
1. Introduction
Oceanic transform faults (TFs) are steeply dipping fault segments of young oceanic lithosphere bounded between 
mid-ocean ridge spreading centers. They are thought to have a simple structure in comparison to their continen-
tal counterparts given that the composition of the ocean crust and upper mantle is relatively homogenous and 
generally lacks the complex lateral variability commonly evident in the continental crust (e.g., Behn et al., 2007; 
Wolfson-Schwehr & Boettcher, 2019). Along the axis of an oceanic TF, lithospheres of different age, and thus 
with different thermal and mechanical properties, interact.

Ridge-transform plate boundaries may also enhance hydrothermal circulation, substantially impacting geophysi-
cal, geochemical, and biological processes (e.g., Hensen et al., 2019). Such phenomena are plausibly very typical 
in marine transform systems. TFs themselves may exhibit fault zone damage which can also contribute to hydro-
thermal circulation and alteration along the transform valley (Froment et al., 2014; Kohli et al., 2021). Expo-
sure of altered peridotites and gabbro at detachment faults along fracture zones and core complexes (Blackman 
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et al., 1998) show that these locations promote serpentinization, and therefore play an important role in poten-
tially altering the frictional properties of the lithosphere.

Most of the seismicity within the Mid Atlantic Ridge (MAR) is concentrated along ridge spreading centers and 
TFs, with the latter typically hosting larger magnitude events (with MW up to around 7.0) and having unusu-
ally high stress drops and apparent stress compared to the global average for TFs (Scholz, 2019). It has been, 
nevertheless, continuously acknowledged (e.g., Brune, 1968) that oceanic TFs accommodate much fewer and 
smaller events (i.e., less seismic moment release) than would be anticipated considering the global scaling rela-
tionships between fault dimensions and earthquake size (e.g., Wells & Coppersmith, 1994). This is because slip 
along TFs takes place by both seismic (earthquakes) and aseismic (creeping) processes, with most of the slip 
occurring either aseismically or released by microseismicity and earthquake swarms in the mantle (Boettcher 
& Jordan, 2004; Kuna et al., 2019; Roland et al., 2010). The estimated low seismic coupling at TFs has led to 
the idea that stresses in oceanic TFs are primarily driven by slow transients, with earthquakes (fast ruptures) 
being just “aftershocks” of the creeping or silent events (Boettcher & Jordan, 2004). Although there is a great 
variation of seismic coupling among marine TFs (Wolfson-Schwehr & Boettcher, 2019), the work of Boettcher 
and Jordan (2004) found a global mean of coupling coefficient ∼15% along oceanic TFs. This result came after 
binning by thermal area and averaging, assuming the classical brittle-ductile transition at the 600°C isotherm 
prediction from thermal models (Abercrombie & Ekström, 2001; Behn et al., 2007). The value of 15% may be 
a maximum estimate if the brittle-ductile transition occurs deeper, as earthquakes at TF have been located at 
deeper depths than the predicted brittle-ductile transition (Kuna et al., 2019; Marjanović et al., 2020; McGuire 
et al., 2012; Schlaphorst et al., 2022). These depths could be owing to greater amounts of hydrothermal alteration 
than predicted by rheological models (Roland et al., 2010). Alternatively, ruptures at higher temperatures might 
be expected at transforms owing to the relatively high strain rates (Molnar, 2020). Exhumed mylonites suggest 
that brittle and ductile deformation can both occur anywhere between 300°C and 1000°C (Kohli et al., 2021).

Our current knowledge of the structure and dynamics of oceanic TFs is limited by their remote location, hundreds 
or thousands of kilometers away from the continents, where seismometers are typically installed. Most of the 
available seismicity data comes from teleseismic events in catalogs with high magnitudes of completeness 
(MC > ∼5.0). Such studies, although important (e.g., Engeln et al., 1986), offer a limited insight into the seismo-
tectonic processes of mid-ocean ridges and adjacent TFs. Some high-resolution analyses have been conducted 
using regional seismic networks (e.g., Braunmiller & Nabelek, 2008) revealing TF segmentation in relative detail. 
Even higher resolution constraints on seismicity in these remote areas can be facilitated by specifically targeted 
deployment of instruments, including networks of ocean bottom seismometers (OBSs).

One such deployment was carried out from March 2016 to March 2017 at the equatorial MAR. Chain TF as 
well as the adjacent spreading centers and fracture zones were comprehensively studied under the framework of 
the PI-LAB (Passive Imaging of the Lithosphere-Asthenosphere Boundary) and the EURO-LAB (Experiment 
to Unearth the Rheological Lithosphere-Asthenosphere Boundary) projects. In addition to deploying 39 OBSs 
and 39 ocean bottom magnetotelluric instruments, multibeam bathymetry and back scatter imagery, gravity and 
magnetic data were collected (Harmon et al., 2018). The experiment was designed to image the lithosphere and 
the asthenosphere near a slow spreading center using a range of methodologies, sensitivities, and resolutions 
(Harmon et al., 2020, 2021; Rychert et al., 2021; Saikia et al., 2021b; S. Wang et al., 2019, 2020). The goal was 
to determine what makes a plate “plate-like” (Fischer et al., 2010, 2020; Rychert et al., 2020). The data from the 
experiment also provided an opportunity to study a range of other phenomena, including, for instance, constrain-
ing local sediment properties (Agius et al., 2018; Saikia et al., 2020), imaging the mantle transition zone (Agius 
et  al., 2021), determining 1D oceanic attenuation structure (Saikia et  al., 2021a), tracking infragravity waves 
in the ocean (Bogiatzis et al., 2020), developing better corrections to improve normal mode measurements for 
seafloor data (Harmon et al., 2022), tidal triggering at the MAR (Leptokaropoulos et al., 2021), and TF seismicity 
on the nearby Romanche (Hicks et al., 2020) and the Chain TFs. Our study focuses on the Chain TF, which is 
characterized by a narrow 0–20 Myr old rupture zone, stretching over 300 km in roughly the east-west direction 
between two ridge spreading axes, slipping at a full spreading rate of ∼30 mm/yr. Within the active fault zone, 
there are four lozenge shaped shallow bathymetric features, with en échelon fault scarps that were previously 
mapped and investigated in the work of Harmon et al. (2018; Figure 1). These features show evidence for reverse 
faulting in the sediments near the scarps, suggesting that these features are transpressional in nature. The features 
are interpreted as positive flower structures (Harding, 1985). The largest flower structure is located in the eastern 
Chain TF and is associated with a negative residual mantle Bouguer anomaly (rMBA) (Harmon et al., 2018). We 
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refer to this structure as the eastern large flower structure (ELFS). The observed gravity anomaly at ELFS can be 
explained either by thicker crust or highly altered or damaged material (Harmon et al., 2018).

In this study, we use the 1-year seismicity catalog presented in the work of Schlaphorst et al. (2022) and additional 
marine geophysical data gathered by the PI-LAB experiment (Harmon et al., 2018), focusing on the properties 
of seismicity of the Chain TF (Figure 1). We investigate the space, time, and size distribution of seismicity along 
Chain TF and its connection to gravity anomalies and bathymetrical features. We perform cluster analysis in 
multidimensional phase space, consisting of various seismic and geophysical parameters. We extend our analysis 
in time by considering strong events (MW ≥ 5.0) from the Global Centroid Moment Tensor catalog (GCMT, 
Ekström et al., 2012) and the corresponding epicentral locations from the International Seismological Center 
(ISC). We extract information on the lithospheric structure and physical properties of the TFs by evaluating seis-
micity distribution and b-values, identifying seismicity gaps, and integrating our results with previous findings.

2. Materials and Methods
2.1. Seismicity Catalog

The seismicity catalog compiled by Schlaphorst et  al.  (2022) contains 972 events, 812 of which are located 
within the area surrounded by the OBS network, which contains the Chain TF and the adjacent ridge spreading 

Figure 1. Geophysical features of Chain transform fault (TF) from Harmon et al. (2018) and all local seismicity located by 
Schlaphorst et al. (2022) presented as green circles. The locations of the closest ocean bottom seismometer (OBS) stations are 
represented by white triangles. (a) Bathymetric map of the study area with main faults (yellow curves) and flower structures 
(black curves). Bathymetry also delineates the ridge spreading centers that bound Chain, at the upper left and lower right 
parts of panel (a). The inset map at the upper right corner shows the location of Chain, marked by the red box. (b) Mantle 
Bouguer anomaly (MBA) in the study area. (c) Residual mantle Bouguer anomaly (rMBA) in the study area. Seismicity along 
Chain above completeness magnitude (MC = 2.3), which was used for the analysis in this study is depicted as green circles in 
(b and c). The vertical shaded bars mark the location of the three OBS seismicity gaps (g1, g2, g3), discussed in the text.
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centers (Figure  1b). To focus on the TF seismicity, we discard the events 
that occurred unequivocally at the ridge segments and at the inside corners, 
based on their proximity to the spreading axis (10  km) and the available 
focal mechanisms. After this selection, 626 events remain along the Chain 
transform valley from 13 March 2016 to 15 March 2017, characterized by a 
local magnitude (ML) range between 1.1 and 5.4. The epicentral coordinates 
of these events are sufficiently constrained with median lateral uncertain-
ties of 2.5  km. The vertical uncertainties are larger (median 18  km) with 
several events having uncertainties greater than 20 km. Given the large depth 
uncertainties for some of the events considered here, depth is not included 
as a parameter in the cluster analysis (see Section 2.2). For 114 of these 
events focal mechanism solutions were derived, with 89 of them having good 
quality and depth determination, with mean vertical uncertainties of 6 km. 
Further analysis of those earthquakes, including their focal mechanisms and 
depths (Text S1 in Supporting Information S1), can be found in the work of 
Schlaphorst et al. (2022). The completeness magnitude (MC) of our catalog is 
2.3 (Text S2 in Supporting Information S1).

The OBS network provides well-located seismic events but only covers a 
limited time period and does not include events larger than MW ∼ 5.5. To 
obtain better insights on how seismicity along Chain evolves within times-
cales of the order of decades, we use GCMT data, considering events with 
MW  ≥  5.0 after 1976. For the events that occurred before 1976, there are 
considerable uncertainties in the epicentral locations (larger in latitude than 
in longitude), both relative and absolute. Pan et al. (2002) demonstrate that 

seismicity along the MAR (30°S–30°N) aligns well with the main active ridge or TF bathymetry, although a 
small number of lower magnitude events might be related to the secondary bathymetric features. Therefore, we 
proceed with our analysis under the assumption that all MW ≥ 6.0 earthquakes considered in the study occurred 
along the Chain TF. For the most recent events that occurred after 1993, we use the relocated epicenters from Shi 
et al. (2021). Events before this time also have higher location uncertainties.

We integrated our local catalog with the available historical data (Figure 2). In doing so, we make the following 
assumptions and assess their validity:

1.  The ML from the OBS catalog scales linearly with the Mw from GCMT, with ML ∼ MW.
2.  Magnitude distribution obeys the same GR law for large (MW  ≥  5.0, GMCT) as well as for smaller 

(2.3 ≤ ML ≤ 5.0, OBS) earthquakes.
3.  The overall magnitude distribution remains similar (sufficiently stable) from 1976 to 2021.

The completeness magnitude of the GCMT catalog for the study area is determined as a function of time. The 
Anderson Darling Test (Leptokaropoulos, 2020; Marsaglia & Marsaglia, 2004; Text S2 in Supporting Informa-
tion S1) is performed in various time windows and establishes that MC = 5.4 for 1976–2002 and MC = 5.0 starting 
in 2004. This changing point is consistent with the work of Ekström et al. (2012), which reports that significant 
enhancements were introduced in the GCMT processing starting in 2004. A total of 53 events from GCMT, 
satisfy the aforementioned conditions. The annual rates of events considering these data are evaluated and then 
are merged with the OBS catalog (which corresponds directly to annual rates). There are four common events in 
the two catalogs, which have similar magnitudes (0.0–0.3 units difference). For these events we keep the ML from 
the OBS catalog. In addition, the mean absolute difference in the longitude between OBS and teleseismic data (as 
reported from the ISC) for these four events is 0.05°, whereas the corresponding mean latitude difference is 0.18°. 
This suggests that although the ISC epicentral locations have naturally larger uncertainties than OBS solutions, 
the longitude is sufficiently estimated and can be used as a good first order approximation. However, to have more 
precise locations for the along-strike variation of large events recorded since 1993 in our following analysis, we 
use the relocated catalog of Shi et al. (2021).

The annual event frequency of the merged catalog is shown in Figure 2. Overall, the data seem to obey the 
GR law with no visible changes in slope around M = 5.0, that is, the transition from the OBS to the GCMT 
catalog. The repeated median (RM) technique (Amorèse et al., 2010; Text S2 in Supporting Information S1) 

Figure 2. Interval (blue) and cumulative (yellow) annual frequency versus 
magnitude for Chain transform fault (TF). Data between 1976 and 2021 come 
from Global Centroid Moment Tensor (GCMT) and data between March 2016 
and March 2017 come from the ocean bottom seismometer (OBS) network 
(see text for temporal completeness levels). The solid black line indicates 
b = 0.88, whereas the vertical dashed line shows the transition from OBS (left) 
to GCMT data (right), around M = 5.0.
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returns b = 0.88 ± 0.10 for the merged catalog, which is close to the corresponding value from the OBS catalog, 
bobs = 0.83 ± 0.09. This provides an indication that ML ∼ MW, and thus, the first two assumptions can be consid-
ered valid. There is a deficit of strong events at MW > ∼6.5, which is typical for oceanic TFs (e.g., Boettcher & 
Jordan, 2004). Yet, the third assumption can be also considered valid, since the 45 year-period from which we 
took the data should be representative of a complete seismic cycle, even in slow spreading oceanic ridge TFs (e.g., 
Aderhold & Abercrombie, 2016; Boettcher & McGuire, 2009).

2.2. Cluster Analysis

Every seismic event can be represented by a point in a multidimensional space, quantified by a vector of values 
corresponding to parameters such as origin time, focal coordinates, magnitude, source dimensions, moment 
tensor components, etc. Studies of earthquake clustering typically consider distances between such points in 
multi-parameter spaces. However, the metric in such spaces cannot be readily defined, since different param-
eters demonstrate diverse ranges, distributions, and scalings. Transformation to Equivalent Dimension (ED) is 
a solution to this metric problem proposed by Lasocki  (2014) based on the concept of probabilistic equiva-
lence of continuous parameters. Following this approach, the lengths of parameter intervals are equivalent if the 
probability for earthquakes to take values from either interval is the same. Earthquake parameter distributions, 
which, in general, lack functional forms, are assessed using the nonparametric (data-driven) kernel estimation 
(Silverman, 1986).

Let a seismic event be described by a set of continuous parameters Xi (X1, …, Xn), with cumulative distribu-
tion functions (CDF) of FX1, …, FXn, respectively (Figure S4 in Supporting Information S1). The ED of Xi is 
Ui = Fxi(Xi), with Ui uniformly distributed within [0, 1]. Each event is now parameterized by the U(U1, …, Un) 
vector in a n-dimensional space where the metric is Euclidean, such that the distance, D, between two events A 
and B can be defined as:

𝐷𝐷(𝐴𝐴𝐴𝐴𝐴) =

√

√

√

√

𝑛𝑛
∑

𝑖𝑖=1

(𝑈𝑈𝑖𝑖(𝐴𝐴) − 𝑈𝑈𝑖𝑖(𝐴𝐴))
2 (1)

After the transformation of seismic parameters into their ED, earthquake clustering is performed, with parameters 
chosen to identify spatial clusters (segmentation) along the Chain TF. In such a way, we investigate the potential 
association among events by considering additional properties than just their locations along the transform. We 
establish clusters in multidimensional space considering their linkage distance as derived by the hierarchical 
clustering approach introduced in the work of Ward (1963), which creates branches of interconnection among 
the points (earthquakes). This technique forms groups of mutually exclusive clusters until all clusters eventually 
join one group (event population). The degree of connection among individual events and the clusters that they 
gradually form is represented by a dendrogram. The linkage distance between clusters 1 and 2, d12 is specified as 
the average distance between all pairs of events in any of the clusters:

𝑑𝑑12 =
1

𝑚𝑚𝑚𝑚

𝑚𝑚
∑

𝑖𝑖=1

𝑚𝑚
∑

𝑗𝑗=1

𝑑𝑑(𝑋𝑋𝑖𝑖, 𝑌𝑌𝑗𝑗) (2)

where X1, …, Xi are observations from cluster 1, Y1, …, Yj are observations from cluster 2, d(Xi, Yj) is the distance 
between a subject with observation vector X and a subject with observation vector Y, and d12 measures the degree 
of connection between clusters 1 and 2. Note that all Xi and Yj values are in ED. The smallest linkage distance 
defines when events/clusters are joined, as described in the Ward (1963) method. Cluster analysis depends some-
what on the chosen method (Figure S5 in Supporting Information S1), parameter selection, number of derived 
clusters (Figure S6 in Supporting Information S1), and selected degree of connection (Linkage distance cut-off). 
The number of clusters can be determined based on the desired linkage distance cut-off, selected after consider-
ing a trade-off between the size of clusters and their corresponding degree of interconnection. We perform cluster 
analysis in multidimensional space considering the following earthquake parameters (units in brackets):

•  Longitude [°N]
•  Latitude [°E]
•  Local magnitude
•  Tidal height [m]
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•  Mantle Bouguer Anomaly (MBA) [mGal]
•  Residual Mantle Bouguer Anomaly (rMBA) [mGal]
•  Bathymetry [m]

These parameters were chosen as they are either directly related to the earthquake (longitude, latitude, local 
magnitude), predictable changes in hydrostatic stress along the fault (tidal height), or related to variations in 
fault crustal structure (MBA, rMBA, Bathymetry). The spatial resolution for all the parameters is two decimals 
except the magnitude (one decimal). The CDF of these parameters (before their transformation to equivalent 
dimensions) are shown in Figure S4 in Supporting Information S1. The latter three parameter values, originally 
estimated by Harmon et al. (2018) in a dense grid covering the study area, are assigned to each earthquake by 
nearest neighbor interpolation at the event epicenters. The epicentral locations and local magnitudes come from 
Schlaphorst et al. (2022). The ocean tides are calculated by the SPOTL software (Agnew, 1997) considering the 
global ocean tide model TPXO72.2010, produced by Oregon State University (Egbert & Erofeeva, 2002). The 
tidal constituents M2, N2, S2, K2, K1, P1, O1, and Q1 are considered to calculate the predicted tidal heights 
(Agnew, 1997 and references therein) at the epicentral coordinates of each event for a 13 hr time span, centered 
at each event's occurrence time, with a time step for subsequent calculations equal to 72 s. By doing this we 
ensure that a complete semidiurnal tidal cycle (∼12 hr 25 min) is covered and a tidal phase within the cycle can 
be assigned to each event (Leptokaropoulos et al., 2021). We define the tidal phase, ϕ, relative to the low tide. In 
other words, 0° corresponds to the minimum water level, ±90° correspond to zero tidal height, whereas +180° 
and −180° correspond to the subsequent and preceding high tides (maximum water level), respectively. The 
preference for a specific phase range is evaluated by the Schuster test (see Text S3 in Supporting Information S1).

3. Results
3.1. OBS Seismicity Cluster Analysis

The cluster analysis in the seven-parameter space shows that spatial clusters are formed at different linkage distances, 
with four main clusters indicated in Figure 3. In our study we select a high-level division into two major clusters based 
on the dendrogram in Figure 3 (eastern—ELFS and rest of Chain). We further divide the rest of Chain seismicity into 
two segments (central and west) based on morphology (west has three flower structures, central has none) which is 
in good agreement with the cluster analysis results considering three and four clusters (Figure 3, Figures S6–S18 in 
Supporting Information S1). Although there is a small spatial overlap among the clusters, it is evident that Cluster 
1 (108 events, blue) occupies the western part of Chain TF, Cluster 2 (126 events, orange) mostly covers the central 
part of the transform valley, whereas Cluster 3 (118 events, yellow) and Cluster 4 (18 events, purple) are located at 
the eastern part of Chain. Cluster 3 almost exclusively includes events within the ELFS, whereas Cluster 4 is located 
at the eastern tips and south of the ELFS. Due to the small size of Cluster 4 (18 events) and its spatial proximity to 
Cluster 3, we decided to merge these two clusters, hereinafter referred to as Cluster 3/4. The inset at the bottom of 
Figure 3 shows the interrelation dendrogram formed by the 370 events with ML ≥ 2.3, comprising the complete data 
obtained from the OBS network. Note, however, that the dendrogram indicates that Cluster 1 and Cluster 2 are more 
closely linked with each other in the 7-dimension space than Cluster 3 and Cluster 4. In addition, some of the Cluster 
4 events are located at the core complex rather than at the transform. For this reason, we also present the results for 
Cluster 3 alone, simply discarding the 18 events of Cluster 4 from the analysis, although the results remain essentially 
similar (Table 1). In the end, we prefer three clusters, based on our testing of choice of parameters, as well as the 
fact that they correspond to the changes in morphology along strike of the Chain (i.e., presence or absence of flower 
structures). We proceed in our analysis of these three segments western, central, and eastern.

We apply and demonstrate the results in the seven-parameter space (Figure 4; Figure S7 in Supporting Informa-
tion S1). However, to investigate the stability of the clustering results, we perform various combinations of the 
seven selected parameters. First, we try the seven 6-parameter combinations, that is, removing one parameter 
each time. In all these cases (Figures S8–S14 in Supporting Information S1), the clustering at the ELFS is prom-
inent. The division of seismicity in the western and central segments is apparent when disregarding ML (Figure 
S10 in Supporting Information S1), rMBA (Figure S12 in Supporting Information S1), bathymetry (Figure S13 
in Supporting Information S1), and ocean tides (Figure S14 in Supporting Information S1).

We further apply four-parameter and five-parameter trials (35 + 21 = 56 combinations). Some examples are 
shown in Figures S15–S17 in Supporting Information S1. We verify a strong clustering at the ELFS in all cases, 
even when the longitude and latitude are discarded (Figure S15 in Supporting Information S1). This shows that 
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seismicity at ELFS has unique properties in terms of the selected parameters and can be clearly separated from 
the rest of Chain. On the other hand, not all parameters are equally important in separating the remaining seismic-
ity to the west of the ELFS. When either latitude (Figure S8 in Supporting Information S1), longitude (Figure S9 
in Supporting Information S1), or MBA (Figure S11 in Supporting Information S1) is disregarded the separation 
between the western and central segment collapses. This indicates that these three parameters play the most 
important role in segmentation along Chain. Cluster analysis in the three-dimensional space (latitude, longitude, 
and MBA, Figure S18 in Supporting Information S1) yields a division into three segments: west, central, and east.

Table 1 shows an overview of seismic and geophysical parameters that characterize the three dominant clusters. The 
distributions of magnitudes, bathymetry, MBA, and rMBA are shown in Figure 4. Figure 4a shows the cumulative 
magnitude distribution of the three clusters. Cluster 1 and Cluster 3 have similar magnitude distributions, with 

Figure 3. Spatial distribution of the four major clusters derived by the hierarchical cluster analysis. The inset at the lower part of the figure presents the dendrogram 
showing the interconnection among the earthquakes, ultimately forming a tree. The lower the branches meet with each other the stronger the clustering. Linkage 
distance is indicated at the y-axis on the right. The colors in the dendrogram correspond to the colors of the clusters in the map and the circles' size is proportional to the 
event magnitudes (2.3 ≤ ML ≤ 5.4). The polar histograms at the top of the figure show the tidal phase distribution for each cluster (from left to right, Cluster 1, Cluster 
2, Cluster 3, indicated by the respective colors) and the corresponding Schuster test p-value, ps. The green curves delineate the four positive flower structures.

Table 1 
Summary of the Properties of the Main Clusters Derived by Multidimensional Cluster Analysis (Shown in Figure 3)

Cluster 
ID N b-value

M0 
(×10 17 Nm)

Bathymetry 
(m) MBA (mgal) rMBA (mgal)

Tidal height 
(cm) ps

Cl. 1 108 0.91 ± 0.12 1.60 5,327 ± 255 10.7 ± 2.7 −0.3 ± 4.9 −17.1 ± 33.3 0.01

Cl. 2 126 0.71 ± 0.13 1.40 5,105 ± 274 14.4 ± 3.1 −0.2 ± 3.3 9.7 ± 30.0 0.10

Cl. 3 118 0.97 ± 0.18 0.25 3,806 ± 373 −5.2 ± 6.0 −9.6 ± 3.1 −12.3 ± 3.1 0.06

Cl. 3/4 136 0.95 ± 0.18 0.26 3,847 ± 433 −4.1 ± 6.5 −7.1 ± 7.4 −13.6 ± 3.0 0.06

Note. The columns indicate subsequently: the Cluster ID; the number of events, N; the b-value; the total seismic moment 
release, M0; the mean bathymetry; the mean MBA; the mean rMBA; the median tidal height, with negative and positive values 
corresponding to low and high tides, respectively; the p-value of the Schuster test, ps. The numbers following the ± symbol, 
indicate one standard deviation.
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Cluster 1 including more events with ML > 3.0 than Cluster 3. In addition, the largest event in the catalog (ML = 5.4) 
belongs to Cluster 1, leading to a lower b = 0.91 ± 0.15, in comparison with b = 0.97 ± 0.18 estimated for Cluster 3, 
although the two are not statistically different from one another. On the other hand, Cluster 2 contains a considerably 
higher number of larger events (ML > 3.5), compared to the other two clusters, evident by a characteristic change of 
slope in the cumulative distribution above this magnitude threshold. Consequently, the b-value of Cluster 2 equals 
0.71 ± 0.13, considerably lower than the b-values of Clusters 1 and 3. However, the total seismic moment release, 
M0, (derived as in Hanks & Kanamori, 1979), is roughly equal for Cluster 1 and Cluster 2 (∼1.5 × 10 17 Nm), being 
approximately six times higher than the M0 released by Cluster 3/4. This means that although seismicity rates are 
much higher at the ELFS, this part of Chain contributes only a small proportion of the total seismically released 
energy. The closer connection between Cluster 1 and Cluster 2 in the seven-dimensional space, compared to Cluster 
3/4, is evident by the distributions of MBA, rMBA, and bathymetry values (Table 1; Figures 4b–4d, respectively). 
Events belonging to Cluster 3/4 have the lowest values in all three aforementioned parameters, generally corre-
sponding to negative MBA and rMBA values, and a mean ocean depth of 3,800–3,850 m, depending on whether the 
events from Cluster 4 are included. Clusters 1 and 2 are associated with deeper bathymetry (∼5,300 m and 5,100 m, 
respectively), whereas they both have positive mean MBA, somewhat higher for Cluster 2 (Table 1). Both Clusters 1 
and 2 show close to zero mean rMBA values (Table 1). However, Cluster 1 has a bimodal distribution with two local 
maxima around −5 mgal and +5 mgal (Figure 4c). Finally, the tidal phase diagrams are shown in the upper inset 
of Figure 3. The tidal height associated with the occurrence time of the events, is shifted toward low tides (0°) for 
Cluster 1 and Cluster 3, and slightly shifted toward high tides for Cluster 2 (180°) (Table 1). This indicates a minor 
preference for events occurring at low tides (tidal phase between −90° and 90°) closer to the two edges of Chain.

We further investigate the magnitude distribution dependence on individual parameters. In doing so, we consider 
MBA, rMBA, bathymetry, and tidal height values, sorted in an ascending order, and then we calculate b-values and 
their standard error with the RM technique. After performing calculations for different sliding windows consisting 
of 50, 75, 100, and 125 events, advancing by 1 event, we obtained similar results. We therefore present the results 
for 100-event windows (Figure 5). Figure 5a shows b-value fluctuations with MBA. Apart from some relatively 
elevated b-values for MBA < ∼−3 mgal, no remarkable variations are evident throughout the MBA  range. Negative 
MBA values are almost exclusively met beneath the ELFS, where the shallowest bathymetry is observed. The rMBA 
plot shows two distinct domains divided at rMBA ∼ −3 mgal (Figure 5b). Event windows with rMBA < −3 mgal 

Figure 4. Value ranges of each parameter for Cluster 1 (blue), Cluster 2 (red), and Cluster 3/4 (yellow). The corresponding 
parameters are labeled in the x-axis: (a) ML, (b) MBA, (c) rMBA, and (d) bathymetry. Note that the cluster analysis has been 
carried out in the equivalent dimensions, whereas these histograms represent the values in the original dimensions.
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have larger b-values than event windows with rMBA > −3 mgal. Division of data in two equally sized groups, 
suggests that events located at areas with rMBA < −3 mgal have b = 1.04 ± 0.13, and events located at areas with 
rMBA > −3 mgal have b = 0.72 ± 0.11. This b-value difference between the two datasets is statistically significant 
at 0.05 level (the t-statistic values is 1.96, Equation 5, Supporting Information S1). A relationship between magni-
tude distribution and bathymetry is indicated in Figure 5c, where b-values gradually decline with increasing ocean 
depth. The shallower depths are generally related to higher b-values in comparison to the areas with deeper bathym-
etry. If we divide the data into three evenly sized, nonoverlapping datasets, the resulting b-values are 0.94 ± 0.19, 
0.86 ± 0.17, and 0.78 ± 0.09 for shallow, intermediate, and deep bathymetry, respectively. These values present 
considerable overlap with each other, and they clearly do not suggest a significant difference. However, they offer 
a rough view on the b-value distribution connected with bathymetry. A not so clear linear trend is observed in 
the tidal height plot (Figure 5d), with b-values seeming to monotonically increase for tidal heights between −0.2 
and 0.2 m. In general, earthquakes occurring at positive ocean heights (high tides) appear to demonstrate higher 
b-values than the ones that occur at negative ocean heights (low tides). A possible sinusoidal relation is also visible, 
although the uncertainties are too large to verify the significance of a sinusoidal shape.

Overall, our cluster analysis suggest that the eastern part of Chain at ELFS (Cluster 3/4) has remarkably different 
seismicity properties in comparison to the remaining TF, having high b-values and OBS seismicity rates, nega-
tive gravity anomalies, and shallow bathymetry (Figures 1, 3, and 4; Table 1). Cluster 1 (west part) and Cluster 
2 (central part) have generally comparable parameter values and distribution and they cannot be clearly distin-
guished from each other. Only rMBA significantly influences b-values, while the other trends (MBA, bathymetry, 
tides) provide only indications of potential correlations.

3.2. Spatiotemporal Seismicity Variations From OBS and Historical Data

The average OBS seismicity rate is not equally distributed along the TF strike (Figure 6, Table 2). The first char-
acteristic is that seismicity rates become higher from the west to the east, as suggested by the number of events 

Figure 5. Single-parameter influence on magnitude distribution: (a) MBA (mgal), (b) rMBA (mgal), (c) bathymetry (m), and 
(d) ocean height (m). The blue dots show the b-values estimated by the repeated median technique for 100-event windows, 
plotted in the center of each window. The windows are shifted by 1 event after each calculation. The shaded areas show the 
bootstrap standard error of b-value estimation, derived by 1,000 resamplings. The vertical dashed line in (b) indicates the −3 
mgal threshold, dividing the data into high (<−3 mgal) and low (>−3 mgal) b-values, respectively. The red lines in (c) and 
(d) show average linear trends, whereas the green line in (d) indicates a sinusoidal approximation with peaks at approximately 
±0.20 m.
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per longitude degree (Table 2). The eastern area demonstrates three and two times higher activity rates compared 
to the central and western areas, respectively. There is a narrow Transition Zone (TZ in Figure 6) of ∼25 km, 
overlapping between Cluster 1 and Cluster 2, where there are 62 events (19 from Cluster 1 and 43 from Cluster 
2). Cluster 1 is also defined by the existence of the three westernmost flower structures, and it contains fewer 
events in the transition zone. For these reasons we divided western and central areas at −14.68° longitude. There 

Figure 6. Longitude-date summation, integrating the data and results from ocean bottom seismometers (OBS) seismicity analysis (upper part, right y-axis) and global 
Centroid Moment Tensor (CMT) data (lower part, left y-axis). The four clusters in which OBS data were grouped are shown as colored diamonds (see legend for 
details) and comprise only the complete data with ML ≥ 2.3. The dots indicate the remaining microseismicity events with ML < 2.3. The purple-shaded boxes denote 
the location of OBS seismicity gaps (g1, g2, g3). The transition zone (TZ) between Cluster 1 and Cluster 2 (see text for details) is shown by the colored vertical bars. 
Squares denote the relocated data from Shi et al. (2021) for events after 1993, whereas circles indicate the locations reported by International Seismological Center 
(ISC) for events before 1993. Gray-filled symbols represent the strongest (MW ≥ 6.0) events that occurred since 1976, with the color scale beneath the plot indicating 
the magnitudes. Open symbols show the events with 5.5 ≤ MW < 6.0. The light green boxes denote the location of historical seismicity gaps (G1, G2, G3), that is, areas 
with absence of MW ≥ 6.0 events since 1993. The dark green boxes denote the historical seismicity gaps, considering half rupture length of the M > 6.0 earthquakes 
after 1993. The temporal extent of the Shi et al. (2021) catalog (1993) is indicated by the dotted horizontal line. The blue horizontal lines just below the legend indicate 
the location of the flower structures. The dashed vertical lines divide Chain into three areas, Western (W), Central (C), and Eastern (E). The red and blue ellipses 
indicate the extent of the seismic activity related with the three strongest (ML ≥ 5.0) events along Chain, which are marked by the yellow stars. The blue area at the 
bottom of the figure shows the moving mean OBS seismicity rate for nonoverlapping bins with 0.15° length.

Table 2 
Summary of the Properties of Seismicity (From OBS and GCMT) in the Three Areas, as Derived by Multidimensional 
Cluster Analysis (Shown in Figure 3)

Western area Central area Eastern area

Longitude −15.65° to −14.68° −14.68° to −13.76° −13.76° to −13.29°

Nobs/° (ML > 2.3) 98 148 296

NGCMT/° (MW ≥ 5.5) 19.6 16.3 10.6

bOBS 0.89 ± 0.12 0.74 ± 0.13 0.98 ± 0.15

bmerged 0.91 ± 0.12 0.83 ± 0.19 1.04 ± 0.13

M0(OBS)/° 1.88 × 10 17 1.74 × 10 17 0.64 × 10 17

M0(GCMT_1993)/° 2.35 × 10 19 3.47 × 10 19 0.19 × 10 19

Note. N is the number of events, b is the GR law b-value, and M0 is the seismic moment. Apart from the b-values, all other 
parameters are normalized by longitude unit.
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is also a very narrow zone between Cluster 2 and Cluster 3, including only three events from Cluster 3. For the 
same reasons, we divided central and eastern areas at −13.76° longitude. There are three characteristic spatiotem-
poral OBS seismicity gaps (purple shades zones, g1, g2, g3, Figure 6). OBS seismicity gaps are defined as areas 
where the seismicity rate drops below a specified level. We calculate the average OBS rate equal to 150 events 
(ML ≥ 2.3) per longitude degree (/°). We then define a seismicity gap when the rate falls below one-fifth of the 
average rate (30 events/°) for a length of at least 0.15° or ∼15 km (arbitrary selection). Gap g1 (∼40 km length) 
is located at the same location as the westernmost flower structure and is characterized by an almost complete 
absence of events (three events, one above MC = 2.3) for at least 7 months before the occurrence of the October 
27, 2016, ML = 5.4, which was the strongest event recorded by the OBS network. Four events above MC are 
found in gap g2 (∼20 km length), which is located at the easternmost part of the western area. This gap overlaps 
substantially with the easternmost smaller flower structure in the western segment of the TF. Three events above 
MC = 2.3 occurred in gap g3 (∼15 km length), which is located close to the middle of the central area. Gaps g2 
and g3 persist for the entire duration of the OBS network.

The strongest MW ≥ 6 events after 1993 (filled squares, Figure 6) are also not uniformly distributed. Four of 
them are located at the center of the western area, and five of them are located at the mid-eastern part of the 
central area. The existence of seismic gaps is shown for the historical data as the green shaded zones (G1, G2, 
G3, Figure 6). We define historical seismicity gaps as areas with lengths greater than 30 km, a length which 
could potentially rupture a roughly MW = 6.6 earthquake (Wells & Coppersmith, 1994), but where no events 
MW ≥ 6.0 have been recorded since 1993. These gaps seem to be fairly stable even when we consider seismicity 
since 1976 (although uncertainties before 1993 are much higher). Gap G1 (∼40 km length), coincides spatially 
with OBS seismicity gap g1, and is characterized by an episodic occurrence of events with 5.6 ≤ MW < 6.0, 
approximately at the location of the October 27, 2016, ML = 5.4 event recorded by the OBS network. Two large 
gaps (∼65 km length) are also present. Gap G2 occupies parts of the western and central areas. Only three events 
with 5.6 ≤ MW < 6.0 have occurred since 1993, whereas no MW ≥ 5.6 has been recorded within over 40 km. 
Gap G3 essentially covers all the eastern area beneath the ELFS, where only two events with 5.6 ≤ MW < 6.0 
have occurred since 1993. There is one strong event (1992, MW = 6.8) in the GCMT catalog. which has not been 
relocated, therefore there may be considerable location uncertainty. Comparison of the Shi et al. (2021) locations 
with ISC shows that the mean difference between the two is 0.10°, although there is one outlier 0.70° away 
(Figure S19 in Supporting Information S1). Therefore, it is likely that the event occurred in G3. In this case the 
segment would be characterized as relatively locked, with large magnitude earthquakes after long time periods. 
However, we cannot rule out the possibility that it occurred outside of G3, and in this case the segment would be 
characterized by weak coupling and creep.

It is worth noting that the gaps determined by the long-term data are not always consistent with the OBS seis-
micity gaps. Gaps in historical seismicity (G1, G2, G3), possibly represent patches that do not nucleate M ≥ 6.0 
earthquakes. For the gaps in OBS seismicity (g1, g2, g3) there are three possible scenarios.

1.  These gaps represent high coupling areas that potentially fail in future large earthquakes. In this case, gap g3 
represents a highly locked area with fewer earthquakes, and it would be consistent with the long-term active 
segment between G2 and G3. In the case of g1, which coincides with the long-term G1, the observations favor 
this scenario as well, although the maximum magnitude of the events for the last 45 years in this area seems to 
be limited below M = 6.0. However, g2 would be inconsistent with this scenario since no M ≥ 5.5 historical 
events have occurred at these longitudes.

2.  These gaps are creeping areas which generate smaller magnitude earthquakes (many of them possibly below 
the detection threshold of the OBS network). This case is consistent with the absence of seismic activity in 
g2 during both historical and OBS eras. However, this scenario would be inconsistent with the historical 
seismicity occurred at g3 and g1.

3.  These gaps exhibit semi-brittle (multi-mode) behavior with time-dependent characteristics (Boettcher & 
Jordan, 2004).

Nearly all MW ≥ 6.0 events occur at patches with moderate to small OBS seismicity rates (90–120 events/°) and 
the segments with the highest OBS seismic activity (>250 events/°) are characterized as gaps (no events with 
MW ≥ 6.0) by the long-term data (e.g., ELFS, central Chain) (Figure 6). Note that the historical seismicity gaps, 
defined by the centroid locations, indicate the upper bounds of these gaps (light green boxes, Figure 6). If we 
assume bilateral slip and extend the area that ruptured each MW ≥ 6.0 by ∼10–15 km (Wells & Coppersmith, 1994), 
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the dimensions of the gaps decrease but the general picture does not change significantly (dark green boxes in 
Figure 6). In that case the eastern border G2 would roughly coincide with the transition zone between Cluster 1 
and Cluster 2 (i.e., west and central segments).

The b-value analysis resulting from the 1-year catalog may be artifacts arising from short sampling. For this 
reason, we carry out analysis for the merged catalog, to eliminate short-term biases. The b-values are generally 
consistent with each other when considering the OBS data alone and the merged catalog (Table 2). The central 
area (Cluster 2) demonstrates the lowest b-values (b ∼ 0.70–0.80), although the difference from the other clusters 
is not statistically significant. The highest b-values are evident in the eastern area along the ELFS (b ∼ 1.0), where 
OBS seismicity rates are the highest. The three segments released the following proportions of seismic moment, 
M0, in comparison to that released on Chain during the OBS deployment (normalized by longitude unit): western 
(44%), central (41%), and eastern (15%). When the merged catalog after 1993 is considered for events of M ≥ 6.0, 
the proportion is as follows: western (39%), central (58%), and eastern (3%).

4. Discussion
The generally low average b-values along Chain (∼0.85) provide evidence of relatively high seismic coupling, 
defined as the area displaced by seismic slip divided by the thermally constrained seismogenic area. This agrees 
with estimates of theoretical versus observed seismic moment release which suggests that the seismic coupling 
coefficient in Chain equals ∼1/3 (Wolfson-Schwehr & Boettcher, 2019), which is among the highest values in 
the MAR (0.85 quantile).

There does not appear to be evidence for large repeating earthquakes along Chain TF. No MW > 7.0 events ruptur-
ing the entire TF have been recorded. No quasi-periodical earthquake cycle is evident for MW ≥ 6.0 events along 
Chain for over 30 years. This is different from other transforms such as the Charlie-Gibbs TF (north Atlantic), 
which has strong earthquakes (MW ∼ 7.0) that occur quasi-periodically (Aderhold & Abercrombie, 2016).

The lateral variability of frictional response is likely caused by some combination of the rock composition, 
stress/temperature conditions, fault geometry, and/or hydrothermal alteration (e.g., Liu et  al.,  2012; Roland 
et al., 2010, 2012; Wolfson-Schwehr et al., 2014). As mentioned earlier, the slow spread oceanic crust has a 
wide diversity of morphologies, with detachment faults and core complexes often associated with altered mantle 
material at the seafloor (Blackman et al., 1998). Deeper, in the oceanic mantle water can substantially weaken 
olivine (Kohli et al., 2021) by enhancing dislocation and diffusion creep mechanisms (Karato et al., 1986). It is 
also likely that the mafic crust contains pockets of serpentinite (barriers), resulting from tectonism or/and fluid 
flow through the fractured material (Gregory et al., 2021). Conversely, asperities may be caused by dry patches 
(inaccessible to water) or patches where there is an absence of serpentine.

The historical teleseismic dataset indicates high lateral heterogeneity in seismicity along Chain. There is a long-
term (1993–2021) absence of strong events within three gaps (G1, G2, G3, Figure 6). We observe two locked 
patches (asperities), with total length ∼50 and ∼75 km, respectively, which have repeatedly ruptured MW > 6.0 
earthquakes (Figure 6). Lateral heterogeneity is also inferred from the OBS data. The gaps in OBS seismicity 
(g1, g2, g3, Figure 6) do not necessarily occur in the same locations at those in the historical records, although 
areas with intermediate to low OBS seismicity rates (∼100 events/°) occur in regions where teleseismic MW > 6.0 
earthquakes tend to occur. For comparison, the average OBS activity rate along Chain is 150 events/° (see also 
Table 2 and Figure 6). The observed transform segmentation along Chain (three areas) is in general agreement 
with the conceptual models of Boettcher and Jordan (2004). In these models the seismogenic zone is divided 
into multiple patches, such that either brittle (purely coupled), ductile (purely aseismic), or time-dependent 
(semi-brittle) deformation applies. The eastern area is characterized by the presence of ELFS, negative rMBA, 
abundant OBS seismicity, but negligible seismic moment release, evidenced by the historical data. Negative 
rMBA areas are explained by mass deficit, likely caused by thicker crust and/or hydrothermal alteration (T. Wang 
et al., 2011). This area is also accompanied by higher b-values, consistent with weaker coupling (i.e., less brittle 
behavior). The negative rMBA combined with the shallowest bathymetry occurring beneath at ELFS, likely 
suggests that the crust is either thicker by up to 1 km or has an altered crust and/or mantle with lower densities 
(Harmon et al., 2018). The abundant but low magnitude seismicity is more consistent with low density altered 
material, and this is our preferred interpretation. However, we cannot preclude the possibility that the crust is 
also a bit thicker.
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In contrast to the ELFS, the western and central areas exhibit positive rMBA, lower OBS seismicity rates (three 
and two times lower than the eastern area, respectively), but they accommodate almost the entire long-term 
moment released seismically, by M  ≥  6.0 historical events along Chain (>97%). Positive rMBA anomalies 
require mass excesses. This can be explained by thinned crust and/or a lack of hydrothermal alteration (T. Wang 
et al., 2011). These regions are also associated with lower b-values, indicative of greater coupling and more brittle 
behavior. It seems that there are other physical mechanisms controlling the distribution of small and large earth-
quakes along the western and central segments that are not sufficiently captured by the selected set of parameters. 
Although the western segment exhibits flower structures similar to ELFS, the degree of alteration is not as strong, 
possibly owing to their smaller size or temporal variations.

Three 5.0 ≤ ML ≤ 5.4 earthquakes were recorded by the OBS network along the Chain TF. The April 27, 2016, 
ML = 5.2, was preceded by eight ML ≥ 2.3 events in the week before and was followed by three ML ≥ 2.3 events 
in the week after the main shock occurrence. The August 20, 2016, ML = 5.0 earthquake had no precursors in 
the week before and was followed by three ML ≥ 2.3 events in the week after the main shock occurrence. These 
two mainshocks had similar size and occurred at the western tip of the eastern area at approximately the same 
location (Figure  6, Figure S20 in Supporting Information  S1). However, they demonstrate diverse foreshock 
activity and a negligible aftershock sequence. The October 27, 2016, ML = 5.4 event was preceded by only two, 
yet relatively strong events (ML ≥ 4.0) in the week before and was followed by 13 ML ≥ 2.3 events in the week 
after the main shock occurrence, indicating a rather weak mainshock-aftershock sequence. These cases agree with 
the notion that mainshock-aftershock sequences are not common for oceanic TF earthquakes (e.g., Scholz, 2019). 
Our results are also consistent with the global perspective, showing that the number of aftershocks at oceanic TF 
are typically ∼1 order of magnitude fewer than continental earthquakes, possibly due to the much slower rate of 
static fatigue of gabbro compared to granite (Meredith & Atkinson, 1985) and the existence of serpentine phases. 
High numbers of foreshocks have been mainly observed in segments of the East Pacific Rise, where they have 
been successfully used for retrospective prediction of M ≥ 5.4 events (McGuire et al., 2005). McGuire (2003) 
detected no foreshocks (within 1 hr and 20 km from the mainshock) in various TFs along MAR and Juan de Fuca 
(intermediate slip rate). We also found no foreshocks with such criteria for the OBS M ≥ 5.0 events.

Two out of three possible frictional scenarios suggest that OBS seismicity gaps are either highly coupled patches 
(potentially producing M > 5.5 earthquakes) or creeping areas that generate microseismicity. The third scenario, 
semi-brittle behavior, is related with temporal frictional changes. Such behavior cannot be excluded and has been 
suggested for slow slipping TFs (e.g., Aderhold & Abercrombie, 2016), although global observations show that 
it is rather rare (Shi et al., 2021). Semi-brittle behavior may be caused by the temporal changes in pore pressure 
due to fluid circulation, leading to subsequent draining and fluid saturation stages as well as to periodic hydra-
tion and dehydration of peridotite. Both effects can switch the rupture mode between seismic and aseismic slip 
depending on whether a positive or a negative feedback loop is activated (e.g., Renard,  2021). 3D rate/state 
friction models suggest that TF segments switch between seismic and aseismic slip over many earthquake cycles 
(Liu et al., 2012). Time-dependent features are also supported by analysis of exhumed ancient oceanic TF rock 
samples (Cox et al., 2021). Note that a characteristic property of serpentine is that, depending upon the applied 
strain rate it may demonstrate both seismic (frictional decrease under fast loading velocities) and aseismic (fric-
tional increase under slow loading velocities) behavior. Thus, both stable and unstable slip propagation is plausi-
ble in the presence of serpentinized rocks (Reinen et al., 1991).

5. Conclusions
We investigate the seismotectonic properties along Chain TF at the equatorial MAR by combining geophysi-
cal data with a ∼1-year OBS seismicity data and 30-year historical earthquake data. Our analysis shows that 
Chain can be divided into three segments: west, central, and east. We find that OBS seismicity occurs at much 
higher rates at the east part of Chain (∼300 events/°), co-located with the largest flower structure (transpressional 
morphological feature) and negative rMBA values. The majority of seismic moment is released at the west and 
central areas with much less moment release in the east area, as inferred from both OBS and historical data. 
OBS seismicity rates in a given area are not always directly related to the presence or absence of large historical 
earthquakes. However, the patches with the highest OBS seismicity rates have not hosted MW  ≥  6.0 events. 
There are two 50–75 km long segments (asperities) with moderate to low OBS seismicity rates (∼100 events/°), 
occasionally hosting MW ≥ 6.0 earthquakes. These two segments are separated by three 40–65 km long historical 
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seismicity gaps, with few historical earthquakes with 5.5 ≤ MW < 6.0, but generally high OBS seismicity (>200 
events/°). We find higher b-values in locations of lower rMBA and shallower bathymetry, likely indicative of 
thickened crust and/or low density (altered) mantle. The existence of seismic/aseismic patches and the differences 
between aseismic/seismic behavior in OBS versus historical earthquakes imply heterogeneity along the fault, 
possibly due to variable hydrothermal circulation/alteration. Our results also suggest that earthquake occurrence 
rates and size in a given location can be variable in time. These variations are likely dictated by lateral variations 
between regions characterized by hydrothermal alteration (barriers) and normal gabbroic crust/unaltered mantle 
lithosphere (asperities).

Data Availability Statement
The seismic data are archived at the IRIS DMC, as 2016–2017 network XS https://doi.org/10.7914/SN/XS_2016 
(Rychert et  al.,  2016). The earthquake catalog used in the study is available as a pre-print from Schlaphorst 
et al.  (2022, https://doi.org/10.1002/essoar.10511147.1). The global seismicity data come from GCMT, www.
globalcmt.org/, last accessed March 2022. The relocated data come from Shi et al. (2021), available at https://
doi.org/10.5281/zenodo.4646438, last accessed June 2021. Figure 1 was generated using Generic Mapping Tools 
v.6.1.1 (www.soest.hawaii.edu/gmt, last accessed March 2022). Most of the analysis and figures were done by 
MATLAB (The MathWorks®, 2021b, Natick, USA). The MATLAB codes for the Transformation to Equivalent 
Dimensions, Cluster Analysis, and Anderson-Darling test can be downloaded from https://git.plgrid.pl/projects/
EA/repos/sera-applications/browse/, last accessed March 2022. On-line versions of the software are available 
in the Thematic Core Service – Anthropogenic Hazards web platform (https://tcs.ah-epos.eu/; Orlecka-Sikora 
et al., 2020; Leptokaropoulos et al., 2019).
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