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Abstract Along ultraslow spreading ridges melt is distributed unequally, but melt focusing guides

melt away from amagmatic segments toward volcanic centers. An interplay of tectonism and magmatism is
thought to control melt ascent, but the detailed process of melt extraction is not yet understood. We present a
detailed image of the seismic velocity structure of the Logachev volcanic center and adjacent region along the
Knipovich Ridge. With travel times of P- and S-waves of 3,959 earthquakes we performed a local earthquake
tomography. We simultaneously inverted for source locations, velocity structure and the Vp/Vs-ratio. An
extensive low velocity anomaly coincident with high Vp/Vs-ratios >1.9 lies underneath the volcanic center

at depths of 10 km below sea level in an aseismic area. More shallow, tightly clustered earthquake swarms
connect the anomaly to a shallow anomaly with high Vp/Vs-ratio beneath the basaltic seafloor. We consider the
deep low-velocity anomaly to represent an area of partial melt from which melts ascent vertically to the surface
and northwards into the adjacent segment. By comparing tomographic studies of the Logachev and Southwest
Indian Ridge Segment-8 volcano we conclude that volcanic centers of ultraslow spreading ridges host spatially
confined, circular partial melt areas below 10 km depth, in contrast to the shallow extended melt lenses along
fast spreading ridges. Lateral feeding over distances of 35 km is possible at orthogonal spreading segments, but
limited at the obliquely spreading Knipovich Ridge.

Plain Language Summary Mid-ocean ridges mark the tectonic plate boundaries, where the plates
drift apart. Fresh magma rises into the gap and builds new seafloor. The slower the plates drift apart, the less
magma is present underneath the ridge. At very slow spreading ridges there is not enough magma to build new
seafloor along the entire length of the ridge. Rather, melt is guided toward individual volcanic centers spaced
at about 100 km, where melt accumulates and ascents. In our study we try to find melt storage areas and ascent
paths of such a volcanic center. With velocities of different seismic wave types from earthquakes we map the
velocity structure of the area underneath the major Logachev volcanic center. Lower velocities indicate an

area partly including melt at depths of more than 10 km, far deeper than at mid-ocean ridges with sufficient
melt supply. From the deep magma reservoir, many earthquake swarms map the long ascent path of melt to the
surface. The interplay of magmatic and tectonic activity is important here. In a comparison with results from
another volcanic center, we find that lateral magma feeding is possible in orthogonal spreading, but limited in
oblique spreading, as at the Knipovich Ridge.

1. Introduction

Ultraslow spreading ridges with spreading rates below 20 mm/yr exhibit different characteristics and behavior
than any faster spreading ridges (Dick et al., 2003). At ultraslow pace, melt supply is not high enough to sustain a
spatially continuous shallow melt reservoir underneath the rift valley and therefore volcanic activity and magma-
tism do not occur along the entire rift axis. Instead, they are bound to distinct regions along the ridge that receive
more melt than the ridge on average does (Cannat et al., 2003; Standish et al., 2008). Those magmatic segments
build volcanic centers that are widely spaced, often by several tens of kilometers (Cannat et al., 2003; Curewitz
et al., 2010; Standish et al., 2008). Volcanic centers receive enough melt to build volcanic edifices in the rift
valley. If the melt supply persists over time, seamount chains or a line of elevations form in spreading direction
(Jokat et al., 2003; Mendel et al., 2003) (e.g., Figure 1b). The regions in between volcanic centers are dominated
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by tectonism. At amagmatic segments, mantle rocks are exposed at the seafloor, while at magmatic segments
basaltic seafloor is found (Michael et al., 2003). Melt focusing is the inferred underlying process leading to the
uneven melt distribution along ultraslow spreading ridges (Cannat et al., 2003; Sauter & Cannat, 2010). It guides
melt from amagmatic segments along the lithosphere - asthenosphere boundary toward magmatic segments and
their volcanic centers (Standish et al., 2008). Evidence for a strongly undulating brittle—ductile boundary (approx.
650 + 100°C isotherm (Anderson, 1995; McKenzie et al., 2005)) with thin lithosphere underneath volcanic
centers was found in seismicity studies of Meier et al. (2021), Schlindwein and Schmid (2016) and Schmid
and Schlindwein (2016). Melt traveling along-axis along an isotherm-parallel permeability boundary toward
the volcanic centers therefore appears to be a common mechanism at ultraslow spreading ridges. The permea-
bility boundary forms when molten material starts crystallizing at the base of the lithosphere at temperatures of
1000-1300°C (Cannat, 1996) and thereby prevents further melt ascent.

Little is known about how melt at ultraslow spreading ridges is extracted and ascents at volcanic centers. Standish
et al. (2008) and Montési et al. (2011) speculate that faults play a major role in allowing magma ascent. Indeed,
Miiller and Jokat (2011), Tolstoy et al. (2001) and Schmid et al. (2017) found that earthquake swarms with magni-
tudes even larger than magnitude 5 preceded phases of magmatic activity at the ultraslow Gakkel and Southwest
Indian Ridges. Magmatic segments show a thin carapace of basalt on the seafloor also away from volcanic
centers. Montési et al. (2011) postulate that magma is redistributed at crustal levels through fault systems to erupt
on the seafloor also at larger distances from the volcanic centers. The complex interaction between magmatic and
tectonic activity remains poorly understood, but likely plays a central role in lithospheric accretion at ultraslow
spreading ridges. In this study we therefore combine a seismicity analysis with a local earthquake tomography
to image in detail the structure of an ultraslow spreading volcanic center, its plumbing system and ongoing
magmatic and tectonic spreading processes.

Local earthquake tomography (LET) studies of volcanoes detected magma chambers and partial melt areas
(Indrastuti et al., 2019; Koulakov et al., 2020), dikes and magma conduits (Koulakov et al., 2017), where eruption
material is transported. Also, gas saturated areas as part of hydrothermal systems (Koulakov et al., 2020) and
cooled intrusive bodies (Syracuse et al., 2015) that are fractured (Indrastuti et al., 2019) have been identified from
LET results. In general, the interpretation of the resulting velocity structure is complex and often ambiguous
without additional information on the subsurface (Indrastuti et al., 2019). At faster spreading ridges, tomography
studies yielded evidence for hydrothermal circulation for example, at the Juan de Fuca Ridge (Kim et al., 2019).
A seismic refraction tomography by Dunn et al. (2017) detected normal faulting at the Mid-Atlantic Ridge in
addition to a near-surface zone of fluid-rock alteration. To date, tomography studies at ultraslow spreading ridges
are rare. Korger and Schlindwein (2014) detected a low velocity body at the location of a volcanic center on
Gakkel Ridge and suggested that it is caused by warm intrusions. However, this study was based on a few
weeks long survey with seismic receivers placed on drifting sea ice floes and has a limited resolution. Schmid
et al. (2017) conducted a local earthquake tomography study at a volcanic center, the Segment-8 volcano, along
the ultraslow spreading Southwest Indian Ridge, using 10 months of seismicity data from an ocean bottom seis-
mometer network with a wide station spacing of about 15 km. Schmid et al. (2017) found the first convincing
evidence for a region of partial melts underneath an ultraslow spreading ridge volcanic center. With our LET
study of the Knipovich Ridge, based on a densely spaced network of ocean bottom seismometers (Figure 1), we
provide new insights at unprecedented detail into the structure and dynamics of the major volcanic centers of
ultraslow spreading ridges.

2. Geological Setting

The Knipovich Ridge is an ultraslow spreading ridge with a full spreading rate of 14—17 mm/yr and is part of the
Arctic Ridge System (Figure 1a). The ridge is characterized by high obliquity with an angle of 35-50° between
the spreading direction and the ridge axis trend (Curewitz et al., 2010; DeMets et al., 2010; Okino et al., 2002)

Figure 1. Overview of the study area and seismicity at the Knipovich Ridge. (a) Marks plate boundaries as gray line and section of the Knipovich Ridge in (b) in blue.
(b) Shows the bathymetry of the region, the spreading direction of the Knipovich Ridge as orange arrows and the sub-study areas. In (c) the northern and southern
boundaries of the sub-study regions are given as colored lines in E-W. Circles indicate reliably located earthquakes from Meier et al. (2021), light-red circles are used
for tomography of the Logachev area, light-blue and additional light-red circles for the entire network area. The size of the circles corresponds to local magnitude, M.
In the lower left corner the average error ellipse is given. Ocean bottom seismometer stations are depicted as white triangles with the station numbers. Analogously, (d)
shows the elevation and seismicity pattern with gray depth error bars along the 7.25°N cross section.
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(Figure 1). The Knipovich Ridge extends in N-S direction for around 500 km between the Molloy transform fault
in the North and the Mohns-Knipovich Bend in the South. Along the Knipovich Ridge, several volcanic centers
were identified through morphological, gravimetric and magnetic measurements (Curewitz et al., 2010; Okino
et al., 2002). The major volcanic centers are spaced by 60—110 km along the ridge (Hellevang & Pedersen, 2005)
and often continue as seamount chains in spreading direction to both sides of the ridge (Curewitz et al., 2010),
indicating stable magmatic activity for the last 7-8 Ma (Hellevang & Pedersen, 2005). The most prominent
volcanic center is the Logachev volcanic center (Figure 1b), elevated up to 1,000 m above the rift valley floor
(Curewitz et al., 2010). At its northern flank, Elkins et al. (2014) found fresh basaltic samples dredged from the
seafloor indicating recent activity of the Logachev volcanic center. While magmatically active ridge parts have
no or very little sedimentary cover and are therefore accessible to geological sampling, tectonically dominated
ridge parts are covered by up to 500-1,000 m thick sediments (Amundsen et al., 2011; Kvarven et al., 2014).
Sediments also cover the rift flanks. There is 800-1,000 m sediment thickness on the western flank and up to
1,500 m on the eastern rift flank (Kvarven et al., 2014), with sediments originating from the continental shelf
east of the Knipovich Ridge.

Along ultraslow spreading ridges, German et al. (1998) found unexpectedly high hydrothermal activity. The
most prominent site of hydrothermal activity at the Knipovich Ridge is the Loki's Castle vent field at the bend to
Mohns Ridge in the south at 73.5°N (Pedersen et al., 2010). Further north, three additional vents sites are inferred
by plumes and trace elements in the seawater at 74.8°N, 76.78°N and 77.63°N (Connelly et al., 2007; Hahm
et al., 2004; Sundvor, 1997; Tamaki et al., 2001), but their seafloor locations are unconfirmed.

Based on the seismicity pattern Meier et al. (2021) defined sections of the Knipovich Ridge with magmatic and
amagmatic characteristics. We use LET to study the subsurface velocity structure and get insights into the geolog-
ical structure at the magmatic section underneath and around the Logachev volcanic center depicted in Figure 1.
The study is based on data from twelve ocean bottom seismometers spaced by about 10 km. Additionally, we
perform a tomographic study of the entire network of 24 ocean bottom seismometers with larger spacing to get a
broader overview of the velocity structure of an ultraslow spreading ridge.

3. Methods
3.1. Local Earthquake Tomography

The seismicity data were recorded for 11 months by 24 ocean bottom seismometers deployed along 160 km of the
Knipovich Ridge. The earthquakes are manually picked by an experienced analyst and located with HYPOSAT
(Schweitzer, 2001, 2018) using a 1D velocity model, which is determined with PyVelest on the basis of a subset
of events (Kissling, 1995; https://github.com/saeedsltm/PyVelest). The 1D velocity model is used as input for the
tomographic inversions. The earthquake pattern is robust, also when locating with a different location algorithm
(Meier et al., 2021). More detailed information on the processing steps of earthquake detection, phase picking and
location using a 1D velocity model are described in Meier et al. (2021). Assumed pick uncertainties are 0.02 and
0.1 s for impulsive and 0.05 and 0.2 s for emergent P and S phase picks, respectively.

We performed the tomography for two different subregions, one for the area around the Logachev volcanic center
(that we term here Logachev area) and one for the entire study area along the rift axis (which we term entire
network area). We used these two subregions, because we have a higher network density around the Logachev
volcanic center, which allows for a higher model resolution. Furthermore we are able to evaluate effects at the
boundaries of the smaller subregions. We selected events for the tomographic inversions from the earthquake
catalog of Meier et al. (2021) that includes in total 14,401 located earthquakes with local magnitudes up to 3.2.
For the tomographic inversion of the Logachev area, only events that occurred between 76.275°N and 76.9°N
were used, for the entire network area we enlarged this to be between 75.5°N and 77.2°N. We selected only events
that were considered as reliably located in Meier et al. (2021), which required that the hypocenter depth could
be determined with a maximum error of 5 km, the 95% error ellipse (Smajor) had a mean length of maximum
5 km and travel time residuals had a maximum root-mean-square (RMS) error of 0.4 s. From this subset of
events, we further selected only those events that have at least 7 phase picks in case of the Logachev area, and at
least 10 phase picks for the entire network area. Station KNR28 had noisy data that included numerous gaps, but
as it was positioned directly west of the Logachev volcanic center, it was therefore an important station for the
tomography model. P-phases on this station were mainly picked if hydrophone and vertical seismometer channels
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consistently showed an onset. Hence, P-phase arrival times were considered sufficiently trustworthy, but S-phase
picks were excluded. In addition, we used only P-phase picks if their travel time residual was less than 0.4 s in the
initial location. This procedure ensured that incorrect picks, resulting from multiple P onset options from station
KNR28, could be excluded. The P-phase travel times of station KNR28 were not counted to reach the minimum
number of phases required for the event to be used (minimum 7 or 10 phase picks) and were therefore addi-
tional. Similarly, station KNR21 situated directly on top of the Logachev volcanic center was included despite its
slightly non-linear clock drift, affecting mostly the time from October 2016 until May 2017. We approximated
this non-linearity by an additional static station correction of 0.2 s for this time period. In total, we used 5,775
events with 86577 phase picks (41132 P- and 45445 S- phases) for the entire network area and 3,959 events with
44345 phase picks (22699 P- and 21646 S- phases) for the Logachev area.

For the tomographic inversion, the LOTOS code (Koulakov, 2009) was used that is able to invert for P- and
S-wave velocity structures, Vp/Vs-ratio and source locations simultaneously. In a first step, LOTOS locates
the events in an initial 1D velocity model using straight ray paths. The initial 1D velocity model is the same
as in Meier et al. (2021). In the next step the events are located in a 3D velocity model using a bending tracing
algorithm. For the boundary between seafloor and water, that is implemented in this step, we used the bathym-
etry data with 100 m grid resolution from Meier et al. (2021). The tomography model grids are constructed by
nodes spaced at 1 km in horizontal direction and at variable node spacing of 1 km maximum in vertical direction
depending on the ray coverage. We used four grids with different azimuthal orientations to minimize grid related
effects on the results. The grids are oriented at 0°, 22°, 45° and 67° from north and the resulting velocities at the
individual grid nodes are averaged at the end of each iteration. Each consecutive iteration starts again by locating
the events based on the updated 3D velocity model. After five iterations no significant reduction of the RMS
residuals was achieved. We determined the controlling parameters such as the weights for source shifts, amplitude
damping and smoothing based on the results of the synthetic tests.

3.2. Synthetic Tests
3.2.1. Checkerboard Tests

We performed several checkerboard tests to optimize parameters such as weighting, smoothing and damping and
to estimate the resolution capability of both tomography model regions. The earthquake locations were used from
the last iteration of the real data case to calculate the synthetic travel times using the 3D ray tracing. Additional
noise was added to the data, by raising the final iterations' travel time residuals by 10% for P-phases and 15% for
S-phases and adding this to the data. With this synthetic data as input the tomographic inversion is performed in
the same way as with the real data. We separately tested the horizontal and vertical resolution capability of our
model (Figures 2, 3 and Figures S1 and S2 in Supporting Information S1).

For the horizontal test, we used vertical cuboids with +7% alternating velocity anomaly with opposite signs for
P- and S-wave models. The cuboids span the entire study area depth and vary in their base area. Figure 2 shows
the results of the horizontal checkerboard test for the Logachev area. The checkerboard test results of the entire
network area are included in Figure S1 in Supporting Information S1. With a side length of 8 km of the cuboids
and 2 km spacing between them, the synthetic test could recover the checkerboard pattern of the input anomalies.
When reducing the side length of the cuboids to 5 km, the resolution is still good in the central part of the study
area, but reduces toward the edges and at larger depth. In both cases the best recovery is warranted in the depth
interval of 8—10 km below sea level.

With a second checkerboard test we estimated the vertical resolution capability of our tomography model
(Figure 3). Here, horizontal cuboids were used that span the entire E-W area of the model, such that they lie
perpendicular to the vertical cross sections along the rift axis. The cuboids have +7% alternating velocity anom-
alies with opposite signs for P- and S-wave models. The vertical checkerboard test for the Logachev area is
displayed in Figure 3. Figure S2 in Supporting Information S1 shows the checkerboard test for the entire network
area. The vertical resolution of the tomographic models is in general not as good as the horizontal, since here
the trade-off between velocity and source parameters becomes more important and the geometry of sources and
receivers is less favorable than in the horizontal dimension. The vertical checkerboard shows that toward the
edges of the inversion area the resolution decreases (Figure 3). In the central part, where the earthquakes are
densely spaced, the resolution capability is good, as well as in the shallower parts. In the seismicity gap between

MEIER ET AL.

Sof23



Aeor . .
N\ Geochemistry, Geophysics, Geosystems 10.1029/2021GC010210
5 km cuboid side length 8 km cuboid side length
N AT

Vp/Vs-ratio

|~

e

P-anomaly [%]

"
alils
=
O
(]
I
@

S—-anomaly [%]

10

Figure 2. Checkerboard test in horizontal sections. The upper row of subfigures refers to the P-phase velocity structure, the middle row to S-phase velocity structure
and the lower row to the Vp/Vs-ratio. The color code for the respective anomalies is given to the right of each row. The shapes of the checkerboard cuboids are indicated
by the black lined squares. The left half of the figure represents the checkboard test with cuboids with a side length of 5 km, the right half cuboids with a side length of
8 km. Each test is subdivided into the four depth sections that are later used in results figures: 5 km, 8 km, 10 km and 12 km (below the sea level).

kilometers 25 and 35 along the profile (Figure 3), where nearly no seismicity occurs, the resolution deteriorates,
but the model is still able to restore the input anomalies.

3.2.2. Synthetic Tests

Additionally, we performed synthetic tests to benchmark the tomography results. Those were carried out similar-
ily to the checkerboard tests, but with a synthetic anomaly bounded in all three directions. The anomaly is located
between 9 and 16 km depth below sea level. The P-velocity is reduced by 10% and the S-velocity is reduced by
30% compared to the surroundings. This synthetic anomaly mimics the partial melt area revealed by our real data
model and has a similar lateral extent. With the same velocity reductions, the shallow partial melt area is also
included in the synthetic test. The resultant velocity structure is shown in Figure 4 as map view and in Figure 5
as cross section.

The anomalies in S-velocities and in the Vp/Vs-ratio are recovered well, while the P-velocities exhibit only low
amplitude anomalies, as we would expect for a partial melt area. From the synthetic test it becomes clear that
especially the shallow anomalies above the large anomaly underneath the Logachev volcanic center are influ-
enced by this deeper anomaly. Therefore, any interpretation of this shallow structure, although recovered suffi-
ciently well in the checker board tests, has to remain speculative. Furthermore, we find that the extent of the high
Vp/Vs-ratio anomaly underneath the Logachev volcanic center can not be clearly defined. A lack of seismicity at
the southern boundary does not allow to define the extent of the anomaly toward the south. Similarily, the maxi-
mum depth of the anomaly remains unresolved.
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structures and (c) to the Vp/Vs-ratio. The color code for the respective anomalies is given to the right of each subfigure. The
shapes of the checkerboard cuboids are indicated by the black lined squares.

4. Results

The tomographic inversions give us insights into the subsurface velocity structure at a major volcanic center of
the Knipovich Ridge in comparison with the velocity structure of the rift axis to the north and south of it. The
resultant velocity structure for P- and S-waves and Vp/Vs-ratio for the Logachev area are shown in Figure 6. We
focus on the P-wave and S-wave velocity structures and the Vp/Vs-ratio as they are sensitive to different parame-
ters and thereby unravel distinct physical properties of the subsurface (Indrastuti et al., 2019).

Based on the checkerboard tests (Figures 2, 3 and Figures S1 and S2 in Supporting Information S1), synthetic
tests (Figures 4 and 5) and the ray coverage (Figures S4, S5, S6 and S7 in Supporting Information S1), we
distinguish between anomalies that are well recovered and therefore used for interpretation and anomalies that
are poorly recovered making them unsuitable for interpretation. The interpretable anomalies are marked in the
figures with letters and described in the following Section 4.1. Others are described in Section 4.2 and marked
with numbers.

4.1. Key Anomaly Pattern

The P-wave velocity structure includes a very prominent low velocity anomaly (LVA) in the central part of the
Logachev area, evident in map view (Figure 6, anomaly A). This anomaly spans all depth levels and sticks out
from the generally higher P-wave velocities in the surrounding area. While it has a circular shape in map view
in the deeper levels, it shows a more ellipsoidal shape at 5 km depth with an elongation along the rift axis. The
anomaly occupies an area that is devoid of background seismicity, circular in shape and extends throughout all
depth levels. Only few swarm events occur in this area. The P-wave LVA is slightly shifted southwards compared
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to the prominent anomalies in the S-wave velocity structure (anomaly B) and the Vp/Vs-ratio (anomaly C), that

will be described in the following.

The S-wave velocity structure is characterized by up to 10% higher velocity deviation than the P-wave velocity
anomalies, is more variable and changes with depth: at 5 km depth, several smaller LVAs occur along the rift axis.
One LVA, between 76.6°N and 76.7°N (anomaly D), is about 7 km long, along the rift axis, beneath a bathyme-
tric high with less than 3,000 m water depth. Another small LVA is found around 76.525°N (anomaly E), south
of the Logachev volcanic center, whose spatial extent is roughly outlined by the 3,000 m isobath. Anomalies D
and E extend down to 8 km depth, where they merge, grow in size and amplitude down to 12 km depth (anomaly

MEIER ET AL. 8 of 23



A7t |

NI Geochemistry, Geophysics, Geosystems 10.1029/2021GC010210
Distance [km]
0 20 40 60
(@)
S ¥
o
(b)
£ =
= ©
§ :
a 7
(2]
(c)
E 2
s g
£ !
8 s
>
(d)
E <]
= *a
g 5
: 3
= >
-20{
‘ 1.6
0 20 40 60

Distance [km]

Figure 5. Synthetic test in vertical sections. (a) Refers to the P-phase velocity structures, (b) to S-phase velocity structures
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B). Anomaly B is elongated along the rift axis, connecting northward to the shallower anomaly D. The anomaly
coincides with the highest observed swarm activity (Figure 6).

The Vp/Vs-ratio is mainly influenced by variations in the S-wave velocity field. In the shallowest section (5 km
depth) several small anomalies with high Vp/Vs-ratios occur. With increasing depth, these small anomalies merge
into one prominent high Vp/Vs-ratio anomaly (anomaly C) underneath the bathymetric high of the Logachev
volcanic center, coincident with the S-wave LVA. This anomaly appears at 10 km depth, grows with depth and
reaches Vp/Vs-ratios >1.9 at 13 km. The anomaly shape in map view is a 15-20 km long ellipse beneath the
spreading axis. It continues to the north, where the volcanic center ends and water depths increase again. The
earthquake swarms are mainly confined to the uppermost part of the high Vp/Vs-ratio anomaly and into the base
of anomaly F. Anomaly F is also confined to the rift axis for a length of around 7 km, similar to anomaly D in
the S-velocity structure. To the south, a low Vp/Vs-ratio anomaly (anomaly G) has a circular shape and reaches
a depth of 8 km. A high Vp/Vs-ratio anomaly (anomaly H) near 76.5°N on the eastern flank of the rift valley is
mainly characterized by higher P-velocities.
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Figure 6. 3D Velocity structure of the Logachev area. Panel (a) shows the P-wave velocity structures, panel (b) the S-wave velocity structures and panel (c) the
Vp/Vs-ratio. Each panel shows the map view at 5 km, 8 km, 10 km and 12 km below the sea level. The respective color code is given below the cross sections at the
right side of the figure. The gray circles mark the earthquake hypocenters, yellow triangles indicate the station positions. Numbers and letters indicate anomalies that
are described in the text. To the right of the map views follow bathymetric maps with color coded water depth and contour lines (thicker black solid lines are 1,000 m
contours and thinner black solid lines are 200 m contours). Earthquakes are indicated with dark blue circles and swarm earthquakes with orange circles. The position of
the cross section along 7.25°E is indicated with the white dashed line. The cross sections show earthquake symbols as in the bathymetric maps.

Figure 7 displays the tomography results for the entire network area on a horizontal slice at 5 km depth with
P- and S-wave velocities and the Vp/Vs-ratio, results for further depths are displayed in Figure S3 in Supporting
Information S1. Between 76.75°N and 76.9°N lower P-velocities occur at the rift valleys walls east and west
(anomalies J). Similar to the P-wave velocities, also S-wave velocities decline between 76.7°N and 76.9°N at
the rift valley walls (anomaly K). The anomalies have a similar horizontal extent as the anomalies below the
Logachev volcanic center, but might be smeared due to boundary effects. S-wave velocity anomaly K does not
show up prominently in the Vp/Vs-ratio. In the northern and southern part of the entire network area, we observe
similar anomalies striking E-W over the entire inverted area (anomalies L and M). Another anomaly with high
Vp/Vs-ratios is situated at 76.2°N (Figure 7, anomaly O), and is mainly caused by reduced S-wave velocities
(Figure 7, anomaly N).

4.2. Unspecified Velocity Anomalies

Especially in the shallowest sections at 5 km depth, we observe a number of anomalies that continue in most
cases only to depths of 8 km. Most of them have a small horizontal extent, which is near the lower limit of the
resolution capability from the checkerboard tests. Additionally, ray coverage in 5 km depth is low (Figures S4,
S5, S6 and S7 in Supporting Information S1), such that the anomalies described in this section are not used for
further interpretation.
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Around some stations we see confined, elongated anomalies, of which the most prominent sets in at the west-
ernmost station around 76.6°N and continues toward the east (Figure 7, anomaly 1 in P-velocities and anomaly 2
in S-velocities). This anomaly is best visible in the Logachev area, but is also present in the entire network area
(Figure 6, anomaly 1). These types of anomalies, that also occur at other stations, result from a unidirectional
raypath coverage, with crossing ray paths being rare or missing. This may result in velocity anomalies to be
smeared along the existing ray paths and this mainly affects stations toward the edge of the network. This problem
can be amended when additional ray paths are included as is the case in the center of the study area (Figures S4,
S5, S6 and S7 in Supporting Information S1).

Furthermore, there are circular anomalies visible around the stations (some of them are marked as anomalies 3
in Figure 7), mainly in the shallowest section. These anomalies are most prominent in the Vp/Vs-ratio, where
they, in most cases, show reduced Vp/Vs-ratios that appear as “blue holes” around the stations in Figure 7.
Since these anomalies are clearly coupled to particular stations, we interpret them as a station effect, that may
be explained with very localized geological conditions at the stations' positions. The OBS network consists of
stations deployed along the rift flanks and some deployed within the rift valley, such that topography and geology
vary significantly. Sediment thickness varies from no sediment cover at magmatically active parts to 1,500 m
along the eastern flank (Curewitz et al., 2010; Kvarven et al., 2014). These geological differences cannot be
accounted for in the initial 1D velocity model and therefore appear as localized anomalies in the final tomo-
graphic 3D velocity model. With large values for smoothing parameters, we could suppress this effect further, but
this would at the same time reduce the resolution capability, which we tried to avoid.

We observe a high Vp/Vs-ratio north of station KNR19 resulting from low S-velocities (Figure 7, anomaly 4
and 6). This anomaly is reproduced in the entire network area and, additionally, a similar anomaly south of
station KNR19 (Figure 7, anomalies 4 and 5 in S-velocity structure and anomalies 6 and 7 in Vp/Vs-ratio). The
difference between the anomalies lies in the location of the corresponding earthquakes, which is probably caused
by the use of different sets of phases in the respective tomographic inversion. While the entire network area
includes phase readings at all stations of the network, the Logachev area only includes phase readings of stations
within this confined region, although the earthquakes have been recorded by more stations outside the Logachev
area. Therefore, earthquake locations near the southern limit of the Logachev area have a considerably poorer
azimuthal station coverage than the same earthquakes in the entire network area. The location quality therefore
is reduced toward the edges of the network and differences in the resultant velocity structure occur. The anomaly
pattern recovered in the entire network area is in our opinion more reliable at the edges of the Logachev area. We
therefore suggest that anomalies 4, 5, 6 and 7 are caused by these station distribution effects. Likewise, observa-
tions of a shallow earthquake cluster at a similar position by Schlindwein et al. (2013) may have also been influ-
enced by the distribution of stations that resulted in less reliable earthquake locations with a large azimuthal gap.

The southern part of the Logachev area does not show any small-scale anomalies in the P-velocity structure, but
rather large-scale regions spanning about 10 km along the cross section with low P-velocities (Figure 6, anomaly
8). Similarly, the northern end of the Logachev area also shows lower P-velocities (Figure 6, anomaly 9). These
lower velocity areas are not reproduced at the scale of the entire network area. We suggest that they represent
boundary effects and we will therefore not interpret them.

Boundary effects also occur at the northern and southern end of the entire network area. This results for example
in low P-wave velocities in the northern part of the entire network area (Figure 7, anomaly 10) and in a high
Vp/Vs-ratio anomaly close to the southern end of the entire network area (Figure 7, anomaly 12), which is
dominated by low S-wave velocities (Figure 7, anomaly 11). As at the Logachev area, the resolution is reduced
as a consequence of limited location accuracy (large azimuthal station gap) and limited ray coverage (Figures S6
and S7 in Supporting Information S1). Especially at the southern end, the tomographic model suffers from very
few earthquakes and thereby a reduced number of ray paths. Therefore, the anomalies close to the northern and
southern boundaries of the tomography model are not used for interpretation.

5. Discussion and Interpretation
5.1. Magmatic Activity at the Logachev Volcanic Center

The combined analysis of seismicity and three-dimensional anomalies in the seismic velocity structure leads
to a comprehensive picture of the current magmatic activity at the Logachev volcanic center. This is shown in
Figure 8 and will be described in the following. We discuss and depict the most plausible scenario based on our
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seismological data set. However, seismic velocities depend on a variety of physical parameters, such that in the
absence of additional information the interpretation remains to some extent speculative (Indrastuti et al., 2019).

5.1.1. Melt Reservoir

The area underneath the Logachev volcanic center is underlain at a depth of 10 km by a volume of high Vp/Vs-ratios
reaching maximum values >1.9. The range of expected values for melt in upper mantle rocks is between 1.8 and
2.1 (Hammond & Humphreys, 2000) with melt fractions of around 2%. Consistently, reduced S-velocities indi-
cate the presence of fluids such as magma (Takei, 2002). We therefore suggest that there is a main melt reservoir
at the Logachev volcanic center at depths of 10-12 km below sea level. The location of the this melt reservoir
coincides with a mantle Bouguer anomaly low (Curewitz et al., 2010; Okino et al., 2002) and with the location
of an axial high in the rift valley with elevations of about 1,000 m, which continues as a seamount chain to both
sides of the rift valley (Figure 1b). Hellevang and Pedersen (2005) suggest that this seamount chain was caused by
an extended period of high melt supply. While there is no general background seismicity registered, earthquake
swarms root in the center of this area (Figure 8). Therefore, some extent of brittle rock failure must still be possi-
ble, suggesting that rather than a melt reservoir filled with fluids, we expect the presence of scattered melt bodies,
distributed within the surrounding rocks. We therefore term this area “partial melt area”.

This partial melt area may be supplied by melt focusing as suggested for ultraslow spreading ridges (Cannat
et al., 2003; Schlindwein & Schmid, 2016; Standish et al., 2008). Melt is guided along the rift axis at a permea-
bility boundary near the lithosphere—asthenosphere boundary toward the prominent, but widely spaced volcanic
centers (Paquet et al., 2016; Sauter & Cannat, 2010). In our study area, melt appears to accumulate underneath the
Logachev volcanic center, where the lithosphere is thinnest. Here, at the center of the segment, the melt is stored
near the base of the brittle lithosphere before it rises to the surface. From the synthetic tests of our tomography
model (Figures 2-5) it became clear that the lower boundary of this high-Vp/Vs anomaly cannot reliably be
resolved. Therefore, we are not able to say, if this partial melt area continues further downwards and potentially
extends laterally at deeper levels into the segment as a consequence of deep lateral melt flow toward the segment
center.

Likewise, the synthetic tests showed that the anomaly can be recovered well especially at a depth of 12 km, but it
may be smeared or shifted slightly toward the north. Above the southern boundary the most prominent earthquake
swarm recorded by our OBS network took place (Figure 8b, around km 30). This earthquake swarm occurred
within an otherwise aseismic area, the seismicity gap, and is distinct from the repeated swarm activity above the
center of the partial melt area. The northern boundary is potentially not well resolved and smeared out, but a
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further northern extent of the partial melt area as suggested by the recovered anomaly pattern would fit with the
observation of Meier et al. (2021), who suggested that seismicity connected to magmatism continues rather to the
north of the volcanic center than to the south. In Figure 8a this is visible from widely scattered seismicity south of
Logachev volcanic center occupying a larger depth range, whereas seismicity to the north is considerably denser
and concentrated in a narrower band.

5.1.2. Ongoing Magmatism and Possible Spatial Shift in Melt Supply

The partial melt area represents a volume of locally heated rocks that goes along with reduced P-velocities and
a gap in seismicity (Figure 8a). The seismicity gap spans the entire depth section between km 25 and 38 along
the cross section (Figure 8b) and also extends around the partial melt area, but here it exists only at deeper
levels (Figure 8b). Within the seismicity gap we only observe swarm earthquakes and lack background seis-
micity. Higher temperatures associated with the presence of hot molten material reduce the rheological strength
of the rocks in the surrounding area. Temperatures in excess of 650° + 100°C usually prevent brittle faulting
(Anderson, 1995; McKenzie et al., 2005), such that an isotherm can be associated with the maximum depth of
faulting. This results in a lack of earthquakes in an area surrounding the melt body. Higher temperatures also
lead to lower P- and S-velocities (Indrastuti et al., 2019). The S-velocities tend to show a similar geometry and
position of the anomalies as the Vp/Vs-ratio, while the main P-velocity anomaly A (Figure 6) is shifted further
to the south from the Vp/Vs-anomaly. The synthetic tests in Figure 4 do not suggest that anomaly A, which is
visible at several depth levels in the same location, results from poor recovery of the pronounced anomaly B. We
therefore speculate that different positions of the negative P- and S-velocity anomaly may be real and result from
the different sensitivity of the wave types to rock parameters. S-velocities are usually interpreted in the context of
fluid content, while P-velocities also carry other information besides the presence of melt mainly the composition
of rocks (Koulakov et al., 2021; Takei, 2002). We suggest, that reduced P-velocities are mainly the consequence
of higher temperatures, whereas the presence of melt drastically reduces the S-wave velocities and thus results
in high Vp/Vs-ratios. Therefore, we suggest that the area of both lower P- and S-velocity anomalies A and C
(Figure 6) can be interpreted as an area of increased temperatures since it also coincides with the seismicity
gap. Partial melt, however, is only present in the area of the Vp/Vs anomaly C. In case the southern end of anom-
aly C is not well retrieved and shifted to the north, the entire area may contain some partial melt.

We suggest that melt rises to the surface from the partial melt area. The high, nearly monthly, earthquake swarm
activity (Meier et al., 2021) connects the partial melt area and the shallow high Vp/Vs-ratio anomaly F (Figure 8).
Even with limited resolution of this area, we can speculate that the high Vp/Vs-ratios and lower S-velocities
image the presence of melt also in this shallow area, in analogy to the deeper partial melt area. This interpretation
is supported by the earthquake activity and geological samples. Fresh basalt samples from the seafloor (Elkins
et al., 2014) indicate that recent volcanic activity occurs here. The earthquake swarms potentially indicate the
path of the melt flow from the center of the lower partial melt area to the shallow reservoir. The swarms occur
always at a similar position and repeat regularly (Meier et al., 2021) suggesting steady melt supply upwards. The
site of current activity of the Logachev volcanic center seems to be stable during our observation period. Plotted
over time, the individual earthquake swarms, even when relatively located, do not exhibit a clear migration of
hypocenters (Meier et al., 2021), which would indicate a cracking front of a magma intrusion (Bohnenstiehl
et al., 2008). Despite a lack of clearly migrating hypocenters, the earthquake swarms are the only seismic activity
in an otherwise aseismic area underneath a volcanic center (Figure 8b). The absence of migration could be due
to the reuse of already existing pathways that make the breaking of completely new pathways unnecessary. The
melt pathways all trend slightly to the north to the area with fresh basalt on the seafloor (Figure 8b). Tarasewicz
et al. (2012) note very similar earthquake clusters without migration and distinctly different positions at similar
depth intervals preceding the flank eruption at Fimmvorduhéls on Eyjafjallajokull, Iceland. They interpret this
seismic activity to indicate magma movement in several dikes.

The region of magmatic activity shifts over time (Figure 9). South of the partial melt area, the velocity structure
can not be resolved (Figures 4 and 5), such that we do not know if the partial melt area continues further south.
But we clearly see the absence of background seismicity, that we interpret to be caused by elevated temperatures
in the south of the partial melt area. This may be a remnant of previous activity in this area that is still heated
up, while magmatic activity has shifted northward. From the current, central partial melt area intrusions tend
northwards into an area that still exhibits background seismicity. We speculate that this area is not yet heated up
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Figure 9. Activity shift on different scales at the Logachev volcanic center. The black dashed line marks the long-term
stable magmatic activity zone as described by Hellevang and Pedersen (2005). The bathymetry in spreading direction (orange
arrows) from the Logachev volcanic center shows several pairs of elevated volcanic hummocks marked with colored circles
and numbers according to evolution stage (1 corresponds to the oldest pair of elevated volcanic hummocks indicated here).
Colored dashed lines connect the pairs and mark the position of magmatic activity in the rift valley during their development.
The large-scale activity shift inferred from them is marked with the black arrow. The small-scale shift indicated by our data
set with the seismicity gap (purple) and earthquake swarm activity (orange circles) is shown with the dark red arrow, while
the red box marks the currently active axial volcanic ridge.

sufficiently to prevent brittle failure and hence became only recently volcanically active. Mapping of volcanic
seafloor off-axis at ultraslow spreading ridges suggests that activity varies between phases of magmatism and
tectonism (Mendel et al., 2003). The history of activity shifts is also indicated by the off-axis bathymetry in
spreading direction from the Logachev volcanic center as individual volcanic edifices (Figure 9). In general, the
activity stays in the same region and was stable for the last 7-8 Ma (Hellevang & Pedersen, 2005), but cycles
of magmatic and tectonic activity at the Southwest Indian Ridge last about 0.4 Ma (Mendel et al., 2003). At
Logachev volcanic center, the youngest high-elevation ridges of the seamount chain are considerably offset to
the north compared to the current position, whereas older ridges are positioned in spreading direction from the
current axial volcanic ridge (Figure 7). This gives an impression of the different scale of spatial and temporal
shifting of the magmatic activity. The shift of activity indicated in our study occurs on a smaller scale of few
kilometers within the current volcanic edifice of the Logachev volcanic center itself compared to the large-scale
activity shift that built the individual volcanic edifices. Hence, we suggest that we observe a more small-scale
shift within one volcanic center within a typical cycle of activity.

5.1.3. Shallow Crustal Structure of the Logachev Volcanic Center

The synthetic test (Figures 4 and 5) showe that the resolution capability of our tomography model is reduced in
the shallower part of the Logachev volcanic center, such that the following interpretations remain speculative and
require validation by additional data sets. The resolution in this part of our model suffers from reduced ray cover-
age due to a lack of earthquakes in the seismicity gap (Figures S4, S5, S6 and S7 in Supporting Information S1).
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The synthetic test in Figure 5 suggests that the high Vp/Vs-ratio of anomaly H is not a result of imperfect recovery
of anomaly B, but represents a real feature. We therefore tentatively interpret anomaly H (Figure 8) as remnants
of older intrusions that could exist above the area of higher temperatures south of the partial melt area (anomaly
H in Figure 8). The high Vp/Vs-ratio is caused by slightly elevated P-wave velocities of 4.5-6 km/s (Figures S8
and S9 in Supporting Information S1), while the S-wave velocities do not indicate a clear deviation from the
initial velocity model. Increased P-wave velocities in volcanic regions are usually interpreted as older and now
cooled intrusions (Greenfield et al., 2016; Schuler et al., 2015). P-wave velocities are sensitive to changes in the
lithology (Christensen, 1996), expecting higher velocities of around 7 km/s and Vp/Vs-ratio of more than 1.8 for
gabbro and lower velocities with around 6 km/s for basalt (Christensen, 1996). In the Askja Caldera in Iceland,
Greenfield et al. (2016) detected an area with low P-wave velocity and interpreted this as an older basaltic intru-
sion. Our absolute velocities rather indicate basalt, while the Vp/Vs-ratio indicates gabbroic rocks, but factors
such as porosity can also affect velocity (Christensen, 1996). Hence, we can only speculate on the presence of
older intrusions with possible changes in lithology here.

To the north of this area and underneath station KNR21 (Figure 8) we observe a very low Vp/Vs-ratio anomaly
G. The synthetic test (Figure 5) rather predicts a positive Vp/Vs-ratio anomaly at this location as an artifact of
the deep anomaly B, so we tentatively interpret negative anomaly G as being potentially real. We speculate that
it may show characteristics of a highly cracked area. A study by Curewitz et al. (2010) revealed in general fewer,
but longer faults at volcanically active regions along the Knipovich Ridge. The low Vp/Vs-ratio is mainly defined
by high S-velocities in this area above 3 km/s, while the P-velocities only show slightly lower, mainly intermedi-
ate velocities between 4 and 5 km/s (Figures S8 and S9 in Supporting Information S1). The anomaly is situated
directly underneath station KNR21. Very low Vp/Vs-ratios of 1.5 together with low P-velocities of 4-5 km/s and
no or positive S-anomalies in magmatic contexts are interpreted by Koulakov et al. (2020) as gas-saturated rocks,
possibly as part of hydrothermal systems. Schuler et al. (2015) interpreted low Vp/Vs-ratios in the Icelandic Krafla
caldera as caused by high porosity and crack density in combination with the presence of steam. Along the Juan de
Fuca Ridge low Vp/Vs-ratio with both low P- and S-velocities are interpreted as the upflow zone of a hydrothermal
system with large cracks (Kim et al., 2019). The anomalies' location above the inferred partial melt area would be
reasonable for volatiles rising from the partial melt area to the surface. Hydrothermal activity is unexpectedly high
along ultraslow spreading ridges (German et al., 1998) and was already observed at the southern Knipovich Ridge
(Connelly et al., 2007). In the area of our low Vp/Vs-ratio anomaly, Tamaki et al. (2001) observed a plume in the
water column, but were not able to identify its source at the seafloor. A hydrothermal system would be a plausible
source for the velocity anomalies. On the other hand, the S-velocities are reduced to about 10% from the initial
velocity model. This is more than the around 3% deviation in the P-velocities (Figure 6), in contrast to the obser-
vations described by Koulakov et al. (2020). Additionally, a hydrothermal system in the vicinity of an OBS station
could produce distinctive signals in the seismic record, for example, tremor signals, as observed at the Southwest
Indian Ridge (Meier & Schlindwein, 2018). The tremor signals that we observe at the Knipovich Ridge were mainly
associated with bottom currents interacting with the OBS stations (Essing et al., 2021). Therefore, we are missing
a solid evidence for active hydrothermal activity in this area. However, station KNR21 showed an abundance of
short-duration events (SDE) also recorded by OBS placed near other hydrothermal systems (Liu et al., 2019; Sohn
et al., 1995). Another explanation for a lowered Vp/Vs-ratio would be increased crack density, which also reduces
the P-velocity stronger than the S-velocity, as seen in the P- and S-velocity structures close to the surface between
kilometers 20 and 27 along the profile (Figure 6). With an increase in crack density and active cracking, we would
also expect an increased seismicity in the area, but this is missing here. However, in the seismic record of station
KNR21 directly above this region, we observed a high number of very small earthquakes that were not recorded by
other surrounding stations and hence could not be located with our location procedure (Meier et al., 2021). There-
fore, we suggest that an area with a high crack density is found here, but the cracks are very small and do not produce
seismicity at magnitudes that we can locate with our network. For this area close to the venue of current magmatic
activity, changes in the stress field are reasonable (Buck et al., 2006). Whether the cracks additionally host active
hydrothermal circulation cannot be concluded from our data set.

5.2. Volcanic Centers at Ultraslow Spreading Ridges

Local earthquake tomography studies at ultraslow spreading ridges are rare due to the high logistic effort in access-
ing these remote ridges. Schmid et al. (2017) conducted a local earthquake tomography study at the Segment-8
volcano at the Southwest Indian Ridge, which we compare to our results in Figure 10. The tomography results
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Figure 10. Vp/Vs-ratio of the Segment-8 volcano (upper row) and the Logachev area (lower row). Earthquakes are marked
as black circles, swarm earthquakes as orange circles, yellow triangles mark the station positions. The position of the cross
section is indicated by the gray line in the map view. The black lines display the rift valley boundaries. At the Segment-8
volcano the dashed line marks the volcanic edifice.

from the Segment-8 and Logachev volcanoes share three key characteristics, which seem to be a common feature
of volcanic centers at ultraslow spreading ridges: (a) a spatially confined more or less circular area of partial
melt at depths of around 10-12 km below sea level, 7-9 km below the seafloor respectively, (b) a prominent
area without seismicity surrounding this anomaly and (c) intense earthquake swarm activity pointing to ongoing
magmatism. The circular partial melt areas extend for about 5—15 km along the rift axis, whereas the area devoid
of seismicity is in both areas around 15-20 km in diameter.

The differences appear in the detailed view of the anomaly pattern. The partial melt area at the Segment-8
volcano with around 5 km diameter is smaller than at the Logachev volcanic center. The different sizes of partial
melt areas (5-10 km at the Segment-8 volcano and 10-15 km at the Logachev volcanic center) might be either
due to a different structure of the ridges or a different time stage in an eruptive cycle.

The Segment-8 is spreading orthogonally. Orthogonal spreading allows magma feeding into adjacent subor-
dinate segments. This feeding process at shallow depths is found from geological mapping in other locations
of the Southwest Indian Ridge (Sauter et al., 2001, 2002). At the Segment-8 volcano, Schmid et al. (2017)
and Meier and Schlindwein (2018) showed that the neighboring subordinate Segment 7 is contemporaneously
magmatically active and potentially fed over 35 km along axis by a larger melt accumulation underneath
the Segment-8 volcano (Schmid et al., 2017). In contrast, the Knipovich Ridge is very obliquely spreading
(Curewitz et al., 2010). Therefore, the length of individual spreading subsegments is limited as they run into
the rift bounding walls and lateral feeding over distances of 35 km, comparable to the orthogonal spreading
Segment-8§, to the next subordinate segment is not possible. Based on the seismicity pattern, Meier et al. (2021)
defined subsegments separated by small transfer faults, that may prevent lateral feeding of melt at shallower
depths. So, more melt might accumulate in the central partial melt area and cannot easily be redistributed in
a larger area. The location of swarm activity supports a scenario, in which melt rises to the surface above the
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partial melt area and no shallow horizontal magma feeding takes place over larger distances. From the partial
melt area, the earthquake swarms map the current intrusion activity within 5 km along axis directly above the
partial melt area and within the seismicity gap at the Logachev volcanic center. Earthquake swarm activity
happens regularly with nearly one swarm per month (Meier et al., 2021), but a migration of hypocenters is
not obvious. The swarm activity rather occurs associated with diking than along tectonic fault zones. In the
absence of fault plane solutions (Meier et al., 2021) we can not distinguish if the earthquakes are directly or
indirectly (e.g., by fracturing around the dike tip) caused by the magma movement. Earthquake swarm activity
indicates that melt rises in an already existing and established intrusion zone, where the complete breaking
of a path is not necessary. Background seismicity is absent because of enhanced temperatures and therefore
we are not able to seismically trace faults that are speculated to serve as melt pathways (Montési et al., 2011;
Standish et al., 2008). In contrast, at the Segment-8 volcano, only three swarm events were observed during
the 10-month observation period. These swarms showed a clear migration (Meier & Schlindwein, 2018) and
occurred away from the melt zone underneath the Segment-7. We assume that they are associated intrusions
into a colder and more brittle area without earlier established pathways.

In both areas, denser background seismicity between the volcanic center and the intrusion position is potentially
an effect of magmatism. The background seismicity is increased on the northern side of the Logachev volcanic
center beyond the current intrusion activity, but above and adjacent to the partial melt area (Figure 10), and
similarly on the eastern side of the Segment-8 volcano toward the contemporaneously active Segment-7 volcano.
The interplay of tectonism and magmatism would favor individual faults as pathways for melt as described by
Standish et al. (2008). Even in relative location, the earthquakes do not trace individual fault planes, such that we
speculate that the enhanced background seismicity resembles a diffuse response of the local stress field on the
intrusion activity (Dahm, 2000).

The position of magmatic activity along an ultraslow spreading ridge can change over different temporal and
spatial scales. Periods of magmatic activity and volcanism may last for years to decades (Schmid et al., 2017).
Along the Gakkel and Southwest Indian Ridges, the beginning of such an activity phase is found to be accom-
panied by teleseismically recorded earthquake swarms with magnitudes up to Mw 5.0 (Miiller & Jokat, 2011;
Schlindwein, 2012; Tolstoy et al., 2001). Along the Knipovich Ridge no earlier comparable teleseismic swarm
activity was observed. If teleseismic swarms mark the beginning of activity phases, we cannot define for how
long the Logachev volcanic center is in its currently active phase. But, from an 10-day long OBS study in 2009
(Schlindwein et al., 2013), we know that the seismicity gap existed already 8 years ago at the same location. At
the Segment-8 volcano in contrast, intense swarm activity preceded the local earthquake tomography study by
more than 16 years. At Gakkel Ridge, a local earthquake tomography conducted 8 years after the onset of the
largest mid-ocean ridge earthquake swarm observed (Schlindwein, 2012), showed no clear evidence for either
a seismic gap or a comparable shallow partial melt reservoir (Korger & Schlindwein, 2014). Hence partial melt
reservoirs may be short-lived features in a volcanic cycle and their volume extent may be, amongst others, a
function of time within a cycle.

In comparison to fast spreading ridges, volcanic centers at ultraslow and slow spreading ridges show a deep melt
reservoir that is spatially confined underneath volcanic centers of the rift axis. The extent of magma chambers,
melt lenses or partial melt areas greatly depend on the spreading velocity (Dunn & Forsyth, 2007). While the
top of the partial melt areas at ultraslow spreading ridges appear to be as deep as 10 km, at the fast spreading
East Pacific Rise Dunn et al. (2000) observed in a refraction tomography study low P-wave velocity anomalies at
2—-4 km depth underneath the rift axis seafloor. These anomalies were interpreted as a continuous partial melt area
extending along the ridge. Similarly, Toomey et al. (2007) find continuous low P-wave velocities along 230 km
of the rift axis interpreted as a mush zone. At the slow spreading Mid-Atlantic Ridge Singh et al. (2006) and
Combier et al. (2015) detected a magma chamber at 5 km depth. Here, the magma chamber extends only around
7 km along the rift axis (Singh et al., 2006). Therefore, partial melt areas at slow spreading ridges appeare to be
similarly confined in along-axis extent as on ultraslow spreading ridges (Dunn et al., 2005, 2017). Lower melt
supply at ultraslow spreading ridges compared to slow spreading ridges might result in generally smaller melt
reservoirs, but the melt focusing process at ultraslow spreading ridges might be able to accumulate larger partial
melt areas. Our results indicate that these melt reservoirs occur at greater depths compared to slow spreading
ridges, most likely because of the thicker brittle lithosphere at ultraslow spreading ridges (Standish et al., 2008).
Local earthquake tomography studies and refraction seismic studies are still too sparse to establish whether
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partial melt areas are more densely spaced along slow spreading ridges than ultraslow spreading ridges or exist
more frequently in time.

5.3. Other Volcanic Centers at the Knipovich Ridge

The tomography model of the entire network area reveals the large-scale velocity structure around the Logachev
volcanic center and adjacent smaller volcanic centers. It therefore allows to address the question whether any of
the other volcanic centers is comparatively active.

Higher Vp/Vs-ratios around the volcanic center between lower Vp/Vs-ratios to the north and south indicate a
general change in the lithospheric structure from the volcanic centers to interbedded areas that are devoid of
active axial volcanic ridges (Figure 7). This underlines the assumption by Meier et al. (2021) based on the seis-
micity analysis that the area between 76.3°N and 76.93°N is mainly characterized by magmatic activity. At the
intermediate spreading Juan de Fuca Ridge symmetric patterns of alternating high and low velocity variations
are observed at shallow depths parallel to the rift axis (Barclay & Wilcock, 2004; Weekly et al., 2014). We do not
observe similar patterns, but rather individual and circular velocity anomalies.

Individual anomalies of higher Vp/Vs-ratios (anomaly O; Figure 7) or lower P- and S-velocity anomalies (anom-
alies J, K and N; Figure 7) may give hints on former sites of magmatic activity. The anomalies occur in combi-
nation with elevated areas at the rift flanks, where off-axis seamount chains indicate that enhanced melt supply
was present in the past (Curewitz et al., 2010). As discussed above in Section 5.1.2, magmatic activity can
change its position along ultraslow spreading ridges and thereby builds individual seamounts over time (Mendel
et al., 2003). From the seismicity however, we have no indications that active magmatism is currently taking place
at these locations. We neither observe a gap in seismicity, nor earthquake swarm activity. Without indications for
recent activity within the rift valley, we suggest that velocity anomalies result from older intruded material that
is possibly cracked.

Underneath a second volcanic center at 75.9°N we find weak indications for the presence of melt. This volcanic
center has, amongst others along the Knipovich Ridge been defined by morphology, gravity and magnetic charac-
teristics (Curewitz et al., 2010; Okino et al., 2002). The volcanic center at 75.9°N is additionally found to continue
as a seamount chain in spreading direction indicating long-lasting magmatic activity (Curewitz et al., 2010). In
our study area we cover two robust volcanic centers, the major Logachev volcanic center and a second one around
75.9°N (Curewitz et al., 2010). The bathymetry map (Figure 1) shows a prominent circular cone that we suggest
to be of volcanic origin like similar features at the Gakkel Ridge 85°E volcanic center (Pontbriand et al., 2012).
Underneath this cone and to the western flank we observe higher Vp/Vs-ratios (anomaly 12; Figure 7) and lower
S-velocities (anomaly 11; Figure 7). This could indicate a melt volume underneath this second volcanic center,
but as discussed earlier, the resolution of the tomographic model at the boundaries of the inverted area is insuffi-
cient and the observed anomaly could also be an artifact.

In the areas between volcanic centers or paired seamount chains, low Vp/Vs-ratios, caused by high S-wave veloc-
ities, cover the rift valley in full width. These areas coincide with earthquakes reaching down to depths of 15 km.
We suggest that these areas are not characterized by volcanism, but rather have older and cooled rocks possibly
from gabbroic intrusions of higher seismic velocities (for P-waves of 7.5-8 km/s and for S-waves of 4.5-5 km/s)
and a thickened brittle lithosphere. P-wave velocities of around 7 km/s are associated with gabbroic rocks
(Christensen, 1996). With increasing depths, the low Vp/Vs-ratio in the North (anomaly L; Figure 7) reduces
and Vp/Vs-ratios increase in the rift valley again, whereas the southern anomaly M exhibits low Vp/Vs-ratios
throughout all depth levels also in the rift valley. The southern part of the study area is inferred to be influenced
by the reorientation of the ridge (Curewitz et al., 2010; Meier et al., 2021). Probably the more tectonic character
of the area also has an influence on the velocity structure compared to the northern part.

The lower velocities at the northern end of our study area (anomaly 10) correspond to lower velocities that are
detected in full waveform inversion (Rickers et al., 2013) and in delays of phase arrivals at OBS stations posi-
tioned to the west of the ridge axis (Jeddi et al., 2021). These studies resolve the velocity structure at greater
depths than we do, but may both point to an area with different lithospheric architecture and properties, such as
elevated temperatures or different composition.
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6. Conclusions

From the local earthquake tomography study along the Knipovich Ridge we gain insights into the magma plumb-
ing system at its Logachev volcanic center and at ultraslow spreading ridges in general.

1. Lower S-velocities and higher Vp/Vs-ratios indicate a partial melt area underneath the Logachev volcanic
center at a depth of 10 km below the sea level. Here, the melt accumulates through processes of melt focusing
before ascending to the surface.

2. The ascending melt from the partial melt area is associated by high earthquake swarm activity. Densely clus-
tered earthquake swarms root in the center of the partial melt area and connect this area to a shallow intrusion
area as evidenced from high Vp/Vs-ratios. This area lies slightly to the north of the deep partial melt area. In
a zone surrounding the partial melt area heat prevents brittle failure of rocks and a seismicity gap is observed.
This warm area extends further south than the current swarm activity. From this spatial offset we infer a
small-scale shift of the magmatic activity toward the north.

3. Velocity structures in the shallow crust show some indications for older intrusions and an area with a high
density of cracks next to it. Although likely, we are not able to find in our data set clear indications of hydro-
thermal circulation in the cracked area.

4. Partial melt areas underneath major volcanic centers of ultraslow spreading ridges have nearly circular shape
and occur in depths of 10-12 km below sea level (7-9 km below the seafloor). Magmatic activity underlies
a cyclic variation. Initiation of an activity phase typically coincides with high teleseismic earthquake swarm
activity marking the preparation of pathways for melt intrusion. We postulate that the Logachev volcanic
center is currently in a phase of established magmatism, where earthquake swarms do not show the breaking
of new pathways, but rather movement of magma in existing paths. Feeding processes to subordinate volcanic
centers, as seen at the Southwest Indian Ridge Segment-8 volcano over distances of 35 km, are prevented by
the obliquity of the ridge. Lateral feeding only occurs within the axial volcanic ridge area over short distances
of 5 km.

5. In the velocity structure of the Knipovich Ridge at segment scale, we can identify anomalies coinciding with
elevations in the axial morphology probably marking areas of former magmatic activity. The second major
volcanic center of our study area shows high Vp/Vs-ratios underneath a volcanic cone in the rift valley, but
restricted resolution of our tomography model near the edges of the seismic network forbids any conclusion
on the presence or absence of melt bodies.

Our study shows that the passive seismic studies that explore the seismicity of ultraslow spreading ridges can
shed light on the interplay of tectonism and magmatism in spreading processes. In addition, the local seismicity
provides an excellent source for seismic rays used in local earthquake tomography to image the upper lithosphere.
We are able to image the magma plumbing system of an active volcanic center and the underlying system of melt
ascent. Local earthquake tomography studies at mid-ocean ridges are still rare, but especially at slow spreading
rates with intensive and deep reaching seismicity they constitute a valuable tool for imaging lithospheric structure
beyond the depths of active source seismology.

Data Availability Statement

The used algorithm for local earthquake tomography is available (Koulakov, I.; LOTOS, code for non-linear
local earthquake tomographic inversion; https://www.ivan-art.com/science/LOTOS/index.html; Version 12).
The bathymetric raw data (Bohrmann & dos Santos Ferreira, 2018; Bohrmann & Wintersteller, 2018; Damm
et al., 2018; Schlindwein & Wolfl, 2018), the seismicity raw data (Schlindwein et al., 2018), the earthquake cata-
logue (Meier et al., 2020) and phase picks (Meier & Schlindwein, 2022) are published.
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