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Abstract At the eastern end of Gakkel Ridge, Arctic Ocean, spreading rates drop below 5 mm/y near the
termination of the active mid-ocean ridge in the Laptev Sea. A small-scale ocean bottom seismometer net-
work deployed for one year at a volcanic center near Gakkel Ridge Deep in sea ice covered waters revealed
abundant microseismicity despite the low spreading rate. In order to reveal spreading processes, we analyze
a manually picked earthquake catalog refined by low-magnitude events detected by template matching. We
attribute seismicity occurring randomly in time and space to tectonic stress release along the ridge. During
short periods of hours to days, seismicity is organized in time and densely clustered in space with signs of
migration away from an aseismic area. In analogy to volcanic centers at Knipovich Ridge and in Iceland, we
interpret this organized seismicity as signs of ongoing localized magmatism occurring even at the slowest
spreading rates.

Non-technical summary Volcanic eruptions at the seafloor largely go undetected although a long
chain of volcanoes continuously creates new seafloor where tectonic plates drift apart at mid-ocean ridges.
When the plate separation rate is very slow, volcanism cannot fill anymore the gap between the diverging
plates, and we lack an understanding of how new seafloor is constructed in absence of sufficient volcanism.
The slowest seafloor spreading globally happens at Gakkel Ridge in the Arctic Ocean, but it is challenging to
study due to the persistent sea ice cover. We recorded earthquake activity near a potential volcano at 4000
m water depth using ocean bottom seismometers, a previously unattempted effort due to the high risk of
instrument loss related to sea ice coverage. We analyzed the earthquake activity in time and space down to
very low magnitudes finding two contrasting forms: tectonic earthquakes occurring scattered in time and
space along the ridge and intense swarms of weak earthquakes for few hours duration, closely resembling
the seismicity preceding recent volcanic eruptions in Iceland. We therefore argue that even at the slowest
spreading rates, volcanism contributes to the formation of new seafloor.

1 Introduction
New oceanic crust is formed at mid-ocean ridges
through the interplay of tectonic and magmatic pro-
cesses. At the slowest spreading rates (< 20 mm/y), lit-
tle melt is present, and tectonic processes play a ma-
jor role (Cannat et al., 2006; Sauter et al., 2013). They
manifest themselves in earthquakes, some of which are
strong enough to be registered on land (Bergman and
Solomon, 1990; Escartín et al., 2008), while the weaker
seismicity associated tomagmatic processes usually re-
mains undetected unless local ocean bottom seismic
networks are installed (Tolstoy et al., 2006). However,
strong earthquake swarms including multiple events
with M > 4 recorded onshore are known from slow-
spreading ridges and have been interpreted as indica-
tors of magmatic activity (Cesca et al., 2023; Müller
and Jokat, 2000; Schlindwein, 2012; Schmid et al., 2017;
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Tolstoy et al., 2001). Modelling suggests, that tensile
crack opening caused by the advancement of the dike
tip results in very weak seismicity (Rubin and Gillard,
1998). The observed strong swarm events, in contrast
may rather indicate triggered faulting above the dike as
the terrain subsides or other adjustments to the dike-
induced changes in the stress field occur. Recent multi-
disciplinary data sets fromdiking anderuption episodes
in Iceland show that migrating, low magnitude (M < 4)
seismicity indicates the advance of an intruding dike
tip, while the widening of the dike may happen aseis-
mically (Ágústsdóttir et al., 2019, 2016). Sigmundsson
et al. (2022, 2024) show a complex interplay between
tectonic and magmatic processes specific to the indi-
vidual tectonic setting, with the diking triggering the
release of preexisting stress in M > 5 earthquakes that
precede recent eruptions in the trans-tensional stress
regime of Reykjanes Peninsula. Due to the observa-
tional difficulties, the rare observations of submarine
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Figure 1 (a) Arctic Ocean with surrounding landmasses. Gakkel Ridge highlighted in black. Location of the study region
Gakkel Ridge Deep (GRD). Location where Ding et al. (2022) extracted the velocity model is indicated (91°E), along with the
location of the 85°E volcanic complex. (b) Gakkel Ridge Deep with focal mechanisms of the largest earthquakes since 1973
(Ekström et al., 2012). Bathymetry: Jakobsson et al. (2020). Triangles: locations of ocean-bottom seismometers. Gray dots:
expectation epicenters of 2855 manually picked and located seismic events meeting the quality criteria for template match-
ing (TM). The largest events (Ml > 4) are highlighted by red stars. Color-coded dots indicate seismic bursts with temporal
organization (COV > 3). (c) Close-up of the area of seismic bursts including events additionally detected by TM. For their vi-
sualization, spatial noise is added to the expectation epicenters of their template events (Figure S4). (d) Cross-section of the
study area as indicated in (b) with depths below the sea surface. We added the maximum depth (4089 m) below the mean
sea level of the four stations (Tab. S1) to the event depths of the catalog.

episodes of seismic unrest observed at distance (e.g.,
Cesca et al., 2023; Müller and Jokat, 2000), hydroacous-
tically (Dziak et al., 1995, 2004; Fox and Dziak, 1998) or
occasionally on the seafloor (Tolstoy et al., 2006) consti-
tute an important window through which the extensive
magmatismatmid-ocean ridges canbe studied. Analyz-
ing their seismic characteristics and comparing them
to well-observedmagmatic episodes in comparable tec-
tonic settings helps to understand active seafloor accre-
tion events in absenceof in-situ observations of eruptive
activity.

In this study we analyze locally recorded seismic-
ity at one of the easternmost volcanic centers of the
Gakkel Ridge with spreading rates of 5 mm/y (Kreemer
et al., 2014). The volcanic structure forms the north-
ern boundary of the Gakkel Ridge Deep (GRD) (Nik-
ishin et al., 2018). Teleseismically recorded earthquakes
indicate extensional faulting (Figure 1b). Schlindwein
(2012) reported some clustered seismicity at GRD, how-
ever less intense as at 85°E on the Gakkel Ridge (Fig-
ure 1a) or at the Segment 8 volcano on the South-
west Indian Ridge, where additional signs of concur-
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rent magmatism were detected (Koulakov et al., 2022;
Schlindwein and Riedel, 2010; Schmid et al., 2017). The
data from the experiment presented in this study re-
vealed intense seismic activity, motivating a systematic
analysis of its spatiotemporal characteristics based on
a detailed earthquake catalog. Utilizing an initial cata-
log of manually extracted events, we employ template
matching (TM) to search for small magnitude events,
which are typically challenging to capture for system-
atic analysis. This difficulty is further increased in
oceanic environments, where both broadband noise
from wave action (Webb, 1998) and high-frequency
noise from ocean currents (Essing et al., 2021), short-
duration events or whale vocalizations (Domel et al.,
2023) interfere with the records of small seismic events.

2 Data and Methodology
The dataset was recorded by a network of 4 broad-band
ocean-bottom seismometers (OBS) with an interstation
distance between ~ 7 and ~ 14 km located on the north-
ern flank of GRD (Figure 1). The continuous record-
ing with a sampling rate of 100 Hz started on 17.09.2018
and lasted until 17.09.2019. After visual screening, local
earthquakes detected by at least three stations were ex-
tracted. Subsequently, PhaseNet (Zhu andBeroza, 2018)
was used to pick phase arrival times of P- and S-phases.
All phase picks were manually quality-controlled. Af-
ter a preliminary location of 4,503 events (see also Ess-
ing et al., 2024), we selected 687 well constrained earth-
quakes with root-mean-square (RMS) traveltime residu-
als < 0.1 s and 8 phase readings in a confined area north-
west and south of the network to determine station cor-
rection terms. The velocity model used, derived from a
refraction seismic experiment by Ding et al. (2022, their
pos.1 ) at a neighboring volcanic center located at ~91°
E of the Gakkel Ridge (Figure 1a), was extended from 12
to 40 km depth with a P-wave velocity of 8.0 - 8.1 km/s.
We used interstation S- and P-phase readings (Figure
S1) and previous experience in similar geologic settings
(c.f. Meier et al., 2021) to select a vp/vs ratio of 1.77. Sta-
tion correction terms were obtained from the average
residuals of P- and S-phases at each station using Non-
LinLoc (Lomax et al., 2000) as location algorithm (Ta-
ble S1). Pseudo-Wadati diagrams were used to check
the effect of the station correction terms (Figure S2).
Subsequently, all 4,503 earthquakes were located with
these a priori corrections leading to 3,258 events with
an RMS < 0.1 s. Location errors are on average 3.9 km
horizontally, and 4.5 km in depth, with absolute depth
being poorly constrained due to the network geometry.
We further estimate the local magnitude following Hut-
ton and Boore (1987) in the implementation in Seisan
(Havskov and Ottemoller, 1999; Havskov et al., 2020)
with Ml = log10(amp)+ 1.11 log10(dist)+ 0.00189 dist −
2.09, where amp are the amplitudes of theWood Ander-
son equivalent horizontal components in nm and dist
the hypocentral distance in km.
For the subsequentTMapproach,wedetrend the con-

tinuousOBSdata andfilter between 5 and 49Hz to target
small events with enhanced signal-to-noise ratio (SNR)
at higher frequencies (Abercrombie, 2021). For each

manually picked and located earthquake with an RMS
< 0.1 s (3,258 events), we extract 2 s time windows cen-
tered around the P- and S-phase from the processed
continuous data. P-phase windows are extracted from
the vertical component of each station, S-phase win-
dows from the two horizontal components. By using
the P and S arrival times at four stations with differ-
ent hypocentral distances, we intrinsically consider the
move-out of the seismic events. In case only one phase
was picked at a station, we predict the missing phase
arrival time based on the existing phase and the origin
time using the vp/vs ratio (Tab. S2). When no phases
are available at a particular station, we predict them
by approximating the P- and S-wave velocities using the
distance from the input catalog and travel times of the
phases at stations with available phase picks. We note
that, while this approach may appear too simplistic,
later quality control will ensure that only high-quality
templates are used for the subsequent TM approach.
We additionally extract a 2 s lasting noise window

starting 3 s before the arrival of the P-phase for qual-
ity control. At every component, we calculate the SNR
by comparing the RMS amplitudewithin the signal win-
dow to that within the noise window. For TM, we
only use high-quality templates that meet the previ-
ously mentioned criterion of RMS < 0.1 s and addi-
tionally contain at least 6 components with an SNR >
3. This leads to 2,855 seismic events within the ini-
tial catalog (expectation hypocenters are shown in Fig-
ure 1b) that meet the quality requirements and are sub-
sequently used as templates. We apply the TM algo-
rithm of Beaucé et al. (2017): At each component the
similarity between the template waveform and the con-
tinuous seismic data is quantified using the correlation
coefficient (CC). The CC between the template window
and the continuous data is calculated at each sample,
considering the arrival time variations at four different
stations (i.e., move-out) that we obtain from the man-
ual picks. Then, a stacked CC value across all stations
and components is calculated. To avoid including low-
quality waveforms, we downweigh the components by
a logistic function (Equation S1) that takes into account
the estimated SNR of each component (Duverger et al.,
2018). Subsequently all weighted CC values are stacked
for the entire network. For each template, this proce-
dure yields a daily time series of stackedCCvalues, from
whichweestimate itsmedian absolute deviation (MAD).
Based on this statistical measure, we extract new detec-
tions at every sample where the stacked CC value is sig-
nificantly larger than the MAD, and thereby similar to
the waveforms of the template (Beaucé et al., 2017). Af-
ter a visual quality control of the waveforms of new de-
tections (Figure S3), we declare a new detection at ev-
ery sample that exceeds 11 times the MAD, in agree-
mentwithprevious studies (Shelly, 2020; Sánchez-Reyes
et al., 2021).
For TM, we use all 2,855 events that meet the pre-

viously described quality criteria as templates. Tem-
plates that share similar waveforms (i.e., similar loca-
tions and focal mechanisms) tend to detect similar new
events. These multi-detections of single events by dif-
ferent templates have inter-event times < 1 s. To elim-
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Figure 2 (a) Number of events for time intervals of 5 days for themanually (man.) picked (red) and the enhanced template
matching (TM) catalog (gray). (b) Interevent times (IE) and cumulative number of events as a function of time. (c) Daily
estimates of the coefficient of variation (COV) of the IE. Note that values below 1 primarily occur on days with a small number
of observations. (d) Cumulative seismic moment (M0). Events with Ml > 4 are marked (red dots).

inate redundant multi-detections from the TM results,
we filter the earthquake catalog by requiring a new de-
tection to be separated by aminimumof 10 s from other
detections. Within groups of multi-detections, we keep
the event with the largest similarity to the template. In
cases where multi-detections contain the self-detection
of a template, we keep the template as part of the man-
ual catalog, as it has the highest similarity (i.e., corre-
lation coefficient = 1). From a number of 244,591 de-
tections, including all redundant multi-detections, fil-
tering reduces the number to 10,801 detections which
includes the 2,855 events that were used as templates.
For each newly detected event we estimate the local

magnitude (Ml) following Cabrera et al. (2022). We re-
late themean of the absolute amplitude within the tem-
plate window to the mean of the absolute amplitude of
the newly detected event. This is done for each compo-
nent, and the resulting median across all components
is used to estimateMl. The basic principle is that a de-
crease in amplitude of a factor of 10 corresponds to a
decrease ofMl by a factor of 1 (e.g. Cabrera et al., 2022;
Sánchez-Reyes et al., 2021) . Finally, we assumeMl to be
equivalent to Mw (Roland and McGuire, 2009) and cal-
culate the seismic momentM0 in Nm asM0 = 101.5*Ml+9.1

(Hanks and Kanamori, 1979).

3 Results

3.1 Performance of TM

The earthquake catalog consists of 2,855 manually
picked and located seismic events fulfilling the mini-
mumquality criteria (Figure 1) enriched by 7,946 events
automatically extracted by TM (Figure 2a). This corre-
sponds to an extension by a factor of ~ 3 and is primarily
attributed to the inclusion of events as small as Ml ~ -1
(Figure 3) resulting in a lower magnitude of complete-
ness of the enhanced catalog.
The temporal distribution ofmanually picked seismic

events (Figure 2a) shows a relatively constant number of
events, with occasional bursts of seismicity (e.g., April,
June, July 2019).
This trend is consistent with the TM catalog, which

typically has barely more detections. However, no-
table variations between the two catalogs emerge dur-
ing bursts of seismicity, when the TM catalog has a sig-
nificant increase in detections. In addition, TM detec-
tions increase during the months June-November (Fig-
ure 2a), which coincides with a decrease in the ambi-
ent noise level in the frequency band 5 - 49 Hz during
summer when sea ice becomes mechanically too weak
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Figure 3 Frequency-magnitude distribution and cumulative number of events based on the estimated local magnitudes
(Ml) of the template matching (TM) and the manually (man.) picked earthquake catalogs. The according magnitude of com-
pleteness (Mc) is estimated following the Goodness-of-Fit test (Wiemer and Wyss, 2000). Note the additional lowmagnitude
events in the TM catalog compared to the manual catalog.

to break and is no longer under compression (Figure 4).
This suggests that the detection capability of TM de-
pends on seasonal variations of the background noise
(e.g., Sánchez-Reyes et al., 2021), rather than reflecting
temporal variations in the generation of earthquakes.
The time intervals between consecutive events (in-

terevent times (IE), Figure 2b), reflect the high tempo-
ral resolution of the catalog with IE reaching down to
the smallest temporal separation of 10 s that served as
cut-off criterion for multi-detections.

3.2 Temporal seismicity pattern
The cumulative number of the 10,801 seismic events
over time (Figure 2b) suggests a largely constant event
rate that is occasionally interrupted by short periods of
increased activity. To quantify the temporal organiza-
tion of the seismicity, we exploit the coefficient of vari-
ation (COV) of the IEs (Figure 2c). It is defined as ratio
of the standard deviation σ to the mean µ and provides
information about the distribution of IE between earth-
quakes (e.g. Essing and Poli, 2024; Kagan and Jackson,
1991). Duringmost days, values fluctuate at ∼1, indicat-
ing themethod’s robustness against temporal variations
in the detection capability and a Poissonian-like distri-
bution of the IE, hence largely random occurrence of
seismicity in time.
Based on the temporal organization, we can thus dis-

tinguish between two types of seismicity:
1) Seismicity characterized by irregular event occur-
rence with IEs between 1,000 and 10,000 s modulated
by the temporal variations of the detection capability.
Earthquakes occur independently of each other (COV ~
1). Large magnitude seismic events (Ml > 4) causing a
step in cumulativemoment release belong to this group
(Figure 2d). These events appear not to be accompanied
by pronounced aftershock sequences that would be ex-
pected to deviate from a Poissonian behavior.

2) Bursts of seismicity visible as several sharp vertical
lines with significantly lower IEs of 10 - 1,000 s and
higher event rates. These peaks coincide with elevated
COV values. Three significant peaks (COV > 3) occur on
April 14 and 16 and June 22 (Figure 2c), respectively.
Their temporal organization deviates strongly from a
Poissonian assumption of independent seismic events.
Yet, none of these periods of temporally organized seis-
micity yield a significant increase of moment release or
large-magnitude (Ml > 4) seismic events (Figure 2d).

3.3 Spatial seismicity pattern

Seismic events are broadly scattered in the valley of the
Gakkel Ridge northwest and south of the seismic net-
work with a general increase of depth towards NW (Fig-
ures 1b, d). Most of this scattered seismicity belongs to
the first group of irregularly occurring earthquakes. In
the center, there is a prominent area devoid of seismic
activity despite the proximity to the seismic network.
The southern termination of this topographically ele-
vated, mostly aseismic area shows numerous, densely
clustered seismic events in a confined area (Figures 1c,
d) containing the bursts of seismicity, characterized by
a COV> 3. These bursts include numerous TM-detected
events that are too weak to be located. However, since
they share highly similar waveforms (Figure S3) and
move-out characteristics with their detecting template
it can be assumed that they originate from the same
region (Essing and Poli, 2022). For visualization of the
TM-detected events in Figure 1c (not relocated), we add
spatial noise to the epicenter location of their detect-
ing template, simulating the collocation of these events
(Figure S4).
To reveal potential signs of spatial migration within

the seismicity bursts (COV > 3) we use the time differ-
ences between the S- and P-phase arrivals as indicator
for the distance to the source from station GKD03. We
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Figure 4 Number of events for time intervals of 5 days for the manually (man.) picked (red) and the enhanced template
matching (TM) catalog (gray). Black: Ambient noise level at frequencies of 5 - 49 Hz estimated for component GKD03.HHZ:
Power spectra were derived by averaging spectra (65.5 s time windows; overlap 10%) in 30 min bins. Spectral power in the
frequency band 5 - 49 Hz was then extracted and averaged and the resulting time series smoothed by a cosine filter with full
width of 2 days.

use the manually picked P- and S- phases at this sta-
tion and cross-correlate each of the two phases with the
phases of a TM detection. We align the P-phase and de-
termine the shift that is needed for optimal correlation
between the S-phases. The shift is subsequently added
to the template's S-P time (Figure 5). This analysis is
done only for TM detections that are highly similar to
their detecting template (CC > 0.9, Poli et al., 2021).
The first seismic burst (April 14, Figure 5a) starts with

S-P times of ~ 1.2 s. As the seismicity intensified, the S-
P times are 1.15 - 1.3 s. After only 6 h, the event rate
fades. The second seismic burst (April 16, Figure 5a)
starts with an increase of the seismicity rate at S-P times
of 1.25 s. Again, the seismicity spreads out spatiallywith
S-P times between 1.2 s and 1.35 s. During this period,
the largest events (Ml = 3.0) occur followed by a quick
decay in seismicity rate and a total duration of about 11
h. The similar size of the two largest events, together
with the fact that they occur several hours after the on-
set of the burst of seismicity suggests swarm-like behav-
ior. The general increase in S-P times of the two bursts
suggests the activation of more distant areas over time,
most likely related to a downwardmigration (Figure 1d,
Figure S5).
The third burst of seismicity (June 22-24, Figure 5b)

exhibits a long time period of growing event rates be-
fore reaching themaximum. During this time, S-P times
grow from 1.15 s to 1.28 s, thus increasingly activat-
ing more distant areas (see Figure S5). The two largest
events have a similar size (Ml = 2.5) and occur several
hours after the onset of the burst, indicating swarm-like
behavior over a duration of 30 h.

4 Interpretation and Discussion
Our experiment with OBSs beneath the perennial sea
ice cover of the Arctic Ocean gives insights into the ac-

tive spreading processes at the globally lowest spread-
ing rates. Very little direct observations or petrological
sampling at such slow spreading rates exist, in particu-
lar since the sediment cover of Gakkel Ridge increases
eastwardswith the proximity to the Laptev Shelf and de-
creasing spreading rates (Coakley and Cochran, 1998;
Nikishin et al., 2018). The relative role of magmatic and
tectonic spreading is largely unknown. Evidence for
magmatic processes at GRD exists as volcanic cones at
the seafloor and highly reflective units embedded in the
sediments, while tectonic graben formation and fault-
ing of overlying sediments is observed further east (Nik-
ishin et al., 2018). Our network, situated in interna-
tional waters just off the rift axis at the northern rim
of GRD, was not optimally positioned for monitoring
the previously unknown local seismicity in space. We
therefore rely mostly on the temporal characteristics of
seismicity to reveal active spreading processes. The res-
olution of our refined earthquake catalog with detec-
tion capabilities down to magnitudes Ml ~ 0 (Figure 3)
is comparable to earthquake catalogs from onshore ex-
periments in Iceland (Ágústsdóttir et al., 2019) and al-
lows to discuss our results in context withwell observed
spreading episodes.
We propose that the first group of seismic events scat-

tered in space and without obvious temporal organiza-
tion (COV ~ 1) reflects continuous and ubiquitous tec-
tonic stress release. The moment release is not con-
stant in time, exhibiting occasional Ml > 4 earthquakes
indicating the presence of larger fault planes. However,
seismicity is not confined to distinct fault planes, even
during aftershock sequences, which contain relatively
few events in the study area. Comparably diffuse seis-
micity confined to the rift valley also characterizes the
ultraslow spreading Knipovich (Meier et al., 2021) and
Southwest IndianRidge (Schmid andSchlindwein, 2016;
Schmid et al., 2017; Yu et al., 2018). The spatial loca-
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Figure 5 Event rate and time differences between the S- and P-phase arrivals (S-P time) at station GKD03 for bursts in (a)
April and (b) June 2019. Red stars: The two largest events of each time window and their Ml. Colors as in Figure 1.

tion accuracy and therefore the potential to resolve in-
dividual faults is limited in our study, but networks with
similar instrument spacingwere able to resolve the seis-
mic activity of individual faults, especially when stress
release is focused on large detachment-type faults (Tao
et al., 2020).

The spatial extent of the scattered seismicity is not
only limited by the rift valley walls, but also controlled
by the thermal structure of the lithosphere. We sug-
gest that the aseismic region interrupting the diffuse
seismicity results from elevated temperatures that pre-
vent brittle faulting. Meier et al. (2022) and Schmid
et al. (2017) observed similar aseismic regions coincid-
ing with the axial highs of volcanic centers (Figures 6b,
c). In addition, they obtained high vp/vs ratios from lo-
cal earthquake tomography, suggesting the presence of
melt. Earthquake swarms, partly with signs of migra-
tion, occur at the margin or partly within these aseis-
mic zones with outward propagation directions, repeat-
edly occupying the same locations (Meier et al., 2022,
2021). The same spatial relation of the aseismic zone
and the bursts of seismicity is observed in the study area
(Figures 6a, b). The occurrence of similar-sized largest
events late in the bursts (Figure 5) suggests swarm
behavior rather than mainshock-aftershock sequences
(Båth, 1965). In addition, the distinctly different spa-
tiotemporal characteristics of the bursts compared to
the diffuse seismicity suggests a different physical gen-
eration process. No geodetic or visual observations ex-
ist in these remote locations that could confirm dike
intrusions or effusive activity. However, the charac-
ter of the bursts is similar to Icelandic diking episodes,
although even within Iceland, the seismicity accom-
panying dike intrusions varies, mostly due to the pre-
existing stresses that govern the size and focal mecha-
nisms of earthquakes triggered by dike intrusions (Ped-
ersen et al., 2007; Sigmundsson et al., 2024, 2022). The
Krafla system is most similar to the orthogonal spread-
ing at GRD. During the 1975 - 84 rifting episode, earth-
quake swarms with limited release of seismic moment
propagated away from an aseismic caldera along the
samepathswith 2-3 diking events per year (Wright et al.,

2012; Einarsson and Brandsdottir, 1978) covering a dis-
tance of few km to 70 km.
By analogy we interpret the axial high forming the

northern rim of the GRD as a volcanic center with on-
goingmagmatism. The ridge section to the north shows
a colder lithosphere that is deforming mostly tecton-
ically with diffuse seismicity extending to depths of
about 20 km. To the south, in contrast, irregularly
occurring earthquake swarms probably indicate intru-
sions toward the GRD, where generally shallower seis-
micity is present, and volcanic structures have been
identified at the sea floor (Nikishin et al., 2018). The
earthquake swarm in June shows hypocenters that are
migrating towards the GRD (Figure S5) and the June
swarm itself activated a narrow corridor towards GRD
in prolongation of the April swarms. In addition, a pro-
nounced circular positivemagnetic anomaly, character-
istic of volcanic centers at ultraslow spreading ridges
(Schlindwein, 2012; Schlindwein and Schmid, 2016), co-
incides with the aseismic area (Figure 6d), suggesting
the presence of a basaltic layer. The swarms observed
during our experiment extended a maximum of 4 km
towards GRDwhere the seismicity becomes diffuse and
spreads out spatially. Here, only a weakly positive cen-
tral magnetic anomaly is visible. The Logachev vol-
canic center of the Knipovich Ridge shows similar di-
mensions of the aseismic area together with swarm ac-
tivity restricted to its vicinity. Meanwhile the Segment
8 volcano at the SouthWest Indian Ridge is surrounded
by a larger aseismic area and potentially related swarm
activity spreads out far into the segment comparable to
the Krafla system.
However, we cannot rule out that hydrothermal flu-

ids instead of magma cause the swarm activity. Flóvenz
et al. (2022) describe low-level seismicity occurring in
swarms above a hot area on the Reykjanes Peninsula
in Iceland. Geodetic modelling suggests that fluid in-
trusions into an aquifer cause the seismicity. Tolstoy
et al. (2008) observed shallow, weak seismicity on top
of an axial magma chamber at the East Pacific Rise
and attribute this seismicity to hydrothermal circula-
tion. Both these cases are still related to concurrent
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Figure6 Relative positions of seismicity, gaps in seismicity and increased vp/vs ratios from local earthquake tomography at
(a) Gakkel Ridge Deep (GRD), quality threshold for shown events: RMS < 0.1 s (after station correction) and 8 phases, (1,594 of
4,503 initial events, see also Essing et al., 2024), (b) Logachev volcano at the Knipovich Ridge (KNIP) (KNIP, Meier et al., 2022,
quality threshold for shown events: depth error < 5 km), (c) the Segment 8 volcano at the Southwest Indian Ridge (SWIR,
Schmid et al., 2017, quality threshold for shown events: depth error < 5 km). (d) Total magnetic anomaly at GRD (Gaina et al.,
2011).

magmatism. They differ from our setting as the seis-
micity is triggered on top of a heated area rather than
at its margin, with a tendency of migration away from
the heat source. We therefore suggest that the observed
swarm activity near the GRD is related to ongoing mag-
matism and likely reflects diking activity or injection of
heated fluids.
The seismological signs for active magmatism at

spreading rates as low as 5 mm/y and the similarity to
the seismicity of volcanic centers at higher spreading
rates (Logachev 11.7 mm/y; 9 mm/y effective spreading
rate, Segment 8: 13.5 mm/y, Kreemer et al., 2014) sup-
port thefindings ofO’Connor et al. (2021) that discontin-
uous volcanism is present along the entire Gakkel Ridge
and is characteristic of ultraslow spreading indepen-
dently of the actual ultraslow spreading rate. However,
the individual volcanic centers of Gakkel Ridgemay dis-
play different forms of seismic and volcanic activity:
The 85°E volcanic complex produced the largest tele-
seismically registered earthquake swarm lasting over
a period of 9 months in 1999 (Müller and Jokat, 2000;
Schlindwein, 2012; Tolstoy et al., 2001), clearly differ-
ing in size, magnitude and duration from the seismic-
ity observed at GRD both locally and at teleseismic dis-
tances. Seafloor imagery revealed signs of unusual ex-
plosive activity at 85°E (Sohn et al., 2008). Comparable
seafloor imagery does not exist for the GRD volcano,
such that we cannot confirm that the different charac-
ter of the seismic activity is an expression of a differ-
ent style of volcanic activity. However, with newly de-

veloped ocean bottom seismometers suitable for opera-
tions in sea ice and a generally receding sea ice coverage
in the Arctic Ocean, a more systematic investigation of
ultraslow spreading processes becomes possible (Ding
et al., 2022; Schlindwein, 2023).

5 Conclusion

Despite difficult circumstances due to sea ice coverage
and remote location, the deployment of a small OBS
array at GRD combined with modern detection meth-
ods revealed two distinct types of seismicity: a) ran-
domly occurring seismicity scattered in the rift valley
and b) highly organized seismicity confined to a nar-
row area at the margin of an aseismic zone. While the
first type is likely related to tectonic processes, the sec-
ond type exhibits characteristics similar to seismicity
during dyke intrusions inmagmatic environments. The
prominent GRD is thus bounded by a presumably active
volcanic center with localized magmatism, evidenced
also by a circularmagnetic anomaly and a temperature-
controlled gap in the scattered seismicity. The similar-
ity in seismic activity patterns among three distinct vol-
canic centers located at ultraslow spreading ridges in-
dicates that discontinuous and highly focused magma-
tismplays an important role in the process of crustal ac-
cretion occurring at extremely low rates of spreading.
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