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Abstract Secondary hydrothermal circulation is created by local entrainment of cold seawater into
the shallow subseafloor by the intense discharge of high temperature fluids through focused vents at black
smoker hydrothermal fields. To improve our understanding of secondary hydrothermal circulation, we tested
a new instrumentation consisting of a small-scale (∼150m aperture) four-hydrophone network connected to
single datalogger, which could potentially record very small and shallow microearthquakes associated with
near-seafloor upflow of hydrothermal fluids and mineral precipitation. We report on a one-year catalog of
near-seafloor microearthquakes, recorded with this hydrophone network deployed around the Tour Eiffel
black smoker vent site of the LuckyStrikehydrothermal field. Wedetect 740 shallowmicroearthquakes (depth
between 0 and 300m, localmagnitude between -4.0 and -0.5) thatmaybe generated by reaction-driven crack-
ing due to anhydrite precipitation in the shallow subseafloor. The seismicity rate is low, and the events are not
focused around the black smokers, suggesting that heating of entrained seawater and anhydrite precipitation
is not prevalent near these vents. This hypothesis is supported by time-series analysis of diffuse fluid samples
from the Tour Eiffel site, which show little to no chemical evidence for anhydrite precipitation.

1 Introduction
Hydrothermal circulations at mid-ocean ridges (MORs)
transport magmatic heat (Lister, 1972; Lowell et al.,
1995) and chemicals (Elderfield and Schultz, 1996) from
the solid Earth to the ocean. There are two types
of hydrothermal vents at mid-ocean ridges: focused
outflows of high temperature fluids and diffuse lower-
temperature emissions, usually surrounding the fo-
cused vents (Corliss et al., 1979). Focused high tempera-
ture vents result directly from km-scale fluid hydrother-
mal cells which entail downward percolation of sea-
water through highly porous and permeable near sur-
face rocks, followed by progressive chemical exchange
with the host rocks, and heat extraction from under-
lying magmatic sources at depth (Lister, 1974; Wilcock
and Delaney, 1996). Intense discharge of high tempera-
ture fluids through focused vents, often at temperatures
> 300°C, can entrain cold seawater into the shallow sub-
seafloor near the hot vents, known as secondary or en-
trained circulation (Humphris et al., 1995). The cold
seawater mixes with the primary hydrothermal fluids
(Butterfield et al., 2004; Edmond et al., 1979; Wheeler
et al., 2024), or is conductively heated (Cooper et al.,
2000), both processes creating low temperature diffuse
fluids. Diffuse vents extend over a larger andmore scat-
tered area and are estimated to carry 50–95% of the hy-
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drothermal heat flux (Baker et al., 1993; Mittelstaedt
et al., 2012; Ramondenc et al., 2006). They also host
a unique chemosynthetic microbial and hydrothermal
fauna (Corliss et al., 1979; Cuvelier et al., 2009; Juniper
et al., 1995). Secondary circulation leads tomineral pre-
cipitation from the entrained seawater in the form of
anhydrite (Bischoff and Seyfried, 1978), and from the
cooling high temperature fluids, forming hydrothermal
deposits. Understanding the secondary circulation and
the shallow upflow domain is important to understand
dynamics of benthic ecosystems, global oceanic heat
budgets and the formation of rare minerals.

Our current understanding of near-seafloor sec-
ondary circulation and the shallow upflow domain of
high temperature fluids comes mostly from a few short
drill cores recovered at the Trans-Atlantic Geotraverse
(TAG) hydrothermal field at the slow spreading Mid-
Atlantic Ridge (Humphris et al., 1995, 2015), near vent
fluid sampling and geological observations (Barreyre
et al., 2014; Butterfield et al., 2004; Cooper et al., 2000;
Wheeler et al., 2024), and analytic and numerical mod-
els (Guo et al., 2020; Lowell et al., 2003; Lowell and
Yao, 2002). The geometry and subsurface extent of
the secondary circulation system remain largely un-
constrained because the geophysical sensor arrays in
most of the subseafloormonitoring setups are designed
to monitor the primary hydrothermal system, whereas
resolving smaller secondary circulation requires high-
frequency data from dense, small-aperture (∼200–300
m) sensor arrays. Using sucha configurationwith short-
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period Ocean Bottom Seismometers (OBS), Pontbriand
and Sohn (2014) constrained this secondary system be-
neath the TAG sulfide mound by characterizing shallow
microearthquakes and proposed that these events were
triggered by reaction-driven cracking in response to an-
hydrite precipitation from heated seawater in the sec-
ondary circulation system.
The Lucky Strike hydrothermal field, located at the

top of Lucky Strike volcano, Mid-Atlantic Ridge (Fou-
quet et al., 1995; Humphris et al., 2002; Langmuir et al.,
1997; Ondréas et al., 2009; Escartin et al., 2015) extracts
heat from an axial magma chamber (AMC) (Combier
et al., 2015; Singh et al., 2006), and hosts several active
high-temperature venting sites (Fig. 1a). A long-term
volcano-scale OBS network (2007–2019 with yearly re-
deployment, Fig. 1a) identifies an evolving seismicity
cluster above the AMC and to the north of the main hy-
drothermal field, which is interpreted as resulting from
enhanced hydrothermal cooling, tectonic cracking, and
possible small dike injections near the base of the main
hydrothermal circulation (Bohidar et al., 2024; Craw-
ford et al., 2013).
The Tour Eiffel (TE) hydrothermal site, located in the

southeast part of the hydrothermal field (Fig. 1b), is one
of the largest Lucky Strike vent sites, extending over ap-
proximately 24 m × 20 m and is dominated by a ∼15 m
high sulfide edifice, bearing several high temperature
vents and surrounded by diffuse flow areas. The total
heat flux, including both discrete and diffuse venting,
is estimated to be ∼20 (Mittelstaedt et al., 2012) to 50
MW (Wheeler et al., 2024) with Mittelstaedt et al. (2012)
estimating that more than 95% of the heat comes from
diffuse venting. Geological mapping and time-series
of diffuse fluid temperature and chemistry indicate a
complex shallowpermeability structure belowTour Eif-
fel hydrothermal site and show that anhydrite precip-
itation from entrained seawater is low in this region
(Wheeler et al., 2024). Other notable high-temperature
vent sites in the eastern part of the Lucky Strike hy-
drothermal field include Montségur (area: ∼24 m × 16
m), and relatively smaller Sintra and Y3 sites (area: ∼7
m × 5 m each) located about 70 m South and 250–300 m
N–NWof Tour Eiffel site respectively.
To precisely detect and locate very small (M < 0) mi-

croearthquakes associated with near-seafloor upflow of
hydrothermal fluids and mineral precipitation in the
presumed secondary circulation zone, we tested a new
instrumentation consisting of multiple hydrophones
connected by 100-meter-long cables to one datalogger
(called the ‘Hydroctopus’), developed for the European
Multidisciplinary Seafloor and water column Observa-
tory (EMSO)-Azores. Using the same datalogger allows
us to create a network with very precise (sub-sample)
relative travel times, irrespective of clock drift. The
tested instrument consists of four hydrophones sep-
arated by ∼100 m. Ideally, the system would con-
sist of more hydrophones over a larger area, but the
present system serves as a low-cost proof of concept.
We present one year of near-seafloormicroearthquakes
recorded in the vicinity of the Tour Eiffel vent site us-
ing the Hydroctopus. The Hydroctopus detected sev-
eral types of events, including whale songs and earth-

quakes originating outside the network and/or at depths
greater than the few hundred-meter scope of this study.
We therefore developed criteria to select shallow mi-
croearthquakes within or near the network based on
waveform characteristics, number of phases, and fre-
quency spectra. Although the location of these shal-
low microearthquakes is not well constrained because
of the limited number of instruments and weak con-
straints on the uppermost crustal velocity structure, we
obtain a first order picture of shallow microearthquake
locations in the vicinity of the Tour Eiffel vent site.
We discuss their possible source mechanisms and their
implications for secondary hydrothermal circulation
around the Tour Eiffel vent site.

2 Method

2.1 Experimental Setup
The Hydroctopus network consists of four HiTech HTI-
04 hydrophones connected by ∼100m cables to a single
datalogger on one of the EMSO-Azores sea monitoring
nodes (SEAMONEast) in the southeast corner of the vol-
cano summit (Fig. 1b). The sampling frequency of the
hydrophones is 250Hz, and the effective high-frequency
cut-off is ∼100 Hz. After each deployment, the data ac-
quisition system was recovered and reset, but the hy-
drophones remained in place except H3 hydrophone
(central hydrophone, Fig. 1b), whichwas onlymoved by
a few decimeters. We report results from the Hydrocto-
pus network for the first time, from the first two con-
secutive deployments, spanning 2016-09-10 to 2017-09-
25 (380 days).
As part of the EMSO-Azores observatory, a network

of four-component five ocean bottom seismometers
(OBSs) has also been deployed surrounding the volcano
summit since 2007 with yearly redeployments (Fig. 1a,
instrument specifications for the OBS network can be
found in Bohidar et al., 2024). During the Hydrocto-
pus deployment, only one OBS (hereafter referred to as
N-OBS) was operational, located approximately 3.5 km
north of theHydroctopus system (Fig. 1a). We also com-
pare the earthquake waveform characteristics recorded
by the Hydroctopus network with those observed by N-
OBS.

2.2 Event Detection and Classification
We detected events using a standard short-term
average/long-term average (STA/LTA) algorithm, adapt-
ing the parameters to small, short duration events
(STA/LTA > 2.2 for window lengths of 0.2 and 10 s, re-
spectively). Prior to STA/LTA detection, the waveforms
were filtered in 5–50 HZ frequency range, as shallow
events detected by Pontbriand and Sohn (2014) using a
similar aperture scale OBS network were mostly seen
in 15–30 Hz. Events detected on all four hydrophones
were selected for further analysis.
We developed a protocol to classify the different types

of events detected by the Hydroctopus network and to
identify shallow near-surface events. First we automat-
ically removed whale songs from the total set of detec-
tions identified by the STA/LTA algorithm. Whale songs
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Figure 1 (a) Overview of Lucky Strike volcano, Mid-Atlantic Ridge. The solid black isocontours outline the volcano base
(1900 m beneath seafloor) and its three peaks. Blue stars: Hydrothermal vent sites, White triangles: INSU IPGP OBS deploy-
ment sites (Only N-OBS data is used in this study as data from rest of the OBSs are unavailable/unusable during the Hydroc-
topus deployment). Black rectangle marks the Hydroctopus network region. (b) Overview map of the Hydroctopus array.
Red triangles: hydrophones, Brown square: SEAMON-East (one of the Sea Monitoring nodes of the observatory), Blue stars:
Hydrothermal vent sites, Black lines: Isocontours.

were distinguished based on the following character-
istics: they typically consist of 2–3 s waveforms, with
peak spectral energy concentrated between 20 and 30
Hz, and are repeated every 12–15 seconds, often contin-
uing for several hours at a time (Fig. S1 in Supplemen-
tary Material). Subsequently, we applied an automatic
classification method based on the number of detected
phases, waveform duration, and dominant spectral fre-
quency to categorize the remaining non-whale events.
These classifications were then manually verified and
corrected. The waveform duration was defined as total
time interval of the seismic signal measured from the
onset of first phase arrival to the end of the coda.
We focused the rest of the processing only on iden-

tified shallow near-surface events. We calculated rela-
tive P phase arrival times using phase cross-correlation.
Taking the H3 hydrophone (center of the network,
Fig. 1b) as our reference, we cross-correlated its wave-
formwith theotherhydrophonewaveforms, calculating
the offset as the time of the highest cross-correlation co-
efficient. For comparisonwith arrivals at other stations,
we set the H3 hydrophone P phase arrival time to be the
trigger time given by STA/LTA method.
Since hydrophones measure the pressure variations

in thewater column, they are generally unable to detect
S phase (Shear waves). Therefore, no S phases were ob-
served in the hydrophone data. Moreover, our analysis
focused on very small-magnitude, shallow events; thus,
even if any S phases were present, they would likely to

have been obscured by noise.

2.3 Synthetic WaveformModelling
To better constrain the different types of detected
events, we performed synthetic waveformmodelling of
events with different source depths and receiver dis-
tances. Weused the Fomosto (QSEIS backend;Heimann
et al., 2019) tool within the Pyrocko library to calculate
Green’s functions, using a 1D velocity model (Fig. S2a
and Text S1 in Supplementary Material) taken from a
previous 3D P-wave velocity model (Arnulf et al., 2013),
centered in the middle of Hydroctopus network. We
used an explosive source (magnitude = -2.5) and calcu-
lated the amplitudes of the direct P and water reflected
PwP phases for events in a depth range of 0–8 km be-
neath the seafloor andahorizontal distance rangeof 0–5
km, using the 250Hz sampling frequency of theHydroc-
topus.

2.4 Shallow Earthquake Location andMagni-
tude Estimation

We performed earthquake locations and magnitude es-
timation only on shallow near-surface events (Type-1
event, see Section 3.1 Event Classification). We esti-
mated earthquake locations using a grid search algo-
rithmwithin theNonLinLoc (NLLoc; Lomax et al., 2000)
software, using a 1 km3 cubic grid centered at site H3
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hydrophone and with 10 m node spacing. Since the
subseafloor shallow upper-crustal velocity structure is
not well constrained, we tested various constant veloc-
ity gradient, shallow velocity models, with seafloor P-
wave velocities ranging from 1.5 km/s to 3.2 km/s and
gradients ranging from 0 to 3.6 (km/s)/km, selecting the
model that yielded minimum root-mean-square (RMS)
time error and minimum horizontal and vertical stan-
dard deviations for the event locations (Fig. S3 and Text
S2 in Supplementary Material). The best-fitting model
had a P-wave velocity of 1.5 km/s at the seafloor and a
velocity gradient of 2.6 (km/s)/km, leading to a P-wave
velocity of 4.1 km/s at the base of the model, 1 km be-
neath the seafloor.
Since this was a hydrophone network, we could not

calculate the magnitude of the events directly from the
signal. The primary network of OBSs did not have good
quality data for the duration of the Hydroctopus deploy-
ment (except N-OBS) and shallow events detected by the
Hydroctopuswere only detected in theprimarynetwork
OBS’s hydrophone channels (discussed later). We there-
fore established an empirical relationship between the
pressure amplitude on the hydrophone channel and the
displacement amplitude on the vertical channel from
the catalog of deeper on-volcano events recorded by
the primary OBS network (Fig. S4 in Supplementary
Material, 374 events recorded between April 2015 and
May 2016; Bohidar et al., 2024). We verified that the
OBS and Hydroctopus hydrophones had the same re-
sponse using PPSD analysis (Fig. S5b in Supplementary
Material), then converted the Hydroctopus hydrophone
channel amplitudes to approximate displacements and
calculated the local magnitudes using the custom scale
defined in Crawford et al. (2013).

3 Results and Discussion

3.1 Event Classification
Based on the number of detected phases, waveform du-
ration, anddominant spectral frequency, thenon-whale
events detected by the Hydroctopus network are classi-
fied into three main categories. Events that do not fit
into these categories orwhale calls are attributed to ship
or other oceanic noise sources and are excluded from
further analysis.
Type-1 events have very short durations (∼1 s) with

only one detectable phase (direct P) on all four hy-
drophones (Fig. 2a-1 and Figs. S6–S7 in Supplementary
Material). The maximum spectral energy is observed
between 10–30 Hz (Fig. 2a-2). Type-1 events can present
differentwaveformpatterns and spectra ondifferent hy-
drophones even though the hydrophones are very close
to one another (Figs. S6–S7 in SupplementaryMaterial).
Type-2 events are ∼3 s and have two phases separated
by ∼2.25–2.3 s (Fig. 2b-1), which we identify as direct P
phase, and the water reflected P (PwP) phase from the
sea-surface respectively (the two-way P-wave traveltime
in the 1.7 km thick water column in this region is ap-
proximately 2.26 s assuming acoustic water velocity of
1.5 km/s). We further verified this by autocorrelating
the event waveform with an inverted and 2.26 s delayed

waveform. Type-2 P phase has the highest spectral en-
ergy between 15–30 Hz (Fig. 2b-2). Type-3 events are
more than 15 s long, with direct P and PwP phases and
a long coda after the PwP arrival (Fig. 2c-1). Type-3 P
phase has the highest spectral energy between 8–10 Hz
(Fig. 2c-2).
We looked for all three types of event waveform pat-

terns in the vertical and hydrophone channels of the N-
OBS, which was deployed ∼3.5 km north of the Hydroc-
topus (Fig. 1a). On the N-OBS, type-2 events show both
direct P and S phases on the vertical channel, with an
S–P traveltime difference of∼0.8 s (Fig. 2b-4). On the N-
OBS hydrophone channel, they have P and PwP phases
separated by ∼2.3 s (Fig. 2b-3). Type-3 events show di-
rect P and S phases with an S-P traveltime difference of
∼3.6 s on the vertical channel (Fig. 2c-4), and P and PwP
phases with an PwP-P traveltime difference of ∼2.3 s on
the hydrophone channel of the N-OBS (Fig. 2c-3). The
average time differences between the first P phase in
the Hydroctopus and the N-OBS for type-2 and type-3
events are ∼0.5 s and ∼1.1 s, respectively, indicating a
clear bimodal distribution. Based on these observations
and comparisons with the pre-existing seismicity cata-
log (Bohidar et al., 2024), we identify type-2 events as
on-volcano deeper events (originated mainly above the
3-4 km deep melt lens; Bohidar et al., 2024), and type-3
events as segment-end/off-volcano events.
Type-1 events are very rarely seen on the N-OBS ver-

tical channel, and only events with local magnitudes >
-2.0 are seen on its hydrophone channel. On the N-OBS
hydrophone channel, type-1 events are ∼1 s, with only
direct P phase clearly detectable (Fig. 2a-3). The first P
phase arrives 1.1 s to 1.8 s (average ∼1.54 s) later at N-
OBS than on the Hydroctopus hydrophones for 70% of
the events (Fig. 2a-3 and Fig. S8a in SuplementaryMate-
rial). These delay times are consistentwith very shallow
events (< 300 m below seafloor) originating in the vicin-
ity of the Hydroctopus. To verify this, we calculated
the P travel time difference between the Hydroctopus
hydrophone and the N-OBS hydrophone for synthetic
events located 10 m horizontally from the center of the
Hydroctopus network and from 0 to 1000m beneath the
seafloor (Fig. S8b in Supplementary Material). Delays
between 1.1 and 1.8 seconds correspond to depths be-
tween 0 and 300 m, greater depths give smaller delays
(0.6 s at 1000 m depth). We did not obtain delays greater
than 1.8 s, probably because our simple syntheticmodel
accounts neither for lateral velocity variations nor for
complex depth structure.
We also calculated P to PwP phase amplitude ra-

tios, using synthetic waveforms generated at different
depths and distances from the Hydroctopus network.
These ratios are in the range of 5 to 10 for events lo-
cated within 200 m horizontally from the sensor and
with source depths < 500 m (Fig. S2b in Supplemen-
tary Material). We believe that the PwP phase is gen-
erally not observed for type-1 events because the 5–10×
smaller signal is generally below the background noise
level.
Based on the above analyses, we consider type-1

events to be shallow (with 90%of events < 500mbeneath
the seafloor) because of their short durations, apparent
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Figure 2 Examples of types of events detected by the Hydroctopus network. X-axis scale is same on each column, but Y-
axis scale is different based on signal strength. (a) Example of a Type-1 (shallow) event. (a-1) & (a-2) are the shallow event
waveform and respective frequency spectrum from H1 hydrophone of the Hydroctopus. (a-3) is the same event waveform
from the N-OBS hydrophone channel. Waveform patterns for the rest of the Hydroctopus hydrophones are shown in Figs.
S6–S7 in Supplementary Material. (b) Example of a Type-2 (On-volcano deep) event. (b-1) & (b-2) are the volcano deep event
waveform and respective frequency spectrum from H1 hydrophone of the Hydroctopus. (b-3) & (b-4) are the same event
waveforms fromtheN-OBShydrophonechannel&N-OBSvertical channel respectively. (c) Exampleof aType-3 (segment-end
deep) event. (c-1) & (c-2) are the segment-enddeepeventwaveformand respective frequency spectrum fromH1hydrophone
of theHydroctopus. (c-3)& (c-4) are the sameeventwaveforms fromtheN-OBShydrophonechannel&N-OBSvertical channel
respectively. Red dashed lines mark the identified seismic phases on each channel.

lack of PwP and S phases, and the P arrival delay at the
N-OBS.
We identified 740 shallow events, 1089 on-volcano

deep events, and 988 segment-end events in the Septem-
ber 2016–September 2017 Hydroctopus record (Fig. S9
in Supplementary Material). Very few shallow events
were detected betweenNovember 2016 andMarch 2017,
whenwhale songs were abundant (Fig. 3b and Fig. S9 in
Supplementary Material). A similar effect is observed,
to a lesser extent, for deeper events (Bohidar et al.,
2024). Note that the total number of type-2 (on-volcano
deeper) and type-3 (segment-end) events detected by
the Hydroctopus network may not represent the actual
number of events occurring during the experiment pe-
riod. The Hydroctopus array aperture is very small
(∼150 m) and is not designed to detect deeper events.
Moreover, the STA/LTAparameters are adapted todetect
shallow events only, which might have excluded some
deeper events.

3.2 Shallow Microearthquake Location and
Magnitude Estimation

The 740 shallow (Type-1) events have local magnitudes
(ML) ranging from -4.0 to -0.5 (magnitude of complete-
ness: -2.3, b-value: 0.87; Fig. 3a). Outside of the period
when whale songs obscure the record, shallow events
occur persistently throughout the year, with a seismic-
ity rate of ∼3 events/day (Fig. 3b). We observe only one
significant swarm-like period of > 20 events/day over al-
most 2 days in mid-July 2017 and two relatively smaller
(∼16–18 events/day) one-day swarm like period in the
end of September 2016 and May 2016 (Fig. 3b). The
contribution of shallow events to the total seismic re-
lease is very small, with a cumulativemoment release of
5.2×109 N-m (Fig. 3d), equivalent to one ML 0.45 event.
The biggest event was ML 0.04 (Fig. 3a).
Since there are only four hydrophones and the shal-

low upper crustal velocity structure is not well known,

5 SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | Near vent seismicity at the Tour Eiffel vent site, Lucky Strike hydrothermal field, Mid-Atlantic Ridge

Figure 3 Temporal distribution of shallowmicroearthquakes (Type-1 events) located in the vicinity of Tour Eiffel hydrother-
mal vent site, Lucky Strike hydrothermal field. The red dashed line marks the 2017–2018 maintenance cruise and separates
consecutive deployments. (a) Local magnitudes. Brown dots are events outside the Hydroctopus network; green dots are
events inside the network. (b) Events/day. Blue arrow marks the approximate time period of abundant whale songs when
shalloweventsweremostdifficult todetect (Fig. S9 inSupplementarymaterial). Brownbars correspond toall shallowevents,
green bars correspond to events located inside the network. (c) Cumulative number of shallow events and (d) Cumulative
seismic moment of shallow events.

event locations are not verywell constrained. Themean
RMS time error of all events is less than 10 ms, but the
average event location uncertainties are ∼232 m verti-
cally and ∼178 m horizontally (in the same range as the
TAG shallowmicroearthquakes catalog; Fig. 4a and Fig.
S10 in Supplementary Material; Pontbriand and Sohn,
2014). Most of the events are locatedoutside theHydroc-
topus network and seem to be randomly scattered hori-
zontally (Fig. 4a). There is a small cluster a few hundred
meters southeast of the Montségur hydrothermal site,
including some of the larger events (ML > -1.0) and the
mid-July 2017 swarm events (Blue circles in Fig. 4a–b),
and there is another small cluster in the vicinity of the
Sintra and Y3 vent sites. Most events have depths < 300
m bsfr (below a seafloor reference depth defined at 1.7
km; (Fig. 4b). The scatter of the events appears to be
real, as relocations done when swapping hydrophone
positions are clustered in geometric forms related to the
positions of the changed channels and give significantly

highermeanRMSvalues (Fig. S11 andText S3 in Supple-
mentary Material).
Only 10% (76) of the shallow events and 4%of total cu-

mulated seismicmoment are located inside thenetwork
(Fig. 4a,c and Fig. S12a in Supplementary Material). All
these events are very small (ML < -1.5), and most are
located within 200 m of the seafloor (Fig. 4b and Fig.
S12b,c in Supplementary Material). We calculated the
amplitude ratio between the center hydrophone (H3)
and other hydrophones (H1, H2 & H4): for events clas-
sified as inside the network, the mean ratio is ∼1.21
whereas for other events it is ∼1.02, suggesting that
events classified as inside-network are indeed closer to
the central hydrophone.

3.3 Potential Source Mechanisms

The 740 near-seafloor microearthquakes have very
short waveforms (∼1 s), with only one clear direct P
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Figure 4 Spatial distribution of shallow microearthquakes (Type-1 events) in the vicinity of Tour Eiffel vent site. (a) Map
view. Blue stars: Hydrothermal vent sites, Greendashed rectangle: The area of theHydroctopus network, Browndots: Events
locatedoutside thenetwork, Greendots: Events located inside thenetwork, Bluedots: Mid-July 2017 swarmevents, Pinkdot:
Example event shown in Fig. 2a. The black cross at the bottom-right corner is the average horizontal uncertainty bars of all
events. (b) Across-axis cross section through the center of the network. Depth is referenced beneath the seafloor reference
(bsfr) depth at 1.7 km. (c) Zoomed view of the Hydroctopus network region. TE: Tour Eiffel, MS: Montségur

phase and with waveform patterns that change from
sensor to sensor (Fig. 2a and Figs. S6–S7 in Supplemen-
taryMaterial). The extremely short event durations and
the lack of S phase arrivals on the OBS vertical chan-
nel and PwP phase arrivals on Hydroctopus & OBS hy-
drophone channels suggest a non-double couple origin
of these events (Pontbriand and Sohn, 2014).
Thermal contraction at the base of hydrothermal

downflow zones is one non-double couple origin mech-

anism for microearthquakes recorded in the crust and
a few hundred meters above axial magma lenses (Bohi-
dar et al., 2024; Crawford et al., 2013; Sohn et al., 2004;
Tolstoy et al., 2008). Cooling of magma intruded to a
very shallow level in the crust could also create ther-
mal contraction events at the very shallow depths of
near-seafloor events, but there is no evidence for shal-
low magmatic injections below the Lucky Strike vents
during the experiment as no earthquake swarms were
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evident from theOBS data (Bohidar et al., 2024), norwas
there any indication of seafloor eruption during yearly
site submersible surveys.
Hydraulic fracturing and collapsing bubbles are non-

double couple mechanisms proposed to generate shal-
low microearthquakes in hydrothermal systems (Daw-
son et al., 2012; Kedar et al., 1996, 1998; Miller et al.,
1998). Hydraulic fracturing occurs when the fluid pres-
sure exceeds the strengthof thehost rocks or the confin-
ing pressure and the fluid pressure of the hydrothermal
system is less than or equal to the buoyancy pressure of
the hydrothermal circulation (Cann and Strens, 1989).
The buoyancy pressure at the bottom of Lucky Strike’s
primary hydrothermal system (2.5–3 km bsfr, Bohidar
et al. (2024); Crawford et al. (2013)) is ∼ 10–15MPa (Text
S4 in Supplementary Material). The buoyancy pres-
sure of shallower, secondary circulations will be even
smaller, and significantly less than the 22 MPa confin-
ing pressure estimated at 200 m depth below seafloor
in the Tour Eiffel area (Text S4 in Supplementary Ma-
terial). It is therefore not possible to have shallow mi-
croearthquakes generated by hydraulic fracturing. The
arguments developed by Pontbriand and Sohn (2014)
against an origin of the TAG microearthquakes from vi-
brating or collapsing gas bubbles in the hydrothermal
conduits also apply to the Tour Eiffel area: such bub-
bles would form in uprising end-member fluids and
would thus not cause microearthquakes in areas of dif-
fuse venting; they would also have to be unreasonably
large to generate the observed seismic frequencies (Text
S4 in Supplementary Material).
Reaction-driven cracking in response to anhydrite

precipitation is thepreferredmechanismbyPontbriand
and Sohn (2014) for the generation of near-seafloor seis-
micity beneath the TAG hydrothermal site. Anhydrite is
precipitated from entrained seawater heated to ∼150°C
or more, either through conductive heating or by mix-
ingwith hot hydrothermal fluids (Bischoff and Seyfried,
1978). Anhydrite precipitation could fill the poros-
ity, playing a key role in the permeability of the shal-
low substratum near hydrothermal vents (Guo et al.,
2020; Lowell et al., 2003). Precipitation of anhydrite in
veins and cracks leads to an increase in volume, which
could cause fractures in the matrix and generate mi-
croearthquakes. Anhydrite precipitation is a plausible
source mechanism for the shallow events reported in
this study. Their scattered locations (Fig. 4a) could be
due to the widespread distribution of diffuse venting in
the Lucky Strike field (Barreyre et al., 2012). The depth
limit of thesemicroearthquakeswould then correspond
to the maximum depth of seawater entrainment depth
in a broader hydrothermal upflow domain associated
morewith thediffuse venting thanwith the focused vent
site.
The number of shallow events, and their magnitudes

(∼3 events/day and local magnitude of completeness: -
2.3; Fig. 3a,b), aremuch smaller than those observedbe-
neath the TAG hydrothermal mound (∼243 events/day).
TAG is a much larger hydrothermal site than Tour Eif-
fel (diameter∼200m; Humphris et al. (2015); Humphris
andKleinrock (1996); whereasTE is only∼20m in diam-
eter), with a significantly higher estimated heat flux (∼1

GWfor the TAGmound,Wichers (2005); and only∼20 to
50 MW for TE, Mittelstaedt et al. (2012); Wheeler et al.
(2024)). Heating of entrained seawater and anhydrite
precipitation are therefore expected to be less prevalent
at TE compared to TAG. This is in keeping with results
from diffuse fluid chemistry at TE, that show little to no
chemical evidence for anhydrite precipitation (Wheeler
et al., 2024). Most of the shallow microearthquakes be-
neath the TAG mound are concentrated at a depth of
∼125 meters below seafloor (mbsf), which likely rep-
resents the maximum depth of seawater entrainment
driven by the vigorous, focused venting at the main
mound. In contrast, the scattered microearthquakes
near TE occur at a depth range of 150–250 m, which
would correspond to the maximum seawater entrain-
ment within a broader hydrothermal upflow zone asso-
ciatedmore with diffuse venting and they are not exclu-
sively associated with the focused venting at TE.
If we further explore the anhydrite precipitation hy-

pothesis, using the relation for a penny shaped frac-
ture with only vertical strain (Pontbriand and Sohn,
2014), a minimum source volume of ∼0.007 m3 is re-
quired to generate a ML -2.48 earthquake (average ML
of shallow events catalog) for a stress drop equivalent or
greater than the confining pressure (Text S4 in Supple-
mentary Material). Assuming all 740 events were gen-
erated by anhydrite precipitation, the annual volume
precipitated would be between 0.32 m3 and 1.28 m3 be-
neath thewhole area of Fig. 4a (ofwhich only 10%would
be around theTEvent; Fig. 4c), compared to 27m3 to 513
m3 below TAG (Pontbriand and Sohn, 2014).

4 Conclusion
1. We tested a new cost efficient, small aperture, tem-

porally synchronized system recording four hy-
drophones on a single datalogger to precisely lo-
cate near-seafloor microearthquakes, which are
potentially associated with shallow upflow of hot
hydrothermal fluids and mineral precipitation in
the secondary hydrothermal circulation domain
near the Tour Eiffel hydrothermal vent site, Lucky
Strike hydrothermal field.

2. We detected 740 near-seafloor microearthquakes
between September 2016 and September 2017, with
a seismicity rate of ∼3 events/day and local magni-
tudes ranging from -4 to -0.5. These events are char-
acterized by short durations (∼1 s) and a lack of S
and PwP (ocean surface reflected) phases.

3. Most of these events are located within ∼150–250
m below the seafloor and in a 900 m by 900 m area
that extends beyond the Tour Eiffel site (diameter
∼20–30 m) and outside the ∼150 m aperture of the
hydrophone network, with no clear spatial or tem-
poral clustering.

4. These events may have originated through
reaction-driven cracking in response to anhy-
drite precipitation from seawater entrained above
a broad domain of mostly diffuse hydrothermal
upflow. We interpret the much lower daily rates
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of shallow seismicity beneath the Tour Eiffel site
than those beneath the TAG hydrothermal mound,
as evidence of much lower rates of anhydrite pre-
cipitation and less vigorous seawater entrainment
due to lower hydrothermal heat fluxes.

5. The Hydroctopus system serves as a proof of
concept for detecting shallow, near-seafloor mi-
croearthquakes associated with secondary hy-
drothermal circulation. In this study, the loca-
tion uncertainties of these events is relatively high
due to the limited number of hydrophones and
the use of a poorly resolved upper crustal veloc-
ity model. In the future, deploying a denser net-
work with higher sampling rates and/or incorpo-
rating improved velocity models could help better
constrain event locations.

Data and code availability

Raw Hydroctopus datasets used in this study are avail-
able at Crawford et al. (2024); https://doi.org/10.17882/
104520. Raw OBS datasets will be available at https:
//seismology.resif.fr/networks/#/4G. The software and
codes used in this study include: SEISAN (Havskov
and Ottemoller (1999); https://www.seisan.info/), Ob-
sPy (Krischer et al. (2015); https://docs.obspy.org/), Py-
rocko (Heimann et al. (2019); https://pyrocko.org/docs/
current/index.html), multitaper (Prieto (2022); https:
//github.com/gaprieto/multitaper), NonLinLoc Version
7.0 (Lomax et al. (2000); http://alomax.free.fr/nlloc/),
and GMT-6 (Wessel et al. (2019); https://www.generic-
mapping-tools.org/).
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