereas blue
whale calls tend to consist of a constant frequency “A” phase
lasting ∼8 s, a downsweep “B” phase lasting ∼10 s, or (most
commonly) these two in succession with a ∼5 s gap as an
A–B sequence, generally repeating with a 68 to 78 s INI
(Mellinger and Clark, 2003; Wingfield et al., 2022). Although
we focus on these two most abundant call types in this study,
we note that a number of other calls, including some from sei
and humpback whales, are potentially observable in the OBS
frequency range (<125 Hz).

We applied the double-spectrogram method of Plourde and
Nedimović (2022) to detect fin and blue whale calls on the
Laurentian Fan OBS. This template-free approach relies on
the characteristic recurrence intervals of vocalizations from each
species. The workflow involves band-pass filtering the seismic
data, computing a short-window spectrogram (1–2 s) to resolve
individual calls, and calculating a ratio (R) of energy concentra-
tion within the target frequency band relative to adjacent control
bands. A second, longer-window spectrogram is then generated
from the R(t) time series to assess periodic modulation of
energy, and a detection is triggered when the resulting power
ratio (W) exceeds an empirically defined threshold. Figure 9 dis-
plays four representative examples of detected whale calls.
Analysis of the fin whale calls reveals that the INI range is
between 10 and 21 s, extending beyond the 10–15 s range com-
monly reported for the Northwest Atlantic in previous stud-
ies (Fig. 9c).

Both blue and fin whale calls were present on most days of
the deployment. Over the ∼92-day dataset, blue whale calls
were detected on ∼86 days (averaged across the eight OBS),
and fin whale calls were detected on ∼63 days (Fig. S25). In
total, across the eight OBS, we detected 211,568 blue whale
calls and 132,768 fin whale calls, although these numbers
include duplicate detections of the same call across multiple
stations. As we have not associated all calls across OBS, we
do not have precise numbers of unique calls. On average, each
station recorded approximately 26,000 blue whale calls and
17,000 fin whale calls over the study period. Considering their
average INI, these values equate to blue whale A–B songs being
present in over 20% of the OBS recordings and fin whale songs
being present in ∼3% to 4%.

We applied a workflow similar to the earthquake catalog-
building process to localize blue whale calls for one day of
data (14 January 2022). Rather than manually picking each call,
we relied on automatic detections from the double-spectro-
gram method, which tends to be at the center of a call (at
the highest amplitudes). However, for blue whale A–B calls,
the pick position within the call can vary by several seconds,
in part because seafloor multiples are expected to overlap with
the direct arrival and, for a given source–receiver distance,
these multiples can have larger amplitudes than the direct
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Figure 7. Seismicity map of the lower LFSZ. The orange circles
denote earthquakes from the NEDB (Natural Resources Canada,
1985) recorded by land-based stations, from 1985 to 2025;
purple circles represent the 17 detected events using the eight
OBS stations. The triangles indicate the locations of the OBS
stations. The top inset map offers a regional overview of the
study area. The bottom inset map provides an enlarged view of

the study area, displaying ocean depth contours (4400–4700 m).
The black triangles denote the eight recovered stations, and the
white triangles denote the four lost stations. The horizontal cross
section at the bottom shows the depth distribution of locally
detected events, with error bars representing 95% confidence
intervals. The color version of this figure is available only in the
electronic edition.
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wave. This issue is less pronounced for the ∼1 s long fin whale
calls, but phase association is more complex in this case, where
multiples appear as distinct phases that are often more promi-
nent than the direct wave (and can be useful in ranging the
calls, e.g., Zhu and Wen, 2024) and travel-time differentials
often exceed the INI. To estimate the true onset of each whale
call, we implemented a custom envelope-based picking algo-
rithm. For each detection, the three-component waveform
was combined into a smoothed signal envelope, and the onset
was defined as the first sustained increase in envelope ampli-
tude above an adaptive threshold determined from robust esti-
mates of the background noise level and the peak signal
amplitude.

The refined picks were then associated across stations with a
simple sequencing approach, relying on the consistent INI and
manually correcting cases where a call was not picked at a
given station. To localize the recorded whale calls, we again

Figure 8. Example vertical-component waveforms from a
detected regional earthquake, ordered by station distance to
highlight the moveout pattern. This event occurred on 15
December 2021 at 07:33:59, with an estimated magnitude of
2.2 and depth of ∼10 km. The red and cyan dashed lines indicate
the picked arrival times of the P and S waves, respectively. The
prolonged high-frequency energy observed in the trailing portion
of the waveforms is interpreted as the T phase. The color version
of this figure is available only in the electronic edition.
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Figure 9. Example detections of (a,b) blue whales and (c,d) fin
whales from stations LF02, LF07, and LF11. The top row shows
the three-component seismograms, band-pass filtered to the
target frequency band for each species. The second row presents
the corresponding spectrograms of the same waveform seg-
ments, with a solid green line highlighting the target band and
red dashed lines highlighting the adjacent bands used in the

denominator of R(t). In the third row, R(t) is computed from the
spectrograms, with detected calls labeled by red lines and
annotated with their signal-to-noise ratio (SNR) in dB. The bot-
tom row shows the periodogram of R(t), with periods used in the
numerator of W(t) highlighted in green and those in the
denominator in red. The color version of this figure is available
only in the electronic edition.
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used a likelihood-based recursive grid-search routine, similar
to NonLinLoc (Lomax et al., 2000), implemented in Python. In
this case, we constrained the whale source depth to be 20 m
below the sea surface. We also added azimuthal constraints,
derived from the first principal-component (polarization) axes
of the calls, using the results of the Instrument orientation and
tilt estimation section to correct for instrument orientation.
The call backazimuths were only constrained to a 180° ambi-
guity, as polarization axes are expected to be near-horizontal in
most cases (Wilcock, 2012). Standard uncertainties on pick
arrival times and azimuths were assigned to 0.5 s and 10°,
respectively. This workflow resulted in 501 initial event loca-
tions, shown with uncertainty ellipses in Figure S26.

To refine these absolute locations, we implemented a
double-pair double-difference (DPDD) approach (Guo and
Zhang, 2017). Similar to the double-difference approach
(Waldhauser and Ellsworth, 2000), this method can improve
relative locations by effectively cancelling errors associated
with an imperfect velocity model. In our case, the main advan-
tage of this approach is the ability to incorporate cross-corre-
lation delay times, which we calculated using the whale
call index (Širović et al., 2015; Pilkington et al., 2018). We
constructed this index by integrating spectrogram power over
a target frequency band (15.5–18.5 Hz), summed across com-
ponents. Both event–pair and station–pair cross-correlation
constraints are considered, and a correlation coefficient (CC)
threshold of 0.8 is applied in subsequent analyses (Fig. S27).
Event pairs greatly outnumber station pairs owing to the larger
number of events (8 stations versus 501 events); however, their
CC distributions are similar, with median values of 0.68 and
0.67, respectively.

The inversion incorporates particle-motion azimuth con-
straints together with time-difference constraints derived from
both travel-time picks and cross-correlation measurements. As
recommended by Guo and Zhang (2017), we apply station pair
double-difference (SPDD) and DPDD constraints simultane-
ously, with both pick-based and cross-correlation-based con-
straints for each. DPDD constraints were formed using both
cross-event and cross-station correlations. After applying a
CC threshold of 0.8 and double-difference criteria, 7,621 sta-
tion–pair and 10,729 event–pair cross-correlation constraints
were retained for the hybrid relocation. To construct event
pairs for the inversion, we employed a temporal nearest-neigh-
bor approach to identify pairs likely to exhibit high coherence.
The resulting sparse system of equations was solved using
damped least squares, with adaptive weighting based on pick
uncertainties, cross-correlation coefficients, and a robust
Tukey biweight function to suppress outliers. The inversion
weighting structure began with the highest weights on azimu-
thal, SPDD, and pick-based constraints and gradually shifted
weight to the cross-correlation and DPDD constraints.

Figure 10 illustrates the relocation results, depicting the
movement of a blue whale for one day on 14 January 2022,

with the call times highlighted for the 490 calls constrained
by cross-correlation data. Even after cross-correlation-based
relocations, considerable scatter remained in the positions
of individual calls, so we created a smoothed track using a
Gaussian-weighted moving window over 444 positions, yield-
ing a representative track of the whale’s average movement
over 24 hr. The smoothed trajectory indicates a total travel
distance of approximately 58 km if all calls are indeed from
one whale, as we have assumed here. Although the track is
composed of multiple songs separated by temporal (and cor-
responding spatial) gaps, a single continuous trajectory
appears to reasonably fit the data.

Discussion and Conclusions
Given the variety of topics covered, we separate the discussion
into four key areas before returning to an overall conclusion.
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Figure 10. Daily track of a blue whale detected on 14 January
2022. The circles represent the final locations of individual whale
calls, with the final 444 selected positions colored by time relative
to the start of the day. The gray circles indicate detections that do
not meet the cross-correlation selection criterion (fewer than two
station pairs with CC ≥0.8), which are excluded from the
smoothed track. The black line shows the moving average of the
locations, with dashed segments highlighting spatial and tem-
poral gaps in the track. The white triangles denote OBS stations.
The color version of this figure is available only in the electronic
edition.
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1. Our ambient-noise cross-correlation workflow revealed that
station LF02 accumulated a total clock drift of 1.14 s,
whereas the other seven stations deviated by less than
0.08 s. Over the 87-day study period, LF02 drifted 13 ms
per day, which is an order of magnitude higher than the
manufacturer’s drift specification for the Aquarius clock.
However, no anomalous trends in internal temperature,
humidity, or pressure were observed that could explain this
behavior. The clock drift at station LF02 was corrected by
incrementally adjusting the start time of each daily seismo-
gram before subsequent analysis. Future deployments will
ideally have a GPS clock synchronization for each OBS both
before deployment and upon recovery, simplifying correc-
tions, but this process can be applied in any situation where
clock synchronization is not feasible.

2. PPSD and spectrogram analysis of OBS records revealed noise
levels similar to many previous OBS deployments, including
values that slightly exceed the NHNM in the 0.2–1 Hz micro-
seism band. Above this frequency, noise levels gradually
decrease up to ∼5 Hz, often necessitating application of a
high-pass filter near this threshold for local earthquake analy-
sis. Spectrograms revealed persistent features from natural
phenomena such as the microseisms, internal tides, and whale
calls, as well as minor features that may be related to the OBS
stabilization under seafloor pressure and temperature condi-
tions during the first few days after deployment. The ∼19°
tilt computed for LF05 was unexpected but consistent with
features observed in its PPSDs and teleseismic P-wave arriv-
als, suggesting that the estimate is robust. Its overall noise
levels and SNR for teleseismic P waves (averaged across com-
ponents) remained within expectations, suggesting good cou-
pling with the seafloor, and there are no severe bathymetric
features observed in the vicinity at the available resolution
(Fig. 1). We propose that LF05 likely settled at a high tilt
in very soft seafloor sediments.

3. The small catalog of 17 earthquakes provides the first depth
estimates for earthquakes in the LFSZ, which reach up to
∼39 km relative to the seafloor, including a concentration
of events at ∼30 km, about 20 km below the estimated
Moho depth. Given that the oceanic lithosphere in this
region is very old (∼150 Ma) and cold, brittle deformation
extending far below the Moho into the uppermost mantle
is not unexpected. However, OBS-based observations that
directly resolve earthquake depths within oceanic litho-
sphere remain rare. Some estimated hypocenters are clearly
too shallow (<1 km), including two (of 10) events that are
within or reasonably near the OBS array. These likely reflect
misinterpreted picks or instabilities associated with the very
low-velocity surficial sediments. We also tested excluding
the slowest, shallowest velocity layers, but this did not
improve the stability of the solutions.

We suggest that earthquakes in the LFSZ study area may
be related to sediment loading due to the fan itself and the

following isostatic adjustment, although loading may not be
expected to produce such a highly linear zone without further
structural controls. We further speculate that at some point
in the tectonic history of the margin, transformmotion could
have diverted from the SW Grand Banks Transform to a
transform that underlies the modern LFSZ, providing an
alternative connection between the Cobequid–Chedabucto
fault system and the Newfoundland transform zone and cre-
ating sizeable faults that are reactivated during present-day
earthquakes. Although no offset in magnetic anomalies
across the LFSZ is visible, the magnetic signature of the
underlying igneous oceanic crust is largely obscured by
the thick sediment sequence, so magnetic data does not pre-
clude such a transform fault. We did not resolve earthquake
focal mechanisms or stress in the LFSZ in this study. Future
work may allow focal mechanisms to be determined for a
subset of events using waveform-fitting approaches, although
elevated noise levels at frequencies below ∼3 Hz may make it
particularly challenging. If successful, focal mechanism and
stress-orientation estimates could help support or rule out
these proposed hypotheses.

4. This study reports what we believe is the first detection and
localization of baleen whales in deep waters of the Northwest
Atlantic, that is, away from the continental shelf, highlighting
the value of OBS networks for (low-frequency) passive acous-
tic monitoring. We identified fin and blue whale calls, with
fin whale INI ranging around 10–21 s, longer than the pre-
viously reported 10–15 s observed in shallower waters. Over
the three-month dataset, we detected approximately 26,000
blue whale calls and 17,000 fin whale calls per OBS. As we
have not associated all calls across stations, we do not have
precise numbers of unique calls. This equates to over 20% of
the recorded data containing blue whale songs, and ∼3% to
4% of the data containing fin whale songs. Both species are
listed under Canada’s Species at Risk Act, with the blue whale
classified as endangered. Documenting their presence in deep
offshore environments such as the Laurentian Fan provides
important information on their range and critical habitat
within Canadian waters. We also present an example blue
whale track spanning an entire day, revealing an ∼58 km
travel path across the OBS network. However, we find that
it is difficult to resolve the precise positions of individual blue
whale A–B calls, even when including cross-correlation data
and azimuthal constraints.

This article summarizes the first long-term OBS deploy-
ment by the NFSI, which was also the first long-term, deep-
water test of the Aquarius OBS model. Despite the dataset
being shorter than intended and with fewer OBS, it provided
an opportunity to assess their capacity to monitor earthquakes,
baleen whales, and physical oceanographic phenomena. It
also allowed us to assess the clock stability and noise character-
istics of the OBS; however, because the OBS-equipped
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magnetometer and accelerometer were not recorded during
this deployment, the instrument orientation and tilt inferred
from these sensors should be validated against seismologically
derived estimates in future deployments. Similarly, as this data-
set lacks clock synchronization in the field, it would be inter-
esting to compare the clock drift inferred from ambient-noise
cross-correlation with the more direct measurement from GPS
clock synchronization at deployment and upon recovery.
There will be many opportunities for these tests given that,
by September 2026, the NFSI will have deployed and recovered
11 additional OBS arrays since this initial experiment, in
collaboration with various project partners and involving
networks of up to 20–30 instruments.

Data and Resources
Laurentian Fan ocean-bottom seismometer data are archived at the
National Facility for Seismological Investigations data center with
the International Federation of Digital Seismograph Networks net-
work code 17 (Nedimović et al., 2021). Data processing and analysis
were performed using Python, including open-source tools such as
ObsPy and the OBStools package (https://github.com/nfsi-canada/
OBStools, last accessed June 2026), specifically the ATACR module,
for compliance and tilt-noise analysis. The supplemental material for
this article includes Tables S1–S5 and Figures S1–S27.
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