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Abstract Ultraslow spreading ridges form the slowest divergent plate boundaries and exhibit distinct
spreading processes in volcanically active magmatic sections and intervening amagmatic sections. Local
seismicity studies of ultraslow spreading ridges until now cover only parts of segments and give insight
into spreading processes at confined locations. Here, we present a microseismicity data set that allows to
study spreading processes on the scale of entire segments. Our network of 26 ocean bottom seismometers
covered around 160 km along axis of the ultraslow spreading Knipovich Ridge in the Greenland Sea and
recorded earthquakes for a period of about 1 year. We find seismicity varying distinctly along-axis. The
maximum earthquake depths shallow over distances of 70 km toward the Logachev volcanic center. Here,
swarm activity occurs in an otherwise aseismic zone. Melts may thus be guided along the subparallel
topography of the lithosphere-asthenosphere boundary toward major volcanic centers explaining the
uneven along-axis melt distribution typical for ultraslow ridges. Absence of shallow seismicity in the
upper 8 km of the lithosphere with a band of deep seismicity underneath offsets presumably melt-poor
regions from magma richer sections. Aseismic deformation in these regions may indicate weakening

of mantle rocks by alteration. We do not find obvious indications for major detachment faulting that
characterizes magma-poor spreading at some ultraslow spreading segments. The highly oblique spreading
of Knipovich Ridge may be the reason for a fine-scale segmentation of the seismic activity with zones of
weak seismicity possibly indicating transform motion on short obliquely oriented faults.

Plain Language Summary At mid-ocean spreading ridges, tectonic plates drift apart and
new seafloor is built by upwelling magma. The slowest spreading ridges do not receive enough magma to
build new seafloor along the entire ridge. Rather, they show widely spaced volcanic centers with magma-
poor areas in-between. The study of small earthquakes with seismometers placed on the seafloor has
greatly helped to understand how new seafloor forms. Since such studies require substantial logistic effort,
only confined ridge sections have been studied and spreading processes operating at segment-scale remain
poorly understood. In this study, we present for the first time observations of earthquakes covering several
segments and one major volcanic center along the Knipovich Ridge in the Greenland Sea. Underneath

the volcano, earthquake swarms and a gap in seismicity indicate recent magmatic activity. The maximum
depth of earthquakes marks the thickness of the mechanically strong lithosphere. It shallows over 70 km
toward the volcano such that melts can be channeled over large distances to the prominent volcanoes.
Magma-poor regions have deep earthquakes but do not show earthquake activity in the upper 8 km. We
suppose that water reacts with the mantle rocks that become too weak to break in earthquakes.

1. Introduction

Ultraslow spreading ridges have become an important study area for the interplay of magmatism and tec-
tonics in spreading processes. Widely spaced volcanic centers receive more melt than the ridge on average
does (Cannat et al., 2003; Standish et al., 2008), while amagmatic segments in between receive less melt
and exhibit mantle rocks at the seafloor (Michael et al., 2003). The underlying proposed mechanism of melt
focusing (Sauter & Cannat, 2010) describes melt traveling along the lithosphere-asthenosphere bounda-
ry (LAB) from amagmatic segments toward volcanic centers at magmatic segments (Cannat et al., 2003;
Montési et al., 2011). Undulations of the LAB seen as hint on melt focusing have been mapped by local
seismicity (Schlindwein & Schmid, 2016). Volcanic centers with their high melt supply can feed subordinate
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volcanoes (Sauter et al., 2001), which is observed at the Segment 8 volcano along the Southwest Indian
Ridge (SWIR; Meier & Schlindwein, 2018; Schmid et al., 2017). The basaltic seafloor at magmatic segments
is often referred to as rough, while the seafloor along amagmatic sections with exposed mantle rocks is
smooth (Cannat et al., 2008; Okino et al., 2002). The mantle rocks at the seafloor allow serpentinization,
which significantly reduces the lithospheric strength (Escartin et al., 2001) and supposedly builds aseismic
zones in the upper lithosphere (Schlindwein & Schmid, 2016). The considerable influence of serpentiniza-
tion becomes obvious in lithospheric strength profiles of amagmatic segments (Cannat et al., 2019). Along
amagmatic segments spreading cannot be accommodated by magmatism, it is mainly hosted by detach-
ment faulting (Cannat et al., 2019; Reston & McDermott, 2011; Sauter et al., 2013). This can be visible as an
asymmetric distribution of teleseismicity. The resulting stripe and gap pattern shows enhanced seismicity
in asymmetric ridge sections (Escartin et al., 2008; Simao et al., 2010). Local seismicity of detachments is ob-
served as hypocenters aligning along dipping planes (deMartin et al., 2007; Tao et al., 2020; Yu et al., 2018)
or following the stress regime (Parnell-Turner et al., 2017).

The dimensions of local ocean bottom seismometer (OBS) networks that greatly helped to shed light on ac-
tive spreading processes at mid-ocean ridges have often been limited to one segment or one specific feature
(e.g., Schlindwein & Schmid, 2016; Tao et al., 2020) such that questions about the connection of segments
and spreading processes on larger scales remain poorly understood. The term “segment” is not clearly de-
fined for ultraslow spreading ridges, since transform faults as the common first-order segment boundaries
are very rare or completely absent as along the Knipovich Ridge (Kokhan et al., 2012). The complex ba-
thymetry complicates recognizing nontransform discontinuities to clearly define segment boundaries. The
Gakkel Ridge for example is split into three extended “zones” based on bathymetry and petrology (Michael
et al., 2003), while the SWIR is split into significantly shorter segments mainly according to bathymetry,
magnetic and gravity data (Cannat et al., 2003) and each typically hosting a volcanic center, some of them
only subordinate. In this study, we refer to “segment” as the area around one major volcanic center. For our
segment-scale OBS study we deployed instruments covering two major volcanic centers as defined in Cure-
witz et al. (2010). The (sub-) segmentation we infer is based on seismological data.

OBS networks resolve earthquake hypocenter locations within few kilometers and are used to study de-
tachments (e.g., Parnell-Turner et al., 2017; Tao et al., 2020), dike injections (Meier & Schlindwein, 2018),
lithospheric structure (Schmid & Schlindwein, 2016), and variations in lithospheric thickness (Schlindwein
& Schmid, 2016). Teleseismic or hydroacoustic data have been used to study active spreading processes
at segment-scale (e.g., Escartin et al., 2008; Simdo et al., 2010; Smith et al., 2003). However, these data
cannot resolve earthquake depths and epicentral location uncertainties are typically larger than 10 km.
Segment-scale OBS networks are needed to investigate processes in detail and gain insights into large-scale
melt focusing and segmentation, the appearance of detachment faults, transfer regions and the sub-seg-
mentation of segments. To find answers to these questions, we deployed an extensive OBS network of more
than 160 km along-axis extent along the Knipovich Ridge covering a major volcanic center and areas lack-
ing signs of magmatism. The Knipovich Ridge was chosen despite its geoscientific complexities (following
paragraph), because it is easily accessible and offers better working conditions for the installation of a large
OBS network than other remote ultraslow spreading ridges, for example the SWIR or the Gakkel Ridge.

The Knipovich Ridge is a very oblique (35°-50° between spreading direction and ridge axis trend, Fig-
ure 1b) ultraslow spreading ridge with a full spreading rate of 14-17 mm/a (Curewitz et al., 2010; DeMets
et al., 2010; Okino et al., 2002). The around 500 km long transform free ridge is bound to the north by the
Molloy transform fault. To the south, the ridge axis bends into the Mohns Ridge. The Knipovich Ridge is
a very young divergent plate boundary, built within the framework of the opening of the North Atlan-
tic (Kokhan et al., 2012; Okino et al., 2002). Due to the proximity to the continental shelf, the ridge axis
and especially magmatically less active sections are covered by up to 950 m thick sediments (Amundsen
et al., 2011; Curewitz et al., 2010; Kvarven et al., 2014). Along the Knipovich Ridge only few dredge sam-
ples give information on the seafloor petrology. All samples originate from inferred volcanic regions and
show basalts (Elkins et al., 2014; Lehnert et al., 2000). The segmentation of the ridge based on morphology,
magnetic or gravity data (Curewitz et al., 2010; Okino et al., 2002) reveals major volcanic segments spaced
by about 60-110 km that are inferred to be stable for the last 7-8 Ma (Hellevang & Pedersen, 2005). The
major volcanic center of the studied ridge section is the Logachev volcanic center (Figure 1b). In a short
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Figure 1. (a) Overview of the Knipovich Ridge (blue) and the study area (red square). (b) Bathymetry of the study
area (50 m grid cell size). White dashed line marks profile line of (d and e), orange arrows indicate spreading direction.
(c) Earthquake locations (circles) of 8,435 reliable events, color coded according to hypocenter depth and circle size
varying with magnitude (M1), average error ellipse for all events in the lower left corner. OBS stations (white triangles)
are labeled with their station number. (d) Superelevated bathymetry along profile with projected stations (triangles). (e)
Cross-section along profile with projected earthquake positions limited to events within 6.75°E and 7.75°E. Gray bars
indicate depth errors.
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term OBS deployment Schlindwein et al. (2013) found shallow hypocenters close by and an aseismic region
underneath the Logachev volcanic center. With our new data set of 11 months segment-scale seismicity, we
investigate here how melts supply the Logachev volcanic center, how the ridge is divided in sections and
how these differ in their deformation modes to contribute to a better understanding of ultraslow-spreading
processes at segment scale.

2. Materials and Methods
2.1. Data Sets
2.1.1. Bathymetry Data

‘We compiled high-resolution multibeam bathymetry data of the study area from several cruises of RV Maria
S. Merian, mainly MSM57 (Bohrmann et al., 2017), MSM67 (Damm et al., 2017) and MSM68 (Schlindwein
et al., 2017) supplemented by data sets from RV Polarstern cruises, i.a. PS100 (Kanzow, 2017). The new
bathymetric compilation covers the ridge axis and about 40 km to both sides of the valley with a resolution
of up to 50 m between the Molloy Transform Fault in the north (about 78.5°N) and just south of 75°N
(Figure 1b).

2.1.2. Seismological Data

The KNIPAS seismological network consists of 26 OBS that recorded seismicity for about one year along
160 km of the Knipovich Ridge (Table S1, Figure 1c). The OBS were deployed during RV Polarstern cruise
PS100 (Kanzow, 2017) in August/September 2016 and recovered during RV Maria S. Merian cruise MSM68
(Schlindwein et al., 2017) in October 2017. All OBS were equipped with HighTech Inc hydrophones (8 kHz-
100 s) and, except station KNR21, with Giiralp CMG-40T broadband seismometers (50 Hz-60 s). Station
KNR21 had a Trillium Compact broadband seismometer (50 Hz-120 s). The sampling rate was either 50 or
100 Hz (Table S1). 23 OBS came from the German DEPAS Pool (Schmidt-Aursch & Haberland, 2017), three
OBS were supplied by the Polish Academy of Sciences. The Polish OBS were deployed and recovered by, re-
spectively, RV Horyzont IT and RV Oceania. The internal clocks were synchronized before deployment and
after recovery. Most of the OBS measured their clock drift rate, for eight stations (Table S1) the clock drift
was determined using noise cross-correlation with the procedure described by Hannemann et al. (2014).
During the noise cross-correlation a linear clock drift could be verified and was then assumed for all sta-
tions, except KNR21 because of different instrumentation. The OBS were deployed in free-fall mode. The
position on the seafloor was determined from seismic profiles, where available, and at two-thirds between
the deployment and recovery position for the remaining OBS (Schlindwein et al., 2017).

2.2. Earthquake Detection and Picking

We used the Lassie earthquake detector by Heimann et al. (2017). Lassie searches all possible source lo-
cations in the survey volume and defines an event if a specified threshold of a characteristic function is
reached. We created a reference data set of manually identified earthquakes in 21 days of record distribut-
ed over all seasons and adapted the Lassie parameter set such that as many earthquakes as possible were
detected while avoiding excessive amounts of false triggers. We used higher weights for the P phases and
a detector threshold of 170. The automatic detector achieved a detection of nearly 100% of the manually
detected events. The performance was good as long as the network was more or less complete (Table S1). We
therefore limited earthquake analysis to end of July 2017, which makes 11 months of data. In total, Lassie
detected 18,451 events.

We automatically picked P and S phases using the kurtosis-based PSPicker by Baillard et al. (2014), but the
picking results were not satisfactory and needed refinement by manual picking in SEISAN (Havskov & Ot-
temoller, 1999; Ottemdller et al., 2017). The main reason for the poor performance of the automatic picker
are ocean bottom currents that acted on the OBS and produced harmonic tremor signals in the frequency
range between 1 and about 10 Hz (Stéhler et al., 2018). Filtering records between 7 and 17 Hz achieved the
best results. We skipped 265 events without any PSPicker picks to further suppress false detections. The
picks of the remaining 18,186 events were refined manually. For picking we assumed pick uncertainties of
0.02 s and 0.1 s for clear and 0.05 s and 0.2 s for emergent P and S picks.
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2.3. Velocity Model and Earthquake Location

The 1D velocity model used for location was determined by PyVelest (Kissling, 1995; https://github.com/
saeedsltm/PyVelest) in combination with the location algorithm HYPOSAT (Schweitzer, 2001, 2018). We
used >1,000 randomly created velocity models (Figure S1) based on start models by Schlindwein and
Schmid (2016) and Jokat et al. (2012). With those models we located a subset of 873 earthquakes with at
least 20 phase picks. Layer velocities and depths were iteratively adjusted and the algorithm found the best
models based on the lowest RMS after three iterations. We selected the 25 best fitting models of the Velest
runs for further testing with HYPOSAT. We performed an iterative location procedure with HYPOSAT using
the mean stations residuals of each run as pre-set station correction terms for the subsequent run. To calcu-
late the station correction terms, we included only phase readings from earthquakes to a maximum distance
of 80 km (half network length) and excluded phases with residuals larger than 1.5 s as incorrect picks. The
station correction terms (Table S1) were iterated five times, afterward no enhancement was achieved. The
final 1-D velocity model was then selected not only by RMS, but we chose the model that achieved a high
number of located events with a depth solution, a low mean RMS, a low mean length of the major axis of
the 95% error ellipse (Smaj) and low mean depth error. We tested different Vp/Vs ratios between 1.7 and 1.8
and found that higher ratios result in slightly smaller RMS values, but higher station correction terms, for
lower ratios vice versa. As a compromise, we chose a ratio of 1.75. The final model has a velocity of 3.5 km/s
at the seafloor at a reference depth of 3,389 m (Figure S1). If not stated otherwise, depths are given below
sea-level. Velocities quickly increase with depth reaching 6 km/s at about 4.5 km in agreement with the
crustal thickness (Jokat et al., 2012) and the preliminary results of the refraction seismic study. A velocity
of 8.08 km/s is reached at 25 km depth. In general, the different velocity models tested with HYPOSAT gave
similar earthquake patterns.

Inspection of phase residuals per station over time showed systematic trends for station KNR21, caused by
a nonlinear drift of the OBS clock. Therefore, we split the station correction terms for this station into three
periods and applied different values (Table S1).

For verification of the HYPOSAT locations, we performed location runs using NonLinLoc (Lomax
et al., 2000), which uses a probabilistic location approach. We used two different misfit functions and the
fixed station corrections determined for HYPOSAT with the iterative procedure described above. The hy-
pocenter patterns are very similar (Figure S2), except at the margins of the network, where station cover
decreases. Here, NonLinLoc solutions produce larger hypocenter depths than HYPOSAT, a larger scatter
in hypocenter depths and diverging results between the two misfit functions. Therefore, we decided to use
HYPOSAT solutions for further analysis.

All 14,938 earthquakes with at least four picks were then located. We received 14,915 located events, of
which 14,401 events are within the study area (Figure S3). We consider 8,435 events with an epicentral loca-
tion error (Smaj) and a depth error of less than 5 km and a maximum RMS of 0.4 s as reliably located. The
subset of well-located events achieved a mean RMS of 0.22 s and a mean horizontal and vertical location
error of 1.3 and 1.5 km, respectively (Table S2).

2.4. Magnitudes and B-Values

Amplitudes were picked automatically on vertical component seismograms where available (Table S1).
Stations with large scatter in amplitude readings were discarded. Local magnitudes were calculated sub-
sequently using the formula by Bullen and Bolt (1985) with hypocentral distance instead of epicentral dis-
tance. In our data set the epicentral distance is often significantly smaller than the hypocentral depth and
might therefore underestimate attenuation effects.

Calculation of the b-values is based on the Gutenberg-Richter relation (Gutenberg & Richter, 1944). To
receive more robust results, we calculated the magnitude statistics on a larger subset of 12,852 earthquakes
with inverted depths, a maximum depth error of 5 km and a Smaj of maximum 10 km. For the determina-
tion of the completeness magnitude Mc we used the maximum curvature approach (Wiemer & Wyss, 2000;
Wyss et al., 1999) resulting in Mc 0.7. Since this approach tends to underestimate the completeness mag-
nitude, we also used the b-value stability approach (Cao & Gao, 2002; Woessner & Wiemer, 2005), which
tends to overestimate the completeness magnitude, resulting in Mc 1.0. We used the higher completeness
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magnitude 1.0 to ensure a complete catalog. We calculated the b-value for three sections of the study area to
reveal seismicity differences (Figure S4).

2.5. Fault Plane Solutions

For the determination of fault plane solutions, we selected a subset of earthquakes with M > 2, a maximum
azimuthal gap between recording stations of 180° and at least 10 P phase picks. For two regions of particular
interest (between stations KNR0O1-KNR02-KNR06-KNRO5 and KNR19-KNR09-KNR13-KNR14-KNR10) we
also examined earthquakes with M > 1.5 and 6 or more P phase polarities resulting in 190 events altogether.
After manual first motion picking we used FOCMEC (Ottemoller et al., 2017; Snoke et al., 1984) for the
calculation. We prohibited polarity errors and identified well-defined, stable solutions by testing different
search parameters. Only solutions without significantly different focal mechanisms were used for interpre-
tation. Altogether we obtained 44 well-determined fault plane solutions, which we divided into five groups
according to their type of mechanism and strike direction (Chapter 3.7). Velocity model and location errors
influence the solution. Therefore, we do not use single fault plane solutions or strike and dip values for
interpretation, but only the entirety of fault plane solutions.

3. Seismicity Patterns in Space and Time

Our data set gives for the first time an impression of the microseismicity along an extended section of a mid-
ocean ridge covering almost 200 km of ridge axis and entire spreading segments (Figure 1). We describe
and analyze the seismicity and related spreading behavior on segment-scale. Most of the seismicity occurs
within the rift valley, while the maximum hypocentral depths vary significantly along axis. The seismicity is
also not distributed equally along the axis, but exhibits more and less active ridge portions.

3.1. Maximum Depth of Faulting

A very obvious and variable feature of seismicity is the sharply defined lower boundary, which delineates
the maximum depth of faulting (Figure 1e), independently of the type of faulting. This boundary is shallow-
est at the Logachev volcanic center and the surrounding areas from profile km 95-160, where earthquakes
occur only down to 15 km (Figure 2). North of km 160 the maximum hypocenter depths increase constantly
to about 25 km depth at the end of the cross-section (Figures 1e and 2). South of km 95 maximum depths
are typically around 20 km with slightly deeper events south of km 50. While the lower limit of seismicity
increases more or less continuously north of km 160, local undulations with shallowing seismicity (e.g., km
65, 95, or 135) disrupt the large-scale pattern of maximum depth of faulting south of km 160.

3.2. Shallow Seismicity

Our network design with a station spacing of about 20 km along the ridge and additional stations around
the central volcanic edifices was not optimized for shallow seismicity. However, we register shallow seis-
micity not only in regions with higher station density, but also in the south between km 55 and 70 along
the profile and in the north between km 160 and 175, where station spacing is large. In addition, we also
observe regions without shallow seismicity despite a denser station cover, for example around km 150 along
the profile. Therefore, the distribution of shallow seismicity as described in the following is not severely
influenced by the station geometry.

The upper boundary of seismicity is very variable along the rift axis. The seismicity mostly sets in at depths
of 7-8 km (Figure 2), ~4 km below the sea floor and is present in almost the entire survey area at a depth
level of 10-15 km. In contrast, shallow seismicity in the upper 4 km of the lithosphere is less continuous and
confined to specific areas. Around km 165 along the profile, a well-defined cluster of shallow earthquakes
occurs at a depth of around 5-8 km. This cluster is clearly detached from the continuous seismicity band
below at depths between 10 and 17 km (Figure 1e). Southward shallow earthquakes are absent for about
20 km along the profile (km 145-165). In the central study area between km 90 and 145 along the profile,
diffuse shallow seismicity is present. Seismicity is clustered around the volcanic center, in the surrounding
areas the pattern is more diffuse. South of km 85 along the profile shallow seismicity stops and picks up at
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Figure 2. Map view of earthquake activity in different depth levels. The rift valley is marked by the 3,000 m water depth contour. Labels and symbols as in

Figure 1.

km 70 with a broad and diffuse scatter around 7 km depth (Figure 1d). This pattern can possibly resemble a
detached shallow earthquake cluster similar to km 165 along the profile. Further south few shallow earth-
quakes are spread at depths lower than 5 km.

3.3. Aseismic Regions

A prominent feature of the seismicity distribution are distinct areas lacking earthquake activity. These aseis-
mic areas are not a function of earthquake selection, but also show up as aseismic without selection based
on location quality (Figure S3). We further argue that lateral variations in seismicity and the occurrence of
aseismic areas is not a function of network geometry, since the backbone of the network consists of station
pairs at both sides of the rift valley regularly spaced by about 20 km.

3.3.1. Logachev Aseismic Region

One very obvious aseismic region is located beneath the Logachev volcanic center stretching ~10 km along
axis between km 110 and 120 along the profile (Figures 1b and 1c). This aseismic region has tentatively
circular shape with relatively clearly defined edges across the entire depth scale. An exception is the seismic
activity directly in the center of the gap at depths between 7 and 10 km. This seismicity occurs mostly in
short time periods as swarms (Chapter 3.6).
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3.3.2. Aseismic Regions in the Upper Lithosphere

A very distinct aseismic region is located between km 70 and 90 along the profile, Figures le and 2). It is
~20 km long and the seismicity band sets in at depths up to 15 km. The underlying seismicity band has a
relatively constant vertical extension of about 5 km, with subparallel upper and lower limits. The edges of
the aseismic region toward the north and south differ in their steepness (Chapter 3.3.3) and shallow earth-
quake activity (Chapter 3.2).

At the northern edge of our survey area, we observe a similar aseismic zone in the upper lithosphere with a
continuous band of deepening seismicity below. Stations KNR0O1 and KNRO2 (km 180 along the profile) are
situated near the southern limit of this zone but would have detected any shallow seismicity at least as far
north as km 185. Hence, we suggest that an even more pronounced aseismic area may extend beyond the
northern limit of our network.

3.3.3. Lateral Seismicity Disruptions

We identified regions with lateral seismicity disruptions, where seismicity becomes less dense and its depth
spread decreases (Figure 1le). Here, earthquakes mainly occur at depths around 10 km, while seismicity
instantly ceases toward shallower and higher depths and thereby narrowing the seismicity band. One such
lateral seismic disruption is found at km 150 along the profile. Shallow seismicity is absent in this area and
seismicity begins at depths of 9 km, whereas shallower seismicity is present north- and southwards. Sim-
ilarly, a lateral seismicity disruption is found at km 160. The lateral seismicity disruptions show a SW-NE
trend in the map (Figure 1c). A similar but less prominent lateral seismicity disruption is found at km 130
along the profile. It is masked by several shallower events, especially toward the Logachev volcanic center,
and does not show a clear directional trend in the map.

Another form of lateral seismicity disruption is seen in the map (Figure 1c) as an area with little seismic
activity at km 45 along the profile extending northwest-southeast. This disruption shows nearly no seismic
activity over the entire depth section and might therefore be similar to the aseismic region underneath the
Logachev volcanic center.

In the cross-section a unique form of seismicity disruption is found at the southern end of the long aseismic
region at kilometers 70 to 90 along the profile (Figure 1e). Here, the band of deep seismicity is almost cut off
and replaced toward the south with a different depth distribution of earthquakes whereas northward, the
seismicity band shoals more gradually.

3.4. Earthquake Swarms

Several earthquake swarms were observed around the Logachev volcanic center (Figure 3). We defined
earthquake swarms visually by an abrupt steepening in the cumulative event curve (Figure S5) coinciding
with an event cluster in time and space of at least 10 events in total.

Only two swarms were observed outside the Logachev area: around km 95 and km 180 along the profile
(Figure 1). Enhanced seismicity occurs at km 95 at the end of February 2017 for three days consisting of 40
events with magnitudes between —0.1 and 1.1. The area of activity is large compared to the swarm activity
in all other locations with depths of around 4-8 km. At km 180, swarm activity occurred from October 6 to
9, 2016 with 20 events of magnitudes —0.9 to 2.4. The swarm occurred at about 20 km depth close by the
eastern rift flank on a ridge crest oriented perpendicular to the spreading direction.

All other earthquake swarms were detected in the Logachev area (Figure 3). The region with the highest
swarm activity is the northern side of the Logachev volcanic center, directly at the northern edge of the
aseismic region (Chapter 3.3). Here, swarms occur in September, October and November 2016 and in Jan-
uary, March and May 2017. Each swarm lasts for 1-7 days, mostly 3 days, and magnitudes vary between
—0.9 and 2.1. The mean number of events per swarm is 32. The highest magnitudes per swarm do not occur
at the start of the swarms and second highest magnitudes are only slightly smaller, deviating from main-
shock-aftershock activity.

The most prominent earthquake swarm is situated in the aseismic region underneath the Logachev volcanic
center. It marks the only significant activity within the aseismic region and is limited to five days in March
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Figure 3. Earthquake swarms in their spatial and temporal occurrence. Labels and symbols as in Figure 2, swarm earthquakes are colored according to swarm.
(a) Map, (b) cross-section with bathymetry and (c) latitude over time.

2017. The swarm extends at depths between 6 and 12 km. Magnitudes of the 74 events are between —0.5
and 1.9. One month later, in April 2017, on the neighboring ridge crest another smaller earthquake swarm
occurred with 24 events of magnitudes of —0.1-1.16 during one day.

3.5. Faulting Mechanisms

We describe the focal mechanisms in five summarizing groups (Figure 4). We only obtained fault plane
solutions for earthquakes at depths between 11 and 21 km, since these events produced clear phase arrivals
at sufficiently many stations.

Surprisingly, the largest number of fault plane solutions shows reverse mechanisms despite the general
diverging nature of the plate boundary. The strike of the fault plane solutions varies between NNW-SSE and
NNE-SSW. The mean dip of the faults is 45° and most of the mechanisms do not show any or very small
oblique motion. About 80% of the reverse faulting events occur south of the Logachev volcanic center, only
three events with reverse mechanisms are found scattered north of it. South of km 85 along the profile re-
verse faulting is the predominant type with many similar and consistent mechanisms. All reverse faulting
mechanisms tend to occur close to the rift valley flanks.

The second largest group of focal mechanisms are normal faults with strikes approximately SW-NE, while
for most the strike is SSW-NNE, perpendicular to the spreading direction. The mean dip is 45.5°. While this
focal mechanism agrees best with the large-scale tensile stress regime of the ridge, only about a third of our
focal mechanisms belong to this group. The events mostly occur north of km 145 along the profile and some
are scattered along the ridge section. Representatives of this group mainly occur within the rift valley, but
are also found at the rift axis flanks.

In the second group of normal faulting mechanisms, the strike is NW-SE, about perpendicular to the other
group of normal faulting mechanisms. Three of the four representatives occur very close to each other around
km 140 along the profile. The last event is located south of the Logachev volcanic center in the rift valley.

A strike-slip faulting mechanism is found only once in our data set, but faulting mechanisms with signif-
icant oblique motion have been grouped as strike-slip mechanisms as well. The strike-slip mechanisms
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Figure 4. Fault plane solution groups and their location. (a) Map and (b) cross-section with earthquakes (gray circles) and fault plane solutions in colors
according to mechanism group. (c) Combined fault plane solutions with group names, P-axes (filled triangles) and T-axes (unfilled inverted triangles). (d) Single
fault plane solutions (colored quadrants are compressional) with compressional (black dots) and dilatational first motion picks (white dots).

are split into two groups indicating the compressional quadrant in the SW or SE. The classic strike-slip
mechanism with compression in the SW is located at the Logachev volcanic center, surrounding are repre-
sentatives of other groups, that is two strike-slip mechanisms with compression in the SE and one normal
faulting mechanism, which is similar to the two strike-slip ones, but with less oblique motion. Other strike-
slip mechanisms occur along the entire rift axis and often close to other mechanisms. Fault plane solutions
for swarm earthquakes do not exists, because these events did not fit our selection criteria.

4. Discussion and Interpretation

Seismicity patterns are highly variable along the nearly 200 km long studied ridge section suggesting a vari-
ety of processes and high complexity in the area.

4.1. Off-Axis Seismicity

Teleseismic earthquake catalogs for the Knipovich Ridge show a considerable amount of off-axis seismicity
to both sides of the rift valley with a majority of events to the east in the direction of Svalbard (Schlindwein
et al., 2015; Zarayskaya, 2017). In our data set only few earthquakes are recorded off-axis. The differences in
these data sets could be explained by the poor station distribution of the permanent land stations, that is in
Svalbard and Greenland. Gibbons et al. (2017) showed that with improved location algorithms and velocity
models many events get located along the spreading ridge. Nevertheless, a small number of events is still
located mainly eastward of the rift valley. In our local data set, we located few off-axis events, also mainly to
the east of the rift valley. Those events are not distributed equally, but occur north of the Logachev volcanic
center mainly on the eastern side, then swap over to the western side and back to the eastern side at the end
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of the Logachev section. The off-axis seismicity does not seem to be directly affected by the activity along
the ridge, but might be an effect of the sediment loading (Libak et al., 2012).

4.2. Large Scale Melt Focusing

The study of seismicity along the Knipovich Ridge opens up new perspectives on the segmentation of this
ridge (Figure 5). Up to date, segmentation of the Knipovich Ridge is mainly based on morphology, magnetic
or gravity data with volcanic centers spaced by about 20-40 km including major and subordinate volcanic
centers (Curewitz et al., 2010; Okino et al., 2002), with Logachev volcano as major volcanic center. The seis-
mic network covered several such volcanic centers to study segment-scale processes, and reveals a refined
seismological segmentation pattern with larger segments divided into sections that further show smaller
subsegments.

The variability in the maximum hypocenter depths defines one ~70 km long section (km 90-160, Figure 5)
with maximum hypocenter depths up to 15 km around the Logachev volcanic center, which we consider to
be currently magmatically active. From this central magmatic section, hypocenters deepen by more than
10-25 km depth at distances of about 70 km to either side defining one large segment of about 140 km ex-
tent. The lower boundary of the seismicity band defines the transition from brittle to ductile deformation
at an isotherm with temperatures thought to be in the range of 600-650°+100° (Anderson, 1995; McKenzie
et al., 2005). Assuming no heat production within the oceanic lithosphere, the isotherm marking the LAB
can be assumed to display similar topography.

Sauter and Cannat (2010) argue that volcanic centers at ultraslow spreading ridges receive more melt than
the regional average and a melt focusing mechanism must be in place to distribute melt along the axis. It
has been suggested that melt may travel along a permeability boundary near the LAB upwards toward vol-
canic centers (Cannat et al., 2003; Montési et al., 2011; Standish et al., 2008), but it is unclear over which
distances this is possible. Marked feature of ultraslow spreading ridges are major volcanic centers spaced
at about 100 km distance and subordinate centers in between. At the SWIR Standish et al. (2008) found
distances of up to hundreds of kilometers between two major volcanic centers and postulate melt focus-
ing over such distances. Cannat et al. (2003) termed segments #8 and #11 major volcanic centers with a
distance of 70 km between the segment centers. Along the Gakkel Ridge distances between large volcanic
centers are 50-160 km (Michael et al., 2003). The Knipovich Ridge exhibits larger volcanic centers spaced
at 60-110 km (Hellevang & Pedersen, 2005; Okino et al., 2002). Hellevang and Pedersen (2005) suggest
that this large-scale segmentation is stable over at least the last 7-8 Ma. From our segment-scale seismicity
survey we present evidence for a seismicity band that shows a continuous trend of shallowing hypocenters
toward a major volcanic center. The long wavelength undulation of the LAB suggests that melt could travel
as far as 70 km along axis within one segment toward its volcanic center, where the asthenosphere shallows
and melts can ascent to the surface.

Similar to our observed aseismic region underneath the Logachev volcanic center, Schmid et al. (2017) found
a temperature controlled aseismic region hosting a melt reservoir underneath the Segment 8 volcano at the
SWIR. Swarm activity observed at the Segment 8 suggests ongoing magmatism (Meier & Schlindwein, 2018;
Schmid et al., 2017). In analogy, swarm activity at the northern flank of the Logachev volcanic center is
probably also related to ongoing magmatic activity during the entire duration of observation. Moreover, at
the northern flank of the Logachev volcanic center fresh basalts were found (Elkins et al., 2014; Lehnert
et al., 2000). We therefore speculate that the Logachev volcanic center is currently active.

Sauter et al. (2001) suggest melt feeding into subordinate volcanic centers occurs from a central volcano.
Schmid et al. (2017) found evidence for intrusion activity 60 km away from the Segment 8 volcano into the
neighboring segment. Swarms in our study area are only seen in the vicinity of the volcanic center and with-
in the surrounding 10 km. Therefore, we do not see obvious feeding processes at present time and we cannot
assure if the subordinate volcanic centers are fed from the central volcano. Along the Knipovich Ridge the
high ridge obliquity might serve as a barrier for melt feeding processes along the spreading axis. Indication
for a sub-segmentation hindering further feeding are the pronounced along axis variation of hypocenter
depths of up to 5 km within the central magmatic section.
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4.3. Magmatic and Amagmatic Spreading Styles

From the seismicity styles we distinguish magmatic sections and areas with reduced magmatism (Figure 5),
which we term here amagmatic, although the few dredge samples obtained along the mostly sediment
covered Knipovich Ridge exclusively recovered basalts. Hence, there is no evidence for exposure of mantle
rocks, but sampling did not cover amagmatic areas. A comparison of the characteristics of the central mag-
matic and the amagmatic sections is shown in Figure 6.

4.3.1. Magmatic Section

The central magmatic section is characterized by relatively shallow maximum hypocenter depths and seis-
micity occurring throughout the entire depth interval, including earthquakes in the crust, which is 5.7 km
thick at the Logachev volcanic center (Jokat et al., 2012). Seismicity seems to be stable in time, since similar
seismicity throughout the depth range was observed in a 10-days OBS study in 2009, although the location
accuracy is less and the magnitudes are larger than in the present study (Schlindwein et al., 2013). High
b-value with a high portion of small earthquakes (Figure S4) is typical for seismicity driven by magmatic
processes (Bohnenstiehl et al., 2008; Tolstoy et al., 2001). The direction of the least compressive stress is
also reflected in the normal faults striking (sub-) perpendicular to the spreading direction. Other observed
faulting mechanisms or directions map the higher tectonic complexity compared to the global CMT cata-
log (Ekstrom et al., 2012), which nearly exclusively shows the large-scale divergent motion on larger fault
planes. Depth distributions of earthquakes, which peak around 8 km depth below seafloor (bsf, below refer-
ence depth of 3,389 m) indicate a strong lithosphere at magmatic sections in agreement with the conceptual
strength profiles suggested by Cannat et al. (2019) for volcanic seafloor at the SWIR (Figure 6d and Chapter
4.3.2). The transitions from the central magmatic section to the amagmatic sections occur on short distances
of about 10 km. Similar juxtaposing of magmatic and amagmatic spreading has been observed by Cannat
et al. (2019) at the SWIR. The abrupt change of characteristics might be a result of a change in composition.
At the northern magmatic-amagmatic transition, shallow earthquakes (Figure 5, km 155-170) occur under-
neath two small volcanic cones within the rift valley, inbetween only few earthquakes occur. This resembles
the Logachev volcanic center at smaller scale and might be a recent development of building a new volcanic
center, thereby adding complexity to the segmentation pattern. A second possibly magmatic section in the
south of our study area (Figure 5, ridge reorientation section) shows a more complex seismicity pattern and
will be discussed in Chapter 4.3.3.

4.3.2. Amagmatic Sections

The deeper maximum hypocenter depths and a remarkable lack of shallow seismicity are the main char-
acteristics of the sections that we term amagmatic (Figures 6a and 6c¢). Schlindwein and Schmid (2016)
observed comparable aseismic regions in the upper lithosphere in areas of known mantle rock exposure,
although earthquake locations are less well defined than in this study. This suggests that a lack of shallow
seismicity may occur at more locations along ultraslow spreading ridges. The boundary marking the onset of
faulting at 10-15 km depth runs parallel to the temperature-controlled brittle-ductile boundary, suggesting
that it is likewise controlled by temperature. Following Cannat et al. (2019), we constructed conceptual lith-
ospheric strength profiles in comparison to the observed seismicity (Figure 6d). Assuming that the long-term
mechanical behavior of the lithosphere is reflected in its short-term deformation (Burov, 2011; Ranalli, 1995;
Scholz, 2002), earthquake depth distributions have been used as proxy for the strength of the lithosphere
(Albaric et al., 2009; Déverchere et al., 2001). We used the same rheology and rock composition for magmatic
and amagmatic sections (Byerlee's law [Byerlee, 1978], Byerlee's law modified for serpentinization [Escartin
et al., 1997], and power law creep [Ranalli, 1995]). By varying the temperature gradient and the depth of ser-
pentinization, we could produce lithospheric strength profiles for magmatic and amagmatic sections resem-
bling the earthquake depth distribution. We therefore suggest in agreement with mantle velocities <8 km/s
in the velocity model that the lack of shallow seismicity may reflect serpentinization of mantle rocks (Carlson
& Miller, 2003). Escartin et al. (2001) suggest that already 10% serpentinite drastically reduce strength such
that low-level serpentinization down to 9 km depth could explain the lack of shallow seismicity in amagmat-
ic sections. Cannat et al. (2019) argue that not necessarily serpentinization but also the presence of talc may
weaken the lithosphere in amagmatic sections. The depth extent of alteration is a function of temperature
and availability of water. Mével (2003) suggested hydration at slow and ultra-slow ridges may occur up to
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the 500°C isotherm, Cannat et al. (2019) in their conceptual sketches use a temperature of 400°C. Assuming
a constant temperature gradient and temperatures of 650°C at the brittle-ductile boundary in 13 km depth,
temperature at 9 km depth can be estimated to be about 450°C in agreement with the suggested isotherms
limiting alteration. If seismicity can be taken as a depth indicator of serpentinization, the deepest parts exhib-
it deeper reaching alteration than previously observed. Cannat et al. (2010) and Momoh et al. (2017) suggest
that serpentinization reaches depths of 4-6 km. Seismicity along potentially serpentinized detachments sets
in at 9 km depth (Parnell-Turner et al., 2017), or shallower at 2-5 km (deMartin et al., 2007; Tao et al., 2020).

It may be a function of seismicity survey, whether regions of serpentinization are seen as aseismic. Horning
et al. (2018) show serpentinization to result in seismicity around 2-5 km depth, but at magnitudes below
the detection threshold of this network. Nonetheless, the suggested b-value of 1.7 is comparable to our
b-value of 1.59+0.07 of both amagmatic sections (Figure S4). Serpentinization related weak seismicity may
be present, but not detectable by our network. Grevemeyer et al. (2013) argue that serpentinized faults may
be strong; however, at the magnitude level we consider here, no seismicity is seen. Another possibility is
that excessive serpentinization is currently not active and we observed a time period of silent deformation
in previously serpentinized areas. A lack of shallow earthquakes down to 4-9 km depth is also observed on
detachment surfaces (deMartin et al., 2007; Parnell-Turner et al., 2017). Cannat et al. (2019) associate de-
tachment faulting with corrugated seafloor type mode differing from smooth seafloor, for which they expect
weaker lithosphere to deeper levels. Although the seafloor is not exposed due to the high sedimentation we
assume to encounter here rather latter type with weaker lithosphere (see also Section 4.4).

4.3.3. Ridge Reorientation Section

The southern amagmatic section probably ends around km 60-70 along the profile (Figure 5). The inter-
pretation of the region further south is speculative, as the network suffered from reduced recording times
and component failures of the southernmost stations, such that the number of detected earthquakes was
smaller. Nevertheless, the seismicity pattern is still distinctive. In the bathymetry, we find rough seafloor and
an insinuated volcanic ridge, which is interpreted as a magmatic center by Curewitz et al. (2010) and Okino
et al. (2002). Most earthquakes are located underneath the axial high, leading to an asymmetrical distribution
of seismicity similar to the Logachev volcanic center. On the other hand, we clearly see deeper hypocenters
accompanied by few shallow earthquakes, which is a clear contrast to the seismicity pattern along the central
magmatic section. The fault plane solutions show exclusively reverse faulting. Coinciding in this area is the
change of the spreading ridge orientation at km 35 along the profile from a strike of 000-007° in the north,
while south it is 343-350° (Curewitz et al., 2010). In this complex setting, a higher supply of magma would
support the reorientation of the axis toward a perpendicular orientation relative to the spreading direction
(Cannat et al., 2008). However, higher magma supply should result in shallower earthquake hypocenters in
contrast to our observations. The change of the ridge axis orientation can lead to a very complex, compres-
sive tectonic regime, where reverse faults build the main stress release mechanism. The lower b-value of
1.36+0.08 suggests a higher amount of high-magnitude events and thus a more tectonic character. The reori-
entation process would need a deeper driving mechanism for the rift axis reorientation. Since the Knipovich
Ridge is seen as a young and currently still forming plate boundary with a complex and not completely
understood evolution history (Kokhan et al., 2012; Okino et al., 2002), the source for a deeper driving mech-
anism might lay in the ridge's evolution as part of the opening in the North Atlantic. From our observations
we cannot distinguish, if this section belongs to the magmatic or amagmatic type, but we suggest that the
reorientation of the ridge axis overprints the typical characteristics and therefore has to be treated separately.

4.4. Detachment Faults

Detachment faults accommodate spreading in melt-poor ridge sections along ultraslow spreading ridg-
es (Cannat et al., 2019; Reston & McDermott, 2011). According to Cannat et al. (2019) those steepening

Figure 6. Comparison of characteristics of magmatic (red) and amagmatic (blue) sections. Labels and symbols of the map (a) as in Figure 1. White dashed
lines show positions of bathymetric profiles for (b). (b) Bathymetric cross-sections of the rift valley for magmatic (left) and amagmatic (right) sections. (c) Depth
frequency distribution of earthquakes for magmatic (left, red) and amagmatic (right, blue). (d) Conceptual lithospheric strength profile (orange) in comparison
to the depth frequency distribution of earthquakes (gray) with serpentinization depth (green dashed line) and temperature gradient (red, inferred from the
lower boundary of seismicity at 650°C).
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downwards normal faults play an important role along the melt-poor or melt-free segments of the SWIR
by accommodating almost the entire plate divergence (Sauter et al., 2013). Detachment faults have been
observed in seismicity patterns along the SWIR by Yu et al. (2018) and Tao et al. (2020) as dipping plane of
hypocenters underneath the rift valley or in similar pattern along the Mid-Atlantic Ridge (MAR; deMartin
et al., 2007; Parnell-Turner et al., 2017). Along the MAR Parnell-Turner et al. (2017) analyzed the stress
regime of a detachment fault using microseismicity. The dip from fault plane solutions between 50 and 70°
is high, Cannat et al. (2019) found fault plane dips of 50° in initial state and reducing to 25° during ridge
evolution. Along the Knipovich Ridge, we could not identify regions of enhanced seismicity, where hypo-
centers concentrate along dipping structures. The mean dip of our normal faults striking NNE-SSW is 45°
varying between 20 and 70°. Since this includes fault plane solutions of the entire study area and normal
faulting often occurs close to other faulting mechanisms, we cannot define a position of a detachment. Only
north of km 140 along the profile normal faults striking NNE-SSW are dominant.

A further characteristic of detachment produced seismicity in teleseismic and hydroacoustic records are en-
hanced seismicity levels and asymmetric distribution of seismicity (Escartin et al., 2008; Siméo et al., 2010).
Simao et al. (2010) find symmetric distribution along magmatic segments, while amagmatic segments typi-
cally show asymmetric distribution of seismicity attributed to detachment faulting. We observe such asym-
metric distribution within the active central magmatic section. The volcanic ridges of the Logachev volcanic
center stretch suborthogonally to the spreading direction toward both rift valley boundaries. At the northern
flank of the volcanic center seismicity occurs west of the ridge, while in the south seismicity jumps to the
eastern side of the ridge. Swarm activity occurs mainly underneath the axial volcanic ridges. Similar seismic-
ity jumps also occur at the smaller ridge extending between stations KNR05-KNR17-KNR04 coinciding with
a seismically less active area. Along the other sections we find clear asymmetry between stations KNR13-
KNR16, but the fault plane solutions show exclusively reverse faulting, indicating the opposite movement
than expected for detachments. None of these asymmetric areas revealed seismicity concentrated on dipping
planes that would yield direct evidence for detachment faulting. Hence, from our seismicity data, we cannot
identify detachment faults along the studied ridge section. Further seismicity studies with dense networks
are needed to characterize the earthquake activity of detachments of various sizes and evolution stages.

4.5. Fine-Scale Segmentation

Several lateral seismicity disruptions split the central magmatic section into subsegments and generate a
stripe and gap pattern of seismic activity along the ridge. Simao et al. (2010) described a stripe and gap
pattern of seismicity at the MAR as the alternation between magmatic or amagmatic spreading modes of
the ridge. Their hydroacoustic data set mimics the teleseismic record of the studied ridge portion (Simao
et al., 2010), which is a clear difference to our local data set. The stripe and gap pattern along the Knipovich
Ridge (Figure 7) does not above all mark areas of magmatic and amagmatic spreading, but reveals a finer
scaling that can be interpreted in terms of a segmentation into distinct sub-segments. When comparing
our earthquake locations to the teleseismic record from the ISC catalog (only events with ISC magnitudes;
Bondar & Storchak, 2011; Di Giacomo & Storchak, 2016; International Seismological Center, 2020; Stor-
chak et al., 2017), the differences become obvious. The teleseismically recorded earthquakes (Figure S6)
occur mainly south of the Logachev volcanic center. The seismicity patterns are similar south of the Lo-
gachev volcanic center, but differ directly at and north of it. The local data set is able to map small-scale
variations in seismicity undetected in the teleseismic record. Curewitz et al. (2010) found that longer faults
are oriented normal to plate motion, while shorter faults have various orientations indicating that higher
magnitude teleseismically recorded earthquakes occur on larger fault planes imaging the general diverging
plate motion. Events with smaller magnitudes occur on the smaller faults imaging more complex tectonics.
These smaller events containing more details on spreading processes are missing in the teleseismic record
due to the limited station coverage and uncertainties in the velocity model (Gibbons et al., 2017). Hence,
we suggest that the teleseismicity and local seismicity yield two different perspectives of the same picture.

The observed stripe and gap pattern in our local data set is therefore probably caused by different processes
than those observed on the teleseismic scale. The seismicity distribution to either side of the lateral dis-
ruption is different. Partly, regions with strongly contrasting seismicity characteristics are juxtaposed at
short distances (km 60-80, Figure 1e), suggesting that fault zones may separate these regions. This type of

MEIER ET AL.

16 of 21



A~
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009375

77.25' ! ! e —
[: ooooga ©o0 S o S ° 0%08 oo qj’o ° o 05 ®° 190
I o, ° o 030 ° k) o S & ° °
g Bl o uooe"zp% %o;q‘?@f’fn B o °°°“°;°:$ ooo.,:fauu ® o0 fe, o0 ° ° c
o s T h A%, confFipeyia o 0 fedp 0 o T %l 180
° Sl % P gl w8 002000 000 K S Loas, o A
ERACY .20 000 o W ogo go° ° R g0 o & °°°m 0w %" 08 o % o
A ﬁid@qﬁ?}e; 54,5 4 08§ Da&m;‘zd:yﬂf% 3R e ook € %%” PR L 170
; ° 8o & b 08 o Teogle § cof %ol 29 oS .
; RO "’“‘Qf%fi &%, bé?%?%‘fz «“@em @’e aﬁ:ﬂgan’%s@f@s”a % s " °°°"‘*e’°° BRI T 22
7 o o, e . T See . ° (-..—160
£ =3 s e & TR ST _—
A gﬁ&“fﬁf % gsi ACUAE T AR seismic gaps/
/ A A A YR VY sm=1 subsegment
¥ E °os ° og X °. ° gl g ° N
76.75" 4/ o %sf AR : “s-9. 0yt |boundaries
5 5| ¢ 52 % ég%@vs G gﬂ,?o‘
% % a° & ° Fo 0 ULl
AL S oo, Leo 0 —130
2 Al 2 gave 200 oo %, «ﬂ%m ‘,ah“ asgm.,ea%sg. ::
o RIS % % 4% %“83%%% ws@@’% W s Maeginn, - 120 E
s - ' L120 £
BE] o e o . ° Logachev aselsmc region w
76.5° 7 e = - . =110 %
’ M S2.% °$°e :q o8, oes‘%@%“ °°°°°° ﬁ § 6‘4? fc”i o*’“og g,é’ o5 a’is &
P 029 %" ® 8o & o 9., K LY | =
2 SogE EECEA v &o ot g, v 100 5
=P 8“'5» ° 800 0% *o % 00 osaga g
v 53 ° 8, ° o > o' u of ° °n° 000 P
5 6;’°°°9° %;%m %cg“ ?’& 5@8 wi“%% Wty L w0
76.25° (Y A VE e tea e ® 2
° Q&goooi,ﬁ}‘%?o L °:oa & 000 " 80 - 80 g
w2 Do © 0% o 8 R
0%é§§i§€3%oa o, °u co o0 - 700
2 LY. °°§ 8o ° ° .
S W °° - 60
LRI °© °
o by o - 50
r eaoo@ o8 A ° — 40
7 R
75.75° d ~ 30
o ‘Mi<=0 [~ 20
- ZKm o’ c0<Mli<=1
' . o © ° c1<Mi<=2[ 10
N ° ° o © ° oMlI>=2
75.5 T T T T T T T T T T 0
65 70 75 8 09 10 11 12 01 02 03 04 05 06 07
Months in 2016/2017
4000 2000
water depth [m]

Figure 7. Stripe and gap pattern along the Knipovich Ridge in (a) map view and (b) latitude over time. Labels and symbols as in Figure 2. Yellow box marks the
Logachev aseismic region, arrows mark areas of reduced seismicity (gaps) interpreted as subsegment boundaries.

fault might also prevent the migration of melt from the volcanic center as discussed before (Chapter 4.1).
Since we are lacking fault plane solutions within the disruption areas, we are not able to say if small trans-
form faults are active in the gaps allowing the reorientation of stresses and thereby juxtaposing different
seismicity distributions. In addition, the unspecific, weak and depth-limited seismicity in the disruption
zones differs for example from the unabated seismicity in a nontransform discontinuity west of detach-
ment hosting segment #28 on the orthogonally spreading SWIR (Yu et al., 2018), where some strike-slip
focal mechanisms could be found. We therefore speculate that on the highly oblique-spreading Knipovich
Ridge, transform motion may be accommodated mostly aseismically in areas marked by the SE-NW trend-
ing lateral seismicity disruptions. Curewitz et al. (2010) showed that between en echelon highs with longer
faults striking normal to the plate motion, intervening areas develop with numerous short faults oriented
obliquely to the spreading direction. Potentially these short faults take up part of the oblique motion with
limited seismic moment release.

5. Conclusion

From our segment-scale microseismicity study along the Knipovich Ridge, we observe characteristic pat-
terns of seismicity leading to the following conclusions and implications on spreading modes of ultraslow
spreading ridges:

* We define one predominantly magmatic segment centered around the Logachev major volcanic center,
which we consider as currently active based on an aseismic region underneath the volcano and swarm
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activity. The segment is defined by deepening hypocenters over 70 km in both directions along the rift
axis. Melt focusing along an inferred parallel LAB can thus take place over distances of at least 70 km
toward the major volcanic centers of ultraslow spreading ridges.

* This segment is further subdivided into sections with predominantly magmatic or amagmatic charac-
teristics. The magmatic section shows shallower hypocenters, higher b-value and rough topography.
Amagmatic sections show a distinctive lack of shallow seismicity and a deeper brittle-ductile boundary.
Shallow aseismic zones may result from alteration of mantle rocks to a depth of around 9 km. Mantle
rock alteration may therefore be a key process at ultraslow spreading ridges that governs deformation
mechanisms. Tectonic processes like ridge reorientation may overprint the characteristics of magmatic
or amagmatic sections expressed in more complex seismicity pattern.

* From our data set we cannot detect obvious detachment faults. We neither observe dipping hypocenter
fault planes nor asymmetric distribution of seismicity outside clearly magmatic sections. Denser seismic
networks and seismicity studies along other known detachment faults are necessary to better character-
ize the typical seismicity patterns associated with detachment faults.

* A finer-scale segmentation of sections is revealed by a stripe and gap pattern of enhanced and reduced
seismicity. This pattern is not comparable to teleseismically detected stripe and gap patterns, with detach-
ments producing stripes and volcanic section gaps. At the Knipovich Ridge gaps appear to mark transfer
zones that possibly accommodate on small fault planes transform motion between sub-segments.

Data Availability Statement
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GAEA.892814, 10.1594/PANGAEA.892679), the seismicity raw data (Schlindwein et al., 2018, https://doi.
org/10.1594/PANGAEA.896635) and earthquake catalog (Meier et al., 2020, https://doi.org/10.1594/PAN-
GAEA.924065) are available from the Pangaea repository.
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