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Enhanced earthquake sequence seismic catalogs have the potential to reveal fault surface complexities at depth
(e.g., segmentation, bends). Past analyses were generally restricted to 2D analysis considering faults discontin-
uous along their strike and do not include segment temporal evolution. Our work provides a comprehensive
methodology, for reconstructing the 3D fine-scale (few kilometers length) geometry of a segmented fault surface
and to characterize the triggering of the segments during an earthquake mainshock-aftershock sequence We
analyzed the 2014 Northern Nagano (Japan) (M,, 6.2) earthquake sequence using high-resolution seismic cat-
alogs. We automatically detected and located about 2500 events between October and December 2014 with a
magnitude range between -0.6 and 6.2. We refined the automatic picks, based on cross-correlation and hier-
archical clustering, and we relocated the hypocenters with the double-difference technique in 3D velocity models
optimized for the area. Moreover, we calculated the composite focal mechanisms of the main clusters, crucial to
constrain the kinematics and the 3D geometry of the fault segments, and rupture directivity that we interpreted
jointly with the seismicity and the fault slip. We find that a segmented fault surface comprising, at least, 9 distinct
segments, ruptured during 3 successive activation phases. The different segments exhibit a different rupture
mechanism based on their spatial and temporal occurrence, influencing seismicity evolution and rupture length.
Our method, based on deep analysis of relocated aftershocks sequence, can be used in other study cases for the
fault surface reconstruction to better understand the complexity of the earthquake rupture.

1. Introduction planar features (Cockerham and Eaton, 1987; Schaff et al., 2002; Gra-

ymer et al., 2007; Waldhauser and Schaff, 2008; Savran and Olsen,

Faults in 3D are rarely individual planar surfaces whereas they are
most often comprised of multiple fault segments, with each segment
having different mechanical properties and geometries that can be vary
along the strike and the dip of a fault (e.g., Walsh et al., 2003; Marchal
et al., 2003; Kristensen et al., 2008; Tvedt et al., 2013; Seebeck et al.,
2015; Lapadat et al., 2017; Collanega et al., 2019; Camanni et al., 2019;
Camanni et al., 2023a, 2023b; Deng et al., 2020; Delogkos et al., 2020;
Roche et al., 2021). In active tectonics settings, fault segmentation is
generally acknowledged along the strike of faults analyzed in 2D map
views (King and Néabélek, 1985; Barka and Kadinsky-Cade, 1988; Wes-
nousky, 1988; Stirling et al., 1996; Manighetti et al., 2007, 2009; Perrin
et al.,, 2016; Hamling et al., 2017). Nevertheless, when projected at
depth, active faults are usually simplified or modeled as sub-vertical
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2020; Ramos et al., 2022), with the exception of the addition of the
primary overlap zones between segments or fault bends that are, how-
ever, most often extrapolated at depth maintaining a similar geometry to
the one they have at the surface (Hu et al., 2016; Tondi et al., 2020;
Huang et al., 2023; Tung et al., 2024). The reconstruction of a correct
model for the segmentation of fault surfaces and earthquake rupture
zones at seismogenic depths is crucial for a deeper understanding of
earthquake rupture physics (Wesnousky, 2008; Savran and Olsen, 2020;
Ramos et al., 2022; Palo et al., 2023) with significant implications for
earthquake hazard assessment (Buttinelli et al., 2021). Indeed, fault
segments interaction during the rupture and their mutual static stress
triggering is a prominent mechanical process during the sequence,
whose impact could affect the hazard scenario (lacoletti et al., 2021;
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Howell et al., 2024).

In recent years, there has been an increased possibility of building-up
enhanced seismic catalogs, rich in events that are precisely located
(especially small magnitude ones; Meng and Ben-Zion, 2018; Spallarossa
et al., 2021; Stabile et al., 2021; Scotto di Uccio et al., 2023, 2024).
These enhanced catalogs have significant potential in revealing previ-
ously neglected structural complexities of fault geometries at seismo-
genic depth, to attempt overcoming the above-mentioned limitations
(Panayotopoulos et al., 2016; Piegari et al., 2024; Scotto di Uccio et al.,
2024). Complemented with geological data, these enhanced catalogs
potentially can allow (i) to derive a realistic image of the 3D segmen-
tation of active fault surfaces by recognising the geometry of its primary
fault segments. In addition, they also allow (ii) to determine the spatio-
temporal activation of these fault segments during an earthquake (Cesca
et al., 2017; Ross et al., 2019), as well as (iii) their precise orientation
and kinematics through the calculation of earthquake focal mechanisms
(Bailey et al., 2010; Camanni et al., 2014). In this work, we provide a
comprehensive and integrated approach to reconstruct the 3D
segmented (few kilometers length) geometry of a fault surface and the
evolution of segments activation (i.e., fourth dimension) starting from
an enhanced catalog of mainshock-aftershock sequence over a time in-
terval extending beyond the early aftershocks (i.e., several months). We
selected the November 2014 Northern Nagano earthquake (M,, 6.2),
Japan, as it involved a prolonged and complex aftershock sequence
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associated with more than 2000 events on a complex segmented fault
surface (Panayotopoulos et al., 2016; Imanishi and Uchide, 2017).
Initially, we built an enhanced seismic catalog by applying a procedure
for the event detection and location to the continuous data from 22
November to 31 December 2014. Successively, we refined the automatic
absolute picks with a new technique based on waveform similarity and
hierarchical clustering. The high-precision earthquake locations were
obtained by double difference (DD) technique and 3D velocity models
optimized for the area. The seismicity pattern, combined with newly
calculated composite focal mechanisms of significant clusters, were in
turn used to derive the 3D geometry of the different fault segments
activated during the mainshock rupture and in the following weeks. By
adding considerations on the time, these data provided a new model of
the 4D occurrence and clustering of events that characterize the rupture
evolution of the complex fault surface during 3 main phases of the 2014
Nagano earthquake sequence.

2. Geological setting of the Mw 6.2 Northern Nagano
Earthquake sequence

The tectonic setting of the study area is dominated by the Itoigawa-
Shizuoka tectonic line (ISTL), which crosses Honshu Island and extends
for ~150 km from Itoigawa City on the Sea of Japan to Shizuoka City on
the Pacific Ocean (see Fig. 1). The ISTL, which roughly strikes NNE-SSW
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Fig. 1. Geological map of the area surrounding the 2014 Nagano earthquake sequence, modified from Panayotopoulos et al. (2016). Red star indicates the M,, 6.2
mainshock location. Triangles indicate the location of the seismic stations used in this study. White rectangle indicates the study area. Northern Fossa Magna (NFM),
Inner Zone (INZ), Itoigawa-Shizuoka tectonic line (ISTL). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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to NNW-SSE, is one of the most active faults in Japan; it corresponds to
one arm of the triple junction between the Eurasian, North American,
and Philippine Sea plates. In the North, within the study area, the ISTL is
made up of at least two major, nearly N-S striking, sub-parallel branches:
the Kamishiro fault (KF, Fig. 1) in the West, and the Otari-Nakayama
fault (OTNF, Fig. 1) in the East. Both faults developed as the bounding,
east-dipping extensional faults of the Northern Fossa Magna (NFM) rift
basin (Sato, 1994), which formed during the final extensional stages of
the opening of the Japan Sea (25-15 Ma) (Otofuji et al., 1985; Yamaji,
1990), and juxtapose sedimentary rocks of the basin infill in the East
against older basement rocks of the “inner zone” (INZ) in the West. The
NFM basin comprises 5-6 km thick Miocene marine sediments (Kato,
1992; Takano, 2002; Panayotopoulos et al., 2013); the INZ is largely
made up of pre-Neogene basements rocks comprising Paleozoic-
Mesozoic accretionary complex and granitic rocks (Fig. 1) (Kano et al.,
1990; Taira, 2001).

Since the Pliocene (ca. 3 Ma) an inversion of the stress field in central
Japan resulted in the ongoing inversion of the NFM rift basin through
the reactivation of its bounding fault system with overall reverse fault-
ing (Williams et al., 1989; Sato, 1994; Sato, 1996). The KF has been
shown to be currently an active thrust fault (e.g., Sato et al., 2004;
Takeda et al., 2004). On the other hand, the OTNF, shows no geomor-
phological evidence of late Quaternary activity (Matsuta et al., 2004).

The M,y 6.2 mainshock of the seismic sequence studied here occurred
at the Northern Nagano prefecture on the 22 November 2014 at 10:08
pm JST (01:08 pm UTC). The epicenter of the mainshock is located
nearby the KF and OTNF faults (red star in Fig. 1), and the estimated
focal mechanism from the centroid moment tensor (CMT) solution,
given by the Japan Meteorological Agency (JMA) and by the National
Research Institute for Earth Science and Disaster Resilience (NIED),
shows a reverse fault with a left-lateral component (Japan Meteoro-
logical Agency, 2014; National Research Institute for Earth Science and
Disaster Prevention, 2014). Foreshock activity was detected near the
mainshock location during the 4 days before its occurrence. Imanishi
and Uchide (2017) indicate that the 4D evolution of the foreshock ac-
tivity is characterized by seismicity migration from the shallow crust to
the mainshock location. Imanishi and Uchide (2017) interpreted the
mainshock to have been triggered by stress loading caused by the
foreshock activity driven by aseismic slow slip.

Most of the surface ruptures related to the mainshock followed the
mapped surface trace of the KF (Okada et al., 2015). Several studies used
interferometric synthetic-aperture radar (InSAR) (Panayotopoulos et al.,
2016; Ando et al., 2017; Kobayashi et al., 2018) to identify the surface
displacement observed after the mainshock and interpreted the slip
distribution to be associated with a non-planar east-dipping fault formed
by KF and OTNF faults. Similarly, by using the relocated hypocenter of a
part of the aftershock activity, Panayotopoulos et al. (2016) determined
the source fault model to be composite, with a shallow part corre-
sponding to the KF with a dip of 30°-45°, and a deeper portion corre-
sponding to the deep part of the OTNF with a dip of 50°-60°, resulting in
an overall bending, steepening downward fault planar surface. Ando
et al. (2017) confirmed this downward steepening fault structure and
added branch faults with different bends for the different clusters
around the main fault to approximately fit the surface deformation data.
The aftershocks relocated by Panayotopoulos et al. (2016) show a clear
difference in seismicity distribution between the northern and the
southern part of the earthquake sequence area. The gap of aftershocks
on the surface rupture is consistent with several studies showing after-
shocks concentration at the margin of an asperity (Okada et al., 2015),
where the coseismic slip is low (Panayotopoulos et al., 2016). Indeed,
Ando et al. (2017) show a high coseismic slip patch in the south of the
earthquake sequence at shallow depth. This correlation of high slip
patch on the fault and low concentration of aftershocks, which has been
observed for other major earthquakes in Japan (Hirata et al., 1996;
Asano et al., 2011), is related to the total stress release on this patch of
the fault.
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3. Data and methods
3.1. Refinement picking

In this study we used continuous seismic data recorded from 22
November to 31 December 2014 by 27 short period three component
velocity seismometers of the permanent network Hi-net (National
Research Institute for Earth Science and Disaster Resilience, 2019)
operated by the NIED and JMA, 4 seismometers operated by the Uni-
versity of Tokyo, 3 strong-motion seismograms of the permanent
network KiK-net and 2 seismometers operated by Kyoto University
(triangles in Fig. 1). First, we applied an optimization strategy to join
existing methods for the automatic detection (Adinolfi et al., 2020),
picking, and location of events; then we used LASSIE (Heimann et al.,
2017) PHASE (Ross and Ben-Zion, 2014) and MParloc (Zollo et al.,
2021), respectively, following the same approach as Adinolfi et al.
(2020, 2022, 2023). This allowed us to construct a homogeneous initial
catalog of 2477 events for the entire period of three months with a
magnitude range between -0.6 and 6.2 (see Fig. S1 in SM).

It is well known that automatic picking tools can introduce system-
atic shifts to the output pick distribution (Lois et al., 2013; Baillard et al.,
2014). This affects, not only the quality of the initial catalog location,
but also the accuracy of differential travel-time measurements, that
depend on the event origin time. To obtain high quality DD locations, we
applied a refined picking procedure based on waveform similarity and
hierarchical clustering, for the first set of automatic absolute picks.
Using cross-correlation (CC) we measured the similarity between
waveforms of the filtered seismic records to build families of similar
events with hierarchical clustering. Within each family, we constructed
a reference trace (RT), by the weighted stack of all the waveforms, on
which automatically measured a refined pick used as reference to cor-
rect the picks of other events in the family (for further details see section
Al in SM). This procedure is constructed to mitigate both the inconsis-
tency among picks on similar waveforms and the systematic shift
introduced by automatic picking tools (Fig. 2a). By calculating the in-
crease of signal to noise ratio (SNR) for refined picks, versus initial picks,
(Fig. S2 in SM) we show an improvement in our pick quality.

3.2. Earthquake locations

To improve the hypocenter location, we followed a three steps
process:

1) First, we estimated the absolute hypocenter locations with Non-
LinLoc software (Lomax et al., 2009) in the 1D velocity model used
for the JMA Unified Earthquake Catalog (Japan Meteorological
Agency, 2014), by inverting initial automatic picks and refined picks.
Then we relocated the seismicity in DD by using HypoDD
(Waldhauser and Ellsworth, 2000) which invert iteratively the CC
and catalog differential times. The CC differential travel times were
calculated between events within families built during the refine-
ment picking procedure.

To further improve our location quality, we constructed 3D P- and S-
waves velocity models by inverting arrival times through a linearized
tomographic approach. We used the code TOMOTV (Latorre et al.,
2004), well established since applied in different environments and
at different scales (De Landro et al., 2020, 2022; Amoroso et al.,
2022). In our workflow, we inverted the refined picks by starting
from the 1D velocity model from JMA (Japan Meteorological
Agency, 2014) (see section A2 in SM). In map view, there is a strong
east-west variation of velocity in the first 5 km depth (Fig. $3.1-2).
The geological structure characterized by a low velocity on the
eastern side of the fault system should end between 4 and 7 km
depth. By comparing the position of the velocity anomalies and the
geological features at the surface, the low velocity anomaly on the
east side of the fault system is related to the NFM basin, while the

2

—



T. Mugellec et al.

Tectonophysics 898 (2025) 230641

a T T T 1200 b T T 10
Station MTU2 - Vertical component T ] e
nitial
- b | [: Refined 3D | o Refined 30 9
o
‘_,,VW/\I/\/\/\A\J\/\/\/ 3 800 i
i 1 k) 8
5 600
g .
> 2 2
T 36.75 : .
E | 200 i
T ~ 5 5
2— w Reference trace for each family 00 05 ; - siad <
T w— New pick with Deriv. Kurtosis 5 ° ocg 0 ¢ 5 £
] : RMS (s) S o
> w— Initial pick = b
= 5 * o T o
- A c d : 4
’—~«|J\.\]'\/\«/\\/\/\J\/\/ 1200 saf3ic
¥ v
« 1000 d
= - s e 3
v .
3 800 36.65 by .
g 60 LOSTH ii2
400
2 2 o BB %, ?éi . * 5km 1
5 ——
= 366 [* * 7B L ]
L L ' 0 N . L L L 1q
) w2 &% 3 0 1 20 2 137.85 1379 137.95 138
Time (s)

Horizontal error (km)

Vertical error (km)

Longitude (%)

Fig. 2. (a) Seismic traces recorded on the vertical component at one station classified by family. The orange trace is the RT of each family. Vertical blue line indicates
the position of the refined P arrival time. Vertical red line indicates the position of the initial P arrival time. (b) Histogram of the root mean square (RMS) from the
absolute locations. (c) Same as be for the horizontal error. (d) Same as (b) for the vertical error. (e) Relocation absolute of the seismicity of the 2014 Nagano
earthquake sequence by using the 1D/3D velocity models and the initial/refined arrival time picks. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

high velocity anomaly of the west side of the fault corresponds to the
INZ (basement structure).

3) In the next step, we located the hypocenters in 3D velocity models
(Fig. S3.1-2 in SM) with NonLinLoc (Lomax et al., 2009), we
computed the CC differential times by considering refined locations
and, then we relocated the seismicity with HypoDD by inverting CC
and catalog differential times (see section A2 in SM).

The consistency of the refined phase picks allowed us to increase the
accuracy of absolute location by reducing the root-mean-square (RMS)
from 0.19st0 0.11 s (Fig. 2b) and the mean location error from 0.6 km to
0.2 km (Fig. 2c-d). This result is a further confirmation of the
improvement of pick quality due to the application of the refined pro-
cedure. It is interesting to note that with 3D absolute locations we
observed a clustering of events and a shift of the seismicity toward the
east compared with the previously observed hypocenters derived from
the use of DD location (Fig. 2d; Panayotopoulos et al., 2016). To mini-
mize the effect of the global harmonization of the 3D model at large
parameterization, we focused the analysis on the hypocenter locations
determined by relative travel times based on their location within the 3D
velocity model. With the last location step, we reduced the location
errors for DD to an average of about 100 m (see section A2 and Fig. S4 in
SM).

3.3. Rupture directivity

We used the 23 strong motion records of the M,, 6.2 Northern
Nagano earthquake acquired by near-source strong-motion seismo-
graphs from the Kiban Kyoshin network (KiK-net) operated by the NIED
(National Research Institute for Earth Science and Disaster Resilience,
2019) to infer the mainshock rupture geometry and propagation mode
(uni- or bi-lateral) (see section A3 and Fig. S5 in SM). The method
proposed by Convertito et al. (2012) has been applied to invert the
recorded Peak Ground Velocity (PGV) data to determine the fault length
(in terms of its surface projection), together with the dominant rupture
mode, rupture direction and rupture velocity.

For this analysis we assumed a moment magnitude M, 6.2 for the
mainshock and used the PGV data measured from the 0.1-3 Hz band-
pass filtered accelerograms recorded by the 23 near-source stations of
the strong motion network. PGV data are preliminary corrected for the
distance attenuation effect, by multiplying each event by the hypocen-
tral distance, then the optimal rupture parameters (rupture length L,
predominant rupture length L’, Mach number a and the rupture direc-
tion) are determined through a Bayesian probabilistic inversion method
based on a grid search model parameter exploration (Convertito et al.,
2012). The final PGV residual distribution confirms the consistency of
the retrieved model with observations indicating a well peaked residual
distribution around zero with a net improvement relative to the direc-
tivity of un-modeled data (see Fig. S5 in SM).

3.4. Composite focal mechanisms

To determine the detailed fault geometry and confirm the fault
delineation highlighted by the seismicity, we computed the composite
focal mechanism with the program FPFIT (Reasenberg, 1985) for several
clusters by reducing the uncertainty of the polarity measurements for
single events. Using the polarity measurements of each event among the
same cluster, FPFIT calculates the best fault-plane solution with a
weighted sum of the first P-wave polarity discrepancies (Aki and
Richards, 2002). For this analysis, we evaluate the composite focal
mechanism by selecting co-located events belonging to 9 significant
clusters with a total of 1053 events. We selected the clusters based on the
event’s 4D proximity, by focusing on the small-scale clusters of the
seismicity pattern not detected in previous works (Panayotopoulos et al.,
2016). We manually measured the polarities at least for the 8 closest
seismic stations from the earthquake sequence location. The results can
be found in table S1 of SM. The obtained focal mechanisms are well
constrained, and the average error in strike, dip, and rake is about 7°,
11°, and 12°, respectively (see Fig. S6-14 in SM).
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4. 4D seismicity distribution and rupture evolution

Hypocenters of the relocated mainshock and aftershocks are shown
in Figs. 3, 4, and 5. In Fig. 3 we show the map view, the cross sections,
and distance along fault strike of aftershocks versus time over the entire
sample period. The mainshock of the Nagano sequence occurred on 22
November 2014 at 01:08:17.56 pm (UTC) at 3.3 km of depth on the
northern tip of the southern segment involved in the rupture (red star in
Fig. 3,4a-b). The relocation procedure allowed us to reach an unprece-
dented precision in the location of the mainshock, with location errors of
the order of a few hundred meters (see section A2 in SM). Looking at the
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aftershock epicentral distribution (Fig. 3), we note that the distribution
follows structures striking N20°, with a higher number of aftershocks in
the northern part of the earthquake sequence compared to the southern
part. In the cross sections, most of the aftershocks are distributed in
several clusters that we can clearly identified (see sections on Fig. 3). In
the southern area of aftershocks, the seismicity follows a single fault
plane with a main cluster around the mainshock location. In the
northern area, the clusters identified are globally deeper than the clus-
ters identified in the southern area.

Also, we note that some clusters were activated by a major aftershock
(with a Myma > 4, green stars on Fig. 3). The temporal distribution of
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Fig. 3. Map view, sections, and distribution of the seismicity along strike versus time during the entire period of the earthquake sequence. Red star denotes the M,

6.2 mainshock and the green stars correspond to the major aftershock with a Mjya

> 4. Circles denote aftershocks and sizes scale with magnitudes. Yellow triangles

are the seismic stations. The colour bar indicates the depth of aftershocks. The blue dash lines indicate the positions of sections A-A’, B-B’, C-C’ and D-D'. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Spatial and temporal distribution of the aftershock sequence at different time periods after relocation (a-b) aftershocks in phase 1 of the aftershock sequence,
(c-d) phase 2 and (e) phase 3 and the composite focal mechanism for each individual cluster. Red star denotes the mainshock and the green stars correspond to the
major aftershocks with a Mjya > 4. Filled circles denote aftershocks with circle size scaling to magnitude. Gray circles correspond to the aftershocks which occurred
before the time interval shown in each map. Yellow triangles are seismic stations. The colour of aftershock filled circles denotes depth of the aftershocks (see colour
bar for depths). The blue dash lines indicate the position of the sections. The focal mechanism represented in red is the CMT solution for the mainshock estimated by
NIED using F-net. The red and blues lines on the map correspond to the fault traces at the surface for the Kamishiro fault and the Otari-Nakayama fault, respectively.
The purple arrows indicate the rupture directivity and the rupture mode of the mainshock. The index letters of each composite focal mechanism are referred to
Table S1 in SM. The red line on each focal mechanism corresponds to the interpreted fault plane. The time periods for each phase are (see Table 1): a) from MOT to 3
h after; b) from 3 h to 12 h after; ¢) from 12 h to 24 h after MOT; d) from 24 h to one week after MOT; e) from one week after the MOT to one month after MOT. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

seismicity along strike (Fig. 3) shows the temporal clustering only for the
shallower clusters/segments activated by a major aftershock. The af-
tershocks distribution among several clusters/segments, activated at
different times and were probably affected by several triggering mech-
anisms, show the complexity of the main rupture.

To constrain the geometry of the faults involved in the Nagano
sequence, previous analyses have been based on the calculation of focal
mechanisms for major aftershocks in different sectors of the system
(Japan Meteorological Agency, 2014; National Research Institute for
Earth Science and Disaster Resilience, 2019; Panayotopoulos et al.,
2016).

To characterize the temporal pattern of the seismicity of fault seg-
ments, we selected 4 different time intervals based on the variation of
the seismicity distribution (see table 1) in Figs. 4 and 5.

By analyzing the seismicity within the different time intervals
(Figs. 4 and 5), we define 3 main phases with the first phase of seismicity
occurring coseismically and within the 12 h of the main rupture, the
second phase, within a week of the mainshock, characterized by acti-
vation of deep segments in the northern area, and the third phase within
a month of the mainshock, characterized by activation of the deep part
of the fault in the southern area.

4.1. Phase 1 / Mainshock rupture

The early aftershocks which highlight the geometry of the mainshock
rupture, are distributed along a broad NNE-SSW structure with shallow
seismicity (Fig. 4a-b) and have a total length of approximately 20 km.
This rupture length is confirmed by inverting synthetic aperture radar
(SAR) data (Lin et al., 2015; Kobayashi et al., 2018). The rupture length
is likely greater than the expected for a M, 6-6.2 (we estimated 8 km in
total from the rupture directivity analysis). This may be due to, (1) the
simple fault geometry that the code can provide and, (2) the larger fault
dimensions of the aftershock cluster (compared to the primary slip
surface) due to static-triggering of small faults beyond the borders of the
main rupture.

The final best rupture model (purple arrows in Fig. 4a) provides a
fault rupture direction of N60° with a total length of 8 km and a nearly
pure bi-lateral propagation (e.g., equal predominant and secondary
rupture lengths of 4 km) at an average rupture velocity of 0.94 (with g
being the S-wave velocity). We note that the retrieved bi-lateral rupture
mode and length match well the mainshock epicenter location and the
early-time (3 h after MOT) spatial aftershock distribution. Moreover, the
rupture orientation derived from the mainshock directivity analysis,
points toward South-West and North-East which correspond well to the
1-3 km shallow and 4-6 km deep, high-slip mainshock fault patch,
respectively (Kobayashi et al., 2018, see Fig. S15 in SM).

During the first phase of aftershocks, the seismicity deepens moving
toward north-east (Fig. 4a-b and Fig. 5a,e,i,m), reaching up to 8-9 km
depth in the northernmost sector (Fig. 5a). Moreover, the northern
segment is more populated with aftershocks and characterized by a
small cluster activated by the major aftershock of Mjma 4.4 at 4 km of
depth during the first hour after the MOT (green star in Fig. 4a-b and
Fig. 5a). Using the seismicity belonging to this cluster in the entire time
period (red dots in Fig. 4f and seismicity between 2 and 5 km of depth in
Fig. 3 and 5d), we calculated the composite focal mechanism (cluster B

in the Table S1 and Fig. S7) and found a strike of 47°, dip 61°, consistent
with the fault segment associated with the mainshock rupture and the
distribution of seismicity (Fig. 4f and Fig. 5a-d).

The south-western seismicity delineates a single fault plane that is
co-located with the OTNF structure (Fig. 4a-b and Fig. 5a-d; Pan-
ayotopoulos et al., 2016). In detail, the aftershocks delineate a fault
segment in the south of 8 km length with a strike of around 20° (Fig. 4a)
and mainly up to 4 km of depth indicating that the mainshock ruptured
upward (Fig. 5i). In previous work on the sequence (Panayotopoulos
etal., 2016; Ando et al., 2017) there is almost no seismicity in the upper
two kilometers of the crust in the southernmost section compared to the
locations obtained in this paper (section A-A’ on Fig. 4a-b and Fig. 5m).
This discrepancy mostly reflects the difference of the catalog and on the
use of the 3D velocity model that accounts for the strong lateral varia-
tion in velocity across the area characterized by two different domains
(INZ and NFM in Fig. 1) side by side. We can note that the result is
consistent with slip distribution on the fault estimated by Kobayashi
et al.,, 2018. Indeed, the seismicity in the first 2 km depth in the
southernmost area of the sequence (Fig. 4a-b and Fig. 5m) is located
around the shallow high-slip patch of the mainshock (Fig. S15 in SM).

By considering the seismicity clustered around the mainshock loca-
tion (magenta dots in Fig. 4f), we calculated the composite focal
mechanism (cluster A in the Table S1 and Fig. S6) and found a fault
plane with a strike of 20° and east-dipping at 55° which is consistent
with the distribution in plane (Fig. 4f) and in depth (Fig. 3 and 51) of
clustered seismicity and with the mainshock CMT solution estimated by
the NIED using Full Range Seismograph Network of Japan (F-net)
(National Research Institute for Earth Science and Disaster Prevention,
2014) (see Fig. 4a-b and Table S2). For the shallow seismicity at <2 km
depth in the southernmost section A-A’ (pink dots on Fig. 4f), we
calculated the composite focal mechanism (cluster C in the Table S1 and
Fig. S8) and found a fault plane with a strike of 20° and east-dipping of
50° which is consistent with the distribution of seismicity along the fault
segment in the southern area.

We note that the clusters A-B-C show a sense of movement consistent
with the orientation of the regional stress field. Clusters A and C show a
clear reverse sense of movement, while cluster B shows a right lateral
strike-slip sense of shear, likely due to the rotation of the fault toward
the east in the northern area.

4.2. Phase 2 / Deep aftershocks distribution in the northern area

Between 12 and 24 h after the MOT, in the northern area (i.e., section
C-C), a second major shock with Myya 4.4 occurred (green star in Fig. 4c
and Fig. 5f) on a different fault segment. For the cluster associated with
this major aftershock (black dots in Fig. 4f), we calculated the composite
focal mechanism (cluster D in the Table S1 and Fig. S9) to produce a
fault plane striking at 210° and west-dipping 60°, consistent with the
seismicity depth distribution (Fig. 5f) and with the major aftershock
CMT solution estimated by NIED using F-net (National Research Insti-
tute for Earth Science and Disaster Prevention, 2014) (Table S2). In the
northernmost section D-D', a significant increase of events is observed in
the deep part (up to 8 km depth) of the northern sector (Fig. 5b).

After 24 h from the MOT, we observed a significant increase of the
number of events in the deeper part of the fault surface, between 6 and
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Fig. 5. Cross-sections of the aftershock sequence perpendicular to fault strike at different time periods (i.e., phases 1, 2, &3) after the mainshock. Red star denotes the
mainshocks and the green stars correspond to the major aftershock with a Myya > 4. Circles denote aftershocks and sizes scale with magnitudes. Gray circles
correspond to the aftershocks which occurred before the time interval presented. Colored aftershock circles indicate depth of the aftershocks (see colour bar for depth
scale). Red dash contours indicate the positions of the high-slip patches from the model estimated by Kobayashi et al. (2018). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

10 km of depth, starting from the northernmost section D-D’ up to the
section B-B' in the area of the mainshock (Fig. 4d and Fig. 5c¢,g). How-
ever, it’s not easy to define the activation time of the deep seismicity in
the southern area. In section D-D' (Fig. 5¢), we distinguish two separate
clusters, one between 6 and 8 km depth (blue dots in Fig. 4f) and the
second deeper cluster, between 7 and 10 km (green dots in Fig. 4f). We
calculated clusters the composite focal mechanisms for each of the
clusters and found their spatial distributions to be consistent with the

strike and drip from CMT solution. The CMT solution of the cluster
(cluster E in the Table S1 and Fig. S10) between 6 and 8 km of depth
(blue dots in Fig. 4f) has a fault plane with a strike of 70° and southward
dip of 80° and for cluster (cluster F in the Table S1 and Fig. S11) between
7 and 10 km (green dots in Fig. 4f) has a fault plane striking at 254° with
a dip of 61° north. Moving toward the south-west, in the section C-C’
(Fig. 4d and Fig. 5g), a cluster with a near-vertical distribution is clearly
observed. For this deeper cluster (cyan dots in Fig. 4f), we calculated a
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composite focal mechanism (cluster G in the Table S1 and Fig. S12) with
a strike of 206° and an eastward dip of 77°, which matches the seismicity
distributions. Given the time delay of hours between these four clusters
and the main rupture, we hypothesize that static stress transfer is the
likely triggering mechanism for these aftershocks. Also in the same
period, we can observe an increase of seismicity in the southernmost
area (section A-A’) between 2 and 4 km of depth (orange dots in Fig. 4f).
The composite focal mechanism (cluster H in the Table S1 and Fig. S13)
gives a fault plane with a strike of 20° and a dip of 80° to the east.

We can observe the variability of the rupture behavior of the clusters
during this phase with the clusters D, E, and F which are showing a right
lateral strike-slip sense of movement, the cluster G is showing a normal
movement, and the cluster H is showing a left lateral strike-slip sense of
movement.

In previous studies, the authors associated the deep seismicity in the
northern area (Fig. 4c-d and Fig. 5b-c-f-g) to the extension of the
mainshock fault at depth (Panayotopoulos et al., 2016; Ando et al.,
2017). The small-scale complexity that we can reveal by considering
high precision locations obtained refining the absolute picks, allowed us
to identify and geometrically characterize these clusters. For each of
these clusters the estimated dominant focal mechanisms show sub-
vertical planes consistent with the seismicity delineated fault. Our
analysis suggests that the deep seismicity in the northern area did not
occur on the same fault plane as the mainshock but was part of a wider
fault surface comprising sub-parallel segments.

4.3. Phase 3 / Deep aftershocks distribution in the southern area

One week after the MOT, the southernmost area (section A-A’) was
characterized by an increase of seismicity to a depth of 5 km (Fig. 4e and
Fig. 5p). We calculated the composite focal mechanism (cluster I in the
Table S1 and Fig. S14) and found a fault plane solution with a strike of
16° and a dip of 77° to the east for the deep seismicity in the southern
area (yellow dots in Fig. 4f).

By identifying the small-scale complexity of the southernmost area at
section A-A’, we distinguish the higher dipping structures of two deeper
clusters (H and I) with respect to the shallower structures (cluster C on
Fig. 4f and Fig. S8). The deeper clusters H and I show a left lateral strike-
slip sense of movement, while the cluster C, activated during the
mainshock rupture phase, shows reverse kinematics. The gaps in after-
shocks at 6 km depth in the northern area (red dashed contoured area in
section C-C/, Fig. 5h) and up to 2 km above the mainshock cluster (red
dashed contoured area in section B-B/, Fig. 51) are well correlated with a
high slip patch of the mainshock rupture (Kobayashi et al., 2018; see
Fig. S15 in SM).

The shallower seismicity, < 6 km depth, shows several relatively
high magnitude shocks, followed by a power-decaying number of events
with time from the mainshock (see Fig. 3 and S16 in SM). On the other
hand, the deeper volume seems to have not been activated by major
aftershocks and the temporal distribution of seismicity is almost con-
stant in time (see Fig. S16 in SM). Thus, we can observe a different
behavior in terms of seismicity time occurrence between the shallow and
deep part of the fault surface and between the northern and southern
areas. This different behavior of cluster-events with time within the
same seismic sequence has been observed in other seismic regions
worldwide and associated with different triggering mechanisms, static-
stress transfer or pore-fluid induced effect (De Barros et al., 2019).
Furthermore, this could also arise from the fact that some of the fault
segments from the deep portion of the fault surface are very steep, and
therefore may not be optimally oriented to be (re)activated. However,
further and more quantitative investigations are required to explain the
different behavior of the cluster-events.

4.4. Segmented fault surface

As previously mentioned, the fault system responsible for the Nagano
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earthquake sequence is an inherited extensional fault which is currently
being reactivated with primarily reverse kinematics in response to the
inversion of the NFM basin. Although some characteristics of the orig-
inal, extensional fault system such as the dip or strike of individual fault
segments may have been during fault inversion, the bulk 3D geometry
(e.g., degree of fault segmentation, types of linkage between adjacent
fault segments) is likely to have been preserved through the episode of
fault reactivation and inversion.

In describing and interpreting the 3D structure of the fault surface,
we adopt geometrical templates and associated terminologies that have
been used for extensional faults. It is well-known that extensional faults
are seldom individual planar surfaces in 3D, and most often comprised
of multiple fault segments (Walsh and Watterson, 1989; Childs et al.,
1996, 2009; Peacock, 2002; Marchal et al., 2003; Walsh et al., 2003;
Kristensen et al., 2008; Delogkos et al., 2017; Camanni et al., 2021,
2023b; Roche et al., 2021). An important notion to be introduced here is
that of “relay zone”, defined as the volume of rocks between two adja-
cent fault segments, whose deformation facilitates the transfer of
displacement from one fault segment to another (Larsen, 1988; Peacock
and Sanderson, 1991, 1994; Childs et al., 1995; Huggins et al., 1995;
Camanni et al., 2019, 2023a, 2023b; Delogkos et al., 2020; Nicol et al.,
2020; Roche et al., 2020, 2021). In this work we are not concerned with
the exact mechanism for transferring displacement across relay zones,
but rather are focused on their 3D geometry. Therefore, in this section,
we will first describe the 3D nature of the studied fault surface, and we
then compare it with other templates of 3D segmented normal fault
surfaces described in the literature.

The southernmost fault segment is made up of a single, planar, east-
dipping surface (segment A in Fig. 7, section B-B' in Fig. 6) which, in the
south, splays into three, subordinate segments juxtaposed across two
relay zones with a sub-horizontal axis (segments C-I-H in Fig. 7, section
A-A’ in Fig. 6). It is worth noting here that, in cross-section (panel b in
Fig. 6), the envelopes of these three segments have a dip angle which is
steeper than that of segment A (Fig. 6-7).

The northernmost fault segment is geometrically more complex than
the southern area (Fig. 6-7). Overall, it comprises two subordinate fault
segments vertically juxtaposed across a relay zone, with a sub-horizontal
relay axis; an antithetic fault (i.e., more prominently west-dipping) is
associated with this relay zone (segment D in Fig. 7, section C-C' in
Fig. 6). The upper segment (segment B in Fig. 6-7), is an individual east-
dipping surface, while the lower segment is a sub-vertical to steeply
west-dipping surface (segment G in Fig. 6-7). The segment G splays into
two minor segments (segments E and F in Fig. 6-7) toward the north
which are juxtaposed across a sub-horizontal relay zone (section D-D' in
Fig. 6).

5. Discussion
5.1. 3D structure of the seismological-derived fault surface

The seismological-derived 3D structure of the fault surface has
several geometrical characteristics similar to the 3D structure of normal
faults from fault mapping of higher resolution datasets such as field and
3D seismic reflection (e.g., Marchal et al., 2003; Kristensen et al., 2008;
Tvedt et al., 2013; Worthington and Walsh, 2017; Freitag et al., 2017;
Lapadat et al., 2017; Camanni et al., 2019; Roche et al., 2020, 2021).
Direct comparison between datasets is viable since the segmentation of
the fault studied here is interpreted to be inherited from an extensional
fault. In particular, recent work (e.g., Camanni et al., 2019; Roche et al.,
2021) show that, overall, relay zones on normal faults are mostly either
sub-horizontal (i.e., neutral relay zones) or sub-vertical (i.e., dip relay
zones); a characteristic in common with the fault zone studied here.
Similarly, in circumstances where normal faults are vertically
segmented, it has been shown that the individual fault segments have a
sense of stepping which gives rise to mostly contractional rather than
extensional strains in the relay zones (e.g., Camanni et al., 2019). This
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Fig. 6. Map (a) and cross-section (b-e) views of the main fault segments identified in this study. The colour of the segment is following the 3 phases discussed in this
study (orange: first phase; green: second phase; blue: third phase). The index letters of each composite focal mechanism are referred in the Table S1 in SM. The red
and blues lines on the map correspond to the fault traces at the surface of the Kamishiro fault and the Otari-Nakayama fault respectively. The red and blue triangles
on the sections correspond to the position of the fault trace at the surface of the Kamishiro fault and the Otari-Nakayama fault respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

appears to also be valid for the fault zone studied here, where the hor-
izontally segmented faults have relay zones with a contractional
geometrical configuration (see, e.g., relay zones between segments C-I-
H, and relay zones between segments B-E—F). Finally, it is worth
mentioning here that the resolution of the hypocenter data used in this
study does not allow us to define whether segments are connected.
However, for the sake of clarity, in Fig. 6-7 segments are drawn as
physically disconnected.

5.2. Implications of 4D analysis on stress triggering models and seismic
hazard

Fault segments, during an earthquake, interact through stress
transfer, and understanding these interactions is crucial for predicting
how seismic events may trigger activity on adjacent segments. Recon-
structing faults in 3D offers a more detailed view of these interactions,
improving stress transfer models and predictions of fault behavior. After
a rupture, stress redistributes to neighboring segments that could in-
fluence their ruptures depending on the geometry and the orientation
(Stein, 1999). Coulomb stress change models are especially sensitive to
fault geometry, with variations in orientation and segmentation
affecting stress redistribution (King et al., 1994; Stein, 1999; Toda et al.,
2005). Simplified models may miss key details, such as fault bends,
stepovers, or branching structures (King et al., 1994). Fault inversion
models that incorporate detailed 3D reconstructions can better capture
these spatial variations, leading to more accurate predictions of segment
behavior during seismic events (Noda and Lapusta, 2013).

In our complex fault surface model based on the spatial distribution
of earthquakes together with the composite focal mechanisms of sig-
nificant clusters, we found that the fault segments associated with the
aftershocks in the different phases of the Nagano sequence are located
around the dominant slip path of the mainshock (Fig. 8). The volume
around the dominant slip path can be associated with the regions where
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Coulomb stress increases, as these areas experience the highest stress
transfer following a rupture (King and Cocco, 2001; Toda et al., 2011;
Ross et al., 2017; Hardebeck, 2021; Gong et al., 2024). The final 3D
segmented model is then consistent with these observations.

Moreover, the highly segmented nature of the surface during the
Nagano earthquake sequence suggests that the rupture process could be
more of a cascading phenomenon than a single continuous rupture front
propagating along a fault. Along the reconstructed segmented fault
surface, we found a high variability of P- and T-axes direction especially
with depth (Fig. 7). The analysis of the temporal sequence of activation
of the 3D segments (Fig. 8) within the time windows previously
described, provide insights on the 4D evolution of rupture activated
during the 2014 Nagano earthquake sequence. We can note the differ-
ence of the rupture kinematics of the segments among the fault surface
of the later phases with respect to the ones of the first phase. This
variation of the rupture kinematics can be explained by (i) a strong
variation of the fault geometry with respect to the orientation of the
regional stress field and (ii) the variation of the strain among the fault
surface in the days/weeks after stress release due to the mainshock
rupture. These results suggest that the initial structure of the segmented
fault surface, that ruptured during the sequence, has a key control not
only on earthquake clustering but also on the seismicity evolution,
including the segments activation and their kinematics into the three
rapture phases.

The proposed framework for reconstructing the fault surface
involved in the Mw 6.2, 2014 Nagano aftershock sequence that integer
the discontinuities and the strain variability along the fault surface will
lead to a more reliable evaluation of slip distribution of the main rupture
(Cesca et al., 2017), stress transfer mechanisms to neighboring seg-
ments, linking behaviors among adjacent segments (Hodge et al., 2018),
and identification of segments that are likely to rupture next, providing
valuable information for surface faulting hazard assessments (Pratt
et al., 1998; Improta and Bruno, 2007; Kaiser et al., 2011; Bruno, 2023;
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Fig. 7. 3D model of the studied segmented fault surface and geological map of the study area (colors in the map are as in Fig. 1). The colour of the segment and the
focal mechanism is following the 3 phases discussed in this study (orange: first phase; green: second phase; blue: third phase). The gray arrows on the segments
represent the movement on the fault with respect to the estimated focal mechanisms. The index letters of each fault segment are referred to Table S1 in SM. The red
and blues lines on the map correspond to the fault traces at the surface of the Kamishiro fault and the Otari-Nakayama fault respectively. The red and blue surfaces at
depth correspond to the position of the fault plane of the Kamishiro fault and the Otari-Nakayama fault respectively. The orange triangle and the green square on the
focal mechanisms represent the projection of the T-axis and P-axis, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Maraio et al., 2023).

Several complex ruptures have shown that the fault surface discon-
tinuities have to be considered for reliable surface faulting scenarios
(2010 Mw 7.1 Canterbury, Gledhill et al., 2011; 2012 Mw 8.6 Sumatra,
Satriano et al., 2012; 2016 Mw 7.8 Kaikoura, Cesca et al., 2017; 2016
Mw 6.5 central Italy, Scognamiglio et al., 2018). Segments may rupture
independently in smaller size but more frequent events, or rupture
together in larger size with less frequent earthquakes, with stronger
ground motions and higher seismic hazards. Segment interaction de-
pends on fault discontinuities at a scale of a few kilometers length, as
fault bends or stepovers (Howell et al., 2024). In terms of hazard, on the
short-term (e.g., 500 years), fault models in which the ruptures are
confined to individual fault segments (segmented model) have slightly
higher hazard with respect to fault model in which ruptures could
involve different segments (named multi-fault) because the seismic
moment is accommodated by frequent moderate earthquakes (Valentini
et al., 2020; Howell et al., 2024). But, on the long-term hazard assess-
ments, simulating the segment interaction with a reliable model (multi-
fault), allows to include in the hazard scenarios the less probable, but
more destructive, large magnitude (M,, > 6) event (Howell et al., 2024)
which considerably raises the seismic hazard. Indeed, over longer time
periods (e.g., 2500 years), the likelihood of a larger multi-segment
rupture becomes more relevant, as such large events tend to have
longer recurrence intervals (Wesnousky, 2006; Field and Page, 2013). In
our case, detailing the geometry and kinematics of the complex fault
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segments, whereas the different phases of rupture following the main-
shock, would enhance the surface faulting hazard evaluation of the ISTL
at local scale over long time periods.

Finally, for near-term (e.g., < 50 yrs) hazard scenario assessment, the
high precision analysis of aftershock spatio-temporal evolution for a
large time span after the mainshock (one month), reconstructing also the
involved fault segments, is crucial. The aftershock occurrence can affect
the near-term seismic hazard through, principally, two mechanisms, the
stress redistribution and the fault weakening. The stress transfer can
either increase or decrease the likelihood of future seismic events on
nearby faults (depending on the fault geometry and the orientation of
the stress field), while the fault weakening make the fault more sus-
ceptible to future ruptures by increasing the probability of significant
seismic activity in the near term (Scholz, 2010). These effects are
particularly significant in regions with complex fault systems, where
interactions between fault segments can amplify seismic risk over a short
time frame (Scholz, 2010; Miller, 2020).

6. Conclusions

With the aim to reconstruct the 4D multi-segmented rupture history
of the 2014 M,, 6.2 Nagano sequence, by relocating about 2500 after-
shocks to reconstruct an enhanced catalog with high-resolution loca-
tions (e.g. 100-200 m). We increased the three-month JMA seismic
catalog of around the mainshock by around 10 %. Then, we used a new



T. Mugellec et al.

0 200

1 il 180

2 3 160
_;é 3 1l
_E 4 1 120 é
a5 g 100 EL
Q6 1 80 =

7 - 60

8 1 40

9 4 120

0 0

‘| 4

2 B
£4 1
23 1 Phase 1
Q6 B

7 -

8 4

9 4

0

1 d

2 4
-g‘; i Y
2. ] Phase 2

7 ]

8 4

9 -

0

1 4

2 4
=4 1 VY
g° Phase 3
a6 J

7 J

8 4

9 4

14

12

Distance along the strike (km)

Fig. 8. Fault strike-projection views of (a) the aftershock seismicity over the
entire time period on the slip model obtained by Kobayashi et al., 2018 and (b-
e) the 4D seismicity evolution of the Nagano earthquake sequence in the 3
phases described in this study (orange, phase 1; green, phase 2; blue, phase 3).
The colour of the segment denotes the 3 phases. The index letters of each fault
segment are referred to in Table S1 of the SM. Black circles indicate the
aftershock location. White star indicates the M,, 6.2 mainshock location. The
gray lines indicate the contour of the slip along the fault. The purple arrows
indicate the rupture directivity and the rupture mode of the mainshock. The red
line indicates the position of the surface rupture. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

method for the refinement of automatic picks that includes; 1) the
construction of a family of co-located events with high cross-correlation
of waveforms at the same station; 2) the construction of a reference trace
for each family through a weighted stack of waveforms on which mea-
sure a reference automatic pick; 3) the use of a reference pick to adjust
the other picks of waveforms in the family. Each pick is associated with a
weight based on the SNR ratio around the refined pick. This procedure is
crucial, together with the use of reliable 3D velocity models, to obtain
accurate depth estimations of events. The refined picks were inverted by
a tomographic approach to obtain 3D P- and S-wave velocity models. We
obtained the final location catalog by using the double-difference
method and 3D velocity models (P and S-phase) optimized for the
study area.
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By using these methods, the highly accurate relocation allowed us to
unravel the 3D small-scale geometric complexities of the fault surface by
analyzing the spatial distribution of the aftershocks with unprecedented
detail. The early aftershock distribution and the strong motion data
confirm the bilateral propagation of the mainshock rupture consistent
with the distribution of aftershocks in the first 3 h after the mainshock.
By following the aftershock evolution in time, a complex cascading
rupture phenomena can be unraveled with rupture of 9 different fault
segments well constrained in terms of their geometry, timing in 3D and
composite focal mechanisms. The temporal evolution of fault rupture
into 3 phases involved first the shallow northern and southern areas of
the fault surface, then the deeper northern portion of the system and
finally the deeper and the shallower part of the southern area. Among
the different fault segments, we observe different kinematic behavior for
the segments, which can be explained by ruptures variations in the fault
geometry together with temporal and spatial changes in the stress field
in the days/weeks after the mainshock rupture. This application to
reconstruct the complexity of the fault surface can be used both for
guiding the fault mapping at depth in active fault areas and better un-
derstand the earthquake rupture.

The 4D fault reconstruction enhances stress transfer models and
seismic predictions. In the Nagano earthquake sequence, aftershocks
were concentrated around the main slip path, associated with the re-
gions where Coulomb stress increases. The complex fault geometry in-
fluences seismicity evolution and short- and long-term seismic hazard,
with segments potentially rupturing separately or together, leading to
larger magnitude earthquakes.
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