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On October 9, 2014, a Mw 7.1-6.7 seismic doublet occurred at the Juan Fernandez microplate, close to the triple
junction with Pacific and Nazca plates. The Mw 7.1 earthquake is the largest earthquake ever to have been
recorded in the region. Its thrust focal mechanism is also unusual for the region, although the northern part of the
microplate is expected to undergo compression. The region is remote and seismological data is limited to a
seismic station at ~600 km distance on Easter Island and teleseismic observations for the largest events. We use a
combination of advanced seismological techniques to overcome the lack of local data and resolve earthquake
source parameters for the doublet and its aftershock sequence, being able to reconstruct the chronology of the
sequence and the geometry of affected fault segments. Our results depict a complex seismic sequence charac-
terized by the interplay of thrust and strike-slip earthquakes along different structures, including a second,
reversed strike slip-thrust seismic doublet in November 2014. Seismicity occurred within the microplate and only
in the late part of the sequence migrated northward, towards the microplate boundary. The first largest doublet,
whose rupture kinematic is well explained by stress changes imparted by the first subevent on the second one,
may have activated unmapped E-W and NE-SW faults or an internal curved pseudofault, attributed to the long-
term rotation of the microplate. Few large, thrust earthquakes are observed within the sequence, taking place in
the vicinity of mapped compressional ridges. We suggest that compressional stresses in the northern part of the
microplate and at its boundary are partially accommodated aseismically. However, the occasional occurrence of
large, impulsive thrust earthquakes, with a considerable tsunamigenic potential, poses a relevant hazard for
islands in the South Pacific region.

1. Introduction

The Juan Fernandez Microplate (JFMP) is a small oceanic plate
located in the Pacific region at the triple junction of the Pacific (PP),
Nazca (NP) and Antarctic (AP) plates (Larson et al., 1992; Searle et al.,
1993; Bird, 2003). The microplate extends for about 410 x 270 km,
located at about 32-35°Lat S and 109-112 Lon W (Bird, 2003) along the
super-fast spreading East Pacific Rise. The discovery of the JFMP dates
to the early 70s and is attributed to Herron (1972) and Forsyth (1972),
who proposed its existence on the basis of the distribution of seismicity
and focal mechanisms (Barazangi and Dorman, 1969; Forsyth, 1972;

Anderson et al., 1974). The microplate was named after the Spanish
explorer and navigator Juan Fernandez and the group of islands bearing
his name (Craig et al., 1983), despite the fact that they actually lay more
than 2000 km to the east. The JFMP is one of the largest microplates
along the East Pacific rise and one among those located at a triple
junction (Larson et al., 1992). The first mapping of its Eastern and
Western ridges along the East Pacific Rise at 31-35° Lat S (Craig et al.
1983) was later complemented by a first geophysical survey (Anderson-
Fontana et al., 1986), including mapping of bathymetry and magnetic
anomalies. Further surveys (Francheteau et al., 1987; Yelles-Chaouche
et al., 1987) helped to reconstruct the divergent JFMP-NP and JFMP-PP
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plate boundaries (JFMP Eastern and Western Ridges, respectively): The
Eastern Ridge experienced crustal accretion over the past 4 Myr, while
the northern segment of the Western Ridge contains a large overlapping
spreading centre (Larson et al., 1992). Combining local mapping with
seismicity and slip vector information, the microplate outline and its
Euler vectors could be defined (Anderson-Fontana et al., 1986). Since
Euler poles lie on the JFMP or within a few hundred kilometers, a large
rotational motion of the microplate has been inferred (Larson et al.,
1992). The plate boundary database by Bird (2003) reports for the JFMP
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a Euler pole at 35.910° Lat N, 70.166° Lon E, with a rotation rate of
22.52°/Ma after Anderson-Fontana et al. (1986) and plate boundary
after Larson et al. (1992).

It is estimated that the JFMP formed about 4-6 Ma ago. Similarly to
the neighbouring Easter Island Microplate, the JFMP kinematic has been
described by a so-called “roller-bearing” model (Larson et al., 1992;
Searle et al., 1993; Bird et al., 1998), where the JFMP rotates quasi-
rigidly with at least two Euler poles located in the close vicinity of the
microplate boundaries and with small internal deformation. According
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Fig. 1. Seismicity at the Juan Fernandez microplate. (a) Spatial distribution of seismicity in the years 2000-2019 (joint catalogs of Global CMT and USGS), showing
locations (gray circles) and focal mechanisms, when available (focal sphere coloured according to the legend in (b): normal faulting in green, strike-slip in blue,
thrusts in red). Events with focal mechanisms occurring within 120 days since the doublet are identified by yellow pressure quadrants). The location and mechanisms
of the doublet are highlighted by black arrows. Dashed black lines denote plate boundaries and dashed arrows the average relative plate velocity with respect to the

Nazca plate, bold numbers indicating velocity values in mm/a (after Bird, 2003).

(b) Timeline of seismicity showing magnitude, cumulative scalar moment and

cumulative number of events as a function of time (joint Global CMT and USGS catalog). (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 the roller-bearing model (Schouten et al., 1988), shear motion at
microplate boundaries can apply a torque, which acts as driver for the
microplate rotation. In such a model, the microplate is instantaneously
in contact with bounding plates at two points, where the plate motions
are tangential to the microplate outline. The tectonic history of the JFMP
has undergone different phases, which have been reconstructed by Bird
et al. (1998), experiencing an overall clockwise rotation. The microplate
rotation was originally driven by a faster shear motion imposed by the
PP and NP. However, the progressive decoupling from the PP and
coupling to the AP resulted in the continuation of the clockwise rotation,
but now driven by the NP and AP (Larson et al., 1992) and at a slower
pace of ~22.5°/Ma (Anderson-Fontana et al., 1986; Bird, 2003). Eastern
and western boundaries of the JFMP are well delineated (Larson et al.,
1992) and marked by strike-slip earthquakes (Global CMT). The East
Ridge is propagating northwards and the West Ridge southwards,
consistent with the prediction of the roller bearing model. The rotation is
accompanied by formation of curved pseudofaults both inside and
outside the JFMP; inner and outer pseudofaults have been mapped at the
Western and Eastern Ridges, progressively growing and bending with
the rotation of the microplate (Larson et al., 1992; Searle et al., 1993).
Psuedofaults refer here to the traces of propagating ridge tips (Hey,
1977; Searle et al., 1993). East and West ridges appear segmented, with
single segments varying 15-135 km in length (Searle et al., 1993). On
the contrary, the northern boundary is diffuse and predicted to be under
compressional stress (Anderson-Fontana et al., 1986; Naar et al., 1991).
However, no thrust earthquakes are known in the region prior to 2014.
As for the East Pacific Rise section, which extends to the north of the
JFMP until it meets the Easter Island Microplate, and is also relevant to
our study, it has been suggested that it undergoes a cyclic contrary
propagation and failure of two overlapping spreading centres, without
the formation of an additional microplate (Hey et al., 1995; Martinez
et al., 1997).

The first dedicated seismicity analysis (Sykes, 1967; Forsyth, 1972;
Anderson et al., 1974; Anderson-Fontana et al., 1986), available for a
few events in the study region, identified only strike-slip focal mecha-
nisms. Nowadays, broader information is available for the following
decades thanks to global seismic catalogs e.g. by Global CMT (Dzie-
wonski et al., 1981; Ekstrom et al., 2012) and USGS (https://earthquake.
usgs.gov/, last accessed 1.7.2020), which provide hundreds of moment
tensors at the JFMP boundaries. Looking at the distribution of hypo-
centers and focal mechanisms until fall 2014, the seismicity at the plate
boundary is found to be discontinuous and to reflect the complex motion
and the segmented boundaries of the microplate (Fig. 1); until 2014 the
peak magnitude was Mw 6.5 (June 10, 1997). The JFMP rotation and
shearing to neighbouring plates have been seismically accommodated
by a majority of left lateral strike-slip earthquakes along transform
segments of the microplate margins. NS oriented normal faulting dom-
inates along the Eastern Ridge and at the southernmost part of the
Western Ridge, next to the JFMP-PP-AP triple junction. Very few thrust
mechanisms are observed, even at the northern JFMP boundary, which
should experience local compression. Three low seismicity regions are
found at the Northern (JFMP-NP) and Southern (JFMP-AP) microplate
boundaries, and at the central segment of the Western Ridge (JEMP-PP).

On October 9, 2014, a Mw 7.1-6.7 seismic doublet (Mw 6.9-6.6
according to Global CMT) occurred close to the PP-NP-JFMP triple
junction, but apparently within the microplate (Fig. 1). The two events
in the doublet, occurring less than 20 min apart, are the largest ever
recorded at the JFMP and the stronger one exceeds any previous
earthquake in the region by half a magnitude. Also peculiar was the focal
mechanism of the largest subevent, characterized, according to Global
CMT, as a pure thrust mechanism. Here, we study in detail the rupture
process of the doublet and its seismic sequence, by means of moment
tensor inversion, waveform similarity, rupture directivity modelling,
rupture geometry mapping and Coulomb stress analysis, to investigate
their role in the framework of the JFPM rotational kinematics.
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2. The 2014 seismic doublet at the Juan Fernandez microplate

The seismic sequence started on October 9, 2014, at 2:14:42 UTC,
with a Mw 7.1 earthquake striking at Lat 32.34° S, Lon 110.81° W
(centroid location by Global CMT) in the Northernmost part of the JEMP
(from now on referred as the first subevent). The Global CMT catalog
reports a thrust mechanism oriented roughly ESE-WNW at a fixed
shallow depth of 12 km and an unusually short (11.0 s) difference
among hypocenter and centroid times, suggesting an impulsive earth-
quake with short rupture duration. Even accounting for the remoteness
of the study region and the poor earthquake detectability (minimum
magnitudes reported by Global CMT are above Mw ~5.5 before 1990,
and above Mw ~ 5.0 in the period 1990-2006), thrust earthquakes are
extremely rare in the region, and there are no reported cases of Mw 6+
with such mechanism in the region prior to 2014. Only 18 min later, at
2:32:14 UTC, a second earthquake occurred (hereon referred as the
second subevent), with magnitude Mw 6.7; Global CMT reports a depth
of 18 km, strike-slip mechanism and a centroid located about 25 km
WSW of the first shock. The differential centroid-hypocenter time of 9.3
s is only slightly shorter than for the first subevent, besides from a
significantly weaker magnitude. Unexpectedly for seismicity close to the
mid oceanic ridge, the doublet generated a moderate tsunami: tide gages
measured peak tide amplitudes of 47 cm at Easter Island, Chile, ~10 cm
at Santa Cruz, Galapagos, Ecuador and at San Felix and Bahia Mansa,
Chile, and <5 cm at Juan Fernandez, Chile (www.tsunami.gov, last
visited 1.7.2020).

The doublet presents two uneven focal mechanisms, with a first,
larger thrust event and a second strike-slip event: while seismic doublets
with different focal mechanisms have been observed in the past (e.g.
Ghods et al., 2015; Liu and Zahradnik, 2020), they remain relatively
rare, especially for doublets of such large magnitude. Earthquake dou-
blets and multiplets have been observed globally (Kagan and Jackson,
1999) and they have been studied to map stress heterogeneities at plate
boundaries, and understand the behaviour of complex fault systems and
earthquake triggering (e.g. Lay and Kanamori, 1980; Astiz and Kana-
mori, 1984; Lay et al., 2013; Zahradnik et al., 2017; Danré et al., 2019;
Niazpour et al., 2020). Waveforms of the two earthquakes recorded at
the closest broadband station on Easter Island (seismic station Rapa Nui,
RPN, of the Global Seismograph Network - IRIS/IDA (GSN) network,
Scripps Institution Of Oceanography, 1986) are shown in Fig. 2. The
difference among seismic signals, as well as different amplitude ratios
among vertical (LHZ) and horizontal (LH1,LH2) components, are clearly
visible both in the high and low frequency bands and are illustrative of
the different focal mechanisms of the two subevents, despite their close
locations.

The earthquake doublet was followed by a seismic sequence, with 13
additional events above Mw 4.4 reported (joint USGS and Global CMT
catalogs) in the following week. Global CMT reports focal mechanisms
for 9 of these aftershocks: surprisingly, all these solutions except one,
propose strike-slip mechanisms well compatible with the second,
weaker subevent, against a single thrust mechanism similar to the first,
larger subevent. After a quiescence period of about 15 days, seismicity
took over again North and Northwest of the doublet, with three earth-
quakes above magnitude Mw 4.9. In particular, a new doublet was
observed on November 1, 2014, with a reversed sorting: first a strike-slip
subevent (Mw 5.7, at 10:05:47 UTC), followed by a thrust subevent (Mw
6.1, at 11:00:00 UTC), and focal mechanisms according to Global GMT
moment tensor solutions.

3. Moment tensor inversion and rupture directivity

Here, we extend the source analysis of the seismic doublet by means
of moment tensor (MT) inversion and rupture directivity analysis.
Seismic sources of the aftershocks and the following seismic sequence,
including the later doublet in November, are studied by a combination
of MT inversion and waveform similarity analysis. Our aim is to confirm
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Fig. 2. Example of the earthquake doublet seismic waveforms in two different frequency bands (0.01-0.03 Hz dark blue, 0.05-0.50 Hz light blue), recorded at the
station IL.RPN.0O, Easter Island, Chile, which is the closest seismic station, located at ~600 km epicentral distance. Vertical dashed lines denote the origin time (t1,
t2) of the two events of the doublet. P and S picks and differential ts-tp times at RPN for the two subevents are reported in the top panel. The difference in the focal
mechanisms is responsible for the different ratio among maximal amplitude in different components. (For interpretation of the references to colour in this figure

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

and extend previous seismological results to reconstruct the geometry of
activated fault(s) and track the temporal evolution of seismicity. This
analysis will also help the discussion of anomalous earthquake source
parameters (e.g. unusual rupture duration) and aftershock productivity
(e.g. rate of thrust vs strike-slip aftershocks).

Moment tensor inversion has been first performed for the seismic
doublet and for the largest earthquakes in the sequence using the Grond
software (Heimann et al., 2018), based on seismic data at regional to
teleseismic distances (Fig. S1). For the first subevent we simultaneously
fit the following observations: (1) full waveform displacements on ver-
tical, radial and transversal components (360 s time windows, bandpass
0.01-0.03 Hz) and corresponding amplitude spectra at closest stations
(below 3000 km) II.RPN.10 and IU.PTCN.01, (2) P wave waveforms on
the vertical component (60 s time windows, bandpass 0.02-0.05 Hz) and
S wave waveforms on the transversal component (90 s time windows,
bandpass 0.02-0.05 Hz) on the vertical components (both fitting
amplitude spectra and cross-correlation in the time domain) for open

broadband stations at a distance of 3000-5000 km. For the second
subevent we used the same setup, except that we avoid using P wave-
forms at a far distance, as they overlap with the energetic signal of the
first subevent. For the remaining studied events (i.e. those with Mw
5.5+) we follow a similar approach as for the first subevent, but use a
slightly higher frequency ba2d (0.02-0.06 Hz for all observations),
given the lower earthquake magnitudes. The selection of such a
magnitude-dependent frequency band is not unusual (e.g. Ekstrom et al.,
2012) and driven by our wish to fit low frequency waveforms, which are
less sensitive to the modelling of wave propagation in a simplified 1D
model, while showing good signal-to-noise ratios. Synthetic seismo-
grams and spectra are built for all inversions using a model with an
oceanic crust (6.5 km thick, see Fig. S2) above an AK135 global mantle
model, given that the majority of ray paths to seismic stations at regional
distances or far distance to the Pacific coast of South America, Central
America, Antarctica and Pacific islands mostly cross oceanic crust re-
gions. We assume no isotropic component and invert for a deviatoric
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moment tensor. Note that the software Grond provides source parameter
estimates with uncertainties, estimated by a bootstrap approach on the
available data (Heimann et al., 2018). The main results of the moment
tensor inversion are reported in Fig. 3 (seismic doublet), Fig. 4 and
Table 1 (whole sequence). Full data fits for the doublet are shown in the
supplementary material (Figs. S3-S7).

Results of the doublet are in general agreement with those of Global
CMT: we obtain similar thrust and strike-slip mechanisms for the two
subevents (fault plane angles are reported in Table 1), but estimate
slightly larger magnitudes (Mw 7.1 and 6.7 for the two subevents,
respectively) and slightly shallower depths (5.6 + 3.9 km and 12.3 + 4.5
km for the two subevents, respectively). Non-double-couple (non-DC)
components are scattered and poorly resolved, providing no clear evi-
dence for any reliable deviation from a pure DC model. We also invert
for the rupture duration and obtain values of ~10 and 14 s, respectively.
The short duration estimated for the first subevent is in very good
agreement with the source time function by the SCARDEC database
(Vallée and Douet, 2016), which shows that most moment is released
within the first 10 s, and confirms the unusual short duration of the first
subevent, which is here found to be even shorter than for the second one,
in spite of having a larger magnitude (Mw 7.1 vs 6.7). Moment tensor
solutions, source parameters and example of waveform fits are shown in
Fig. 3.

Moment tensors are resolved for 5 more events in the seismic
sequence with magnitudes in the range Mw 5.7-6.1, including three
aftershocks in the first 30 h following the large doublet and the two
events composing the later doublet on November 1, 2014: these include
three strike-slip earthquakes, one oblique mechanism and one pure
thrust. The November doublet is composed of a strike-slip mechanism
followed (interevent time of less than 1 h) by a thrust event. All cen-
troids are resolved at shallow depths, with strike-slip events consistently
located slightly deeper (10-12 km) than thrust earthquakes (4-6 km),
including the results of the first doublet. Results are in general agree-
ment with those by Global CMT, except for one event (October 10, 2014,
4:07), where we resolve an oblique mechanism, apparently in between
the strike-slip and thrust mechanisms of the October doublet, and Global
CMT predicts a pure thrust faulting in agreement with subevent 1.
Moment tensor solutions for weaker events are difficult to resolve due to
their lower magnitude and the remote epicentral region. The closest
stations (RPN and PTCN) are located at ~600 and ~ 2000 km from the
doublet, and the next ones at more than 3000 km. We therefore follow a
different approach to investigate the focal mechanisms of weaker events.
Since all observations are at far distance of hundreds to thousands ki-
lometers and since the seismicity occurs within a relatively compact
region, a high waveform similarity can be used to detect events with a
similar mechanism. The analysis, illustrated in Fig. 4, has been per-
formed on selected stations/components, chosen to have a low seismic
noise contamination and where the waveforms of the two subevents of
the doublet show significant differences, and thus it is easiest to differ-
entiate among the two potential focal mechanisms. We performed a
waveform cross-correlation among signals of weaker events and refer-
ence ones of the two subevents, allowing for time shift to account for
slightly different ray paths and timing uncertainties. We finally identi-
fied similar waveforms, when the cross-correlation exceeded a threshold
of 0.7; this value was chosen to ensure a high waveform similarity, while
allowing for the classification of a large number of weak events. At the
two closest stations, velocity signals recorded on the BH2 component of
station RPN are very different for the strike-slip subevent 1 and the
thrust subevent 2, and those on the BHZ component of station PTCN are
almost anticorrelated. At a larger distance, BHZ traces at station RAR
show a characteristic ringing signal for the strike-slip subevent, which is
not present for the thrust subevent (note that similar ringing signals are
indeed observed for both subevents, but for different azimuths, sug-
gesting a kind of guided wave traveling over large distances, which is
generated more efficiently for certain combinations of source geome-
tries and azimuths). Comparing waveforms of the following events, we
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can easily classify most of the sources of the seismic sequence, con-
firming our moment tensor solutions and most of Global CMT ones. The
only anomaly, again, is the oblique mechanism aftershock of October
10, where we now infer a predominant strike-slip component. Based on
the joint interpretation of our MT solutions, Global CMT ones and the
waveform similarity analysis we infer the focal mechanisms for 12
events in the sequence, including the original doublet: only two events
present a pure thrust mechanism (subevent 1 of the October doublet and
subevent 2 of the November doublet), while all others show similar
mechanism and/or waveform as the strike-slip subevent 2. For a few
more events, we cannot infer any information on the mechanisms: these
events are either occurring shortly after the main doublet or have a
weaker magnitude, so that in both cases their signal is noisy and/or
overlapped with other strong signals.

A full finite source inversion can hardly be performed here, given the
lack of local stations. Instead, we try to resolve the main rupture
directivity features, which can help to reconstruct the geometry of the
doublet. Two approaches are tested, based on the analysis of apparent
rupture durations and one comparing the hypocentral and centroid lo-
cations, respectively. The first approach (Cesca et al., 2011; Lopez-
Comino et al., 2012, 2016) is based on the analysis of apparent rupture
durations at different azimuths using P waveforms recorded at regional
to teleseismic distances (Fig. 5). Although the network is asymmetric,
with many stations located East of the epicentral region along the coast
of South America, the availability of some stations on the Pacific islands,
Antarctica and Central America helps to reduce the azimuthal gap.
Unfortunately, this approach can only be used for the first subevent,
because the P signals of the second subevent are in most cases over-
lapping with stronger S and coda signals from the first one. We calcu-
lated the normalized energy signals (square amplitude derived from the
displacement) following the P-wave onset at different stations (Fig. 5a).
The selected seismic stations show a good-quality recording in the P-
phase with a maximum epicentral distance of 4961 km; note the closest
station (RPN) is excluded from this analysis because its epicentral dis-
tance is significantly smaller than for all other stations and we prefer to
use a homogeneous dataset. Despite the azimuthal gaps of 71° and 88° to
the N and SW respectively, an azimuthal pattern is clearly observed in
the raw waveforms and P-wave displacements, which can be identified
by the delays of peak squared displacement of the P-phase (D?pmay). The
largest delays of D?ppay, corresponding to the largest apparent dura-
tions, are found for stations located East and West of the epicenter, while
the shortest delays (and apparent durations) are found towards the
South. These delays are measured in the range from 5.0 to 9.0 s; they
represent the apparent delay among nucleation and centroid times for
the first subevents and are used to discuss and quantify the rupture
directivity. Assuming a line source (Haskell, 1964), we consider pure
unilateral, asymmetric bilateral and pure bilateral rupture models to
find the best fitting with this observed data (Fig. 5¢). Inversion yields
similar L1 misfit (~0.4 s) for both unilateral and bilateral rupture
models. However, the resulting rupture directivity towards NNE ob-
tained by the unilateral rupture model appears incompatible with the
two potential fault plane strikes identified in the previous MT analysis
(Fig. 5b). A NNE rupture directivity could still be possible along the low
dip plane, assuming a downdip propagation. Such type of rupture
directivity has been observed for subduction earthquakes (e.g. Tilmann
et al.,, 2016), but rarely in other tectonic contexts. Furthermore,
considering the thin seismogenic volume at the JFMP, a downdip
propagation would be constrained in size. This seems incompatible with
the magnitude, duration and rupture length of this earthquake.
Conversely, for a pure bilateral rupture model we find an azimuth of
254 + 10° (WSW - ENE), which is consistent with the fault plane strike of
266° (Table 1). In addition, this bilateral rupture model is defined by the
maximum of two opposite unilateral Haskell sources yielding a centroid-
origin time delay of 4.7 s (minimum value of the theoretical prediction).
The total rupture duration is thus estimated as twice this value (9.4 s),
because we consider the delay of Dppyax as representing half of the
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Doublet 1st earthquake, 9.10.2014 2:14
(a)
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Fig. 3. Summary of moment tensor (MT) inversion results for the October 2014 earthquake doublet (first

obtained by overlapping semitransparent Mts, obtained for different bootstrap chains (i.e. considering

the references to colour in this figure legend, the reader is referred to the web version of this article.)
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event plots a-c, second event plots d-f). (a, d) Comparison of
MT resolved in this study (black focal sphere), including best and mean (derived from the ensemble of MT solutions obtained by bootstrapping over seismic data) MT
solution and the reference Global CMT solution (gray focal sphere); deviatoric MTs are decomposed into isotropic (here forced to zero) and deviatoric MT, and the
latter into double couple (DC) and compensated linear vector dipole (CLVD); focal sphere sizes are proportional to scalar moments. (b, e) Fuzzy MT representation,
100 different data configurations), with the best solution
marked by thick red lines. (c, f) Example of fits among data (black) and synthetic (red) seismograms for selected stations (data are reported in each plot); the top raw
refers to three component of the closest station (IU.RPN.00, Rapa Nui, Easter Island, Chile, at ~600 km distance) and the fit is performed in the time domain for the
full waveform, while the lower raw refers to selected far distance (> 4000 km) stations and the fit is performed by cross-correlation of S waves. (For interpretation of
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Fig. 4. Summary of waveform comparison and moment tensors (moment tensor inversion out of this study, left, are compared to Global CMT solutions, right) for 18
earthquakes. Normalized waveforms (velocities) are plotted for three selected traces (I.LRPN.10.BH2, IU.PTCN.00.BHZ, IU.RAR.10.BHZ); we apply a bandpass filter
of 0.02-0.05 Hz (station RPN) and 0.02-0.04 Hz (stations PTCN and RAR). The figure highlights the difference among the waveform of the first subevent (red traces)
and the second subevent (blue traces), corresponding with MT similar to first thrust event of the doublet (red focal sphere) or to the second strike-slip event of the
doublet (blue focal sphere) focal mechanism. For each of the three traces, waveforms of 18 earthquakes are plotted in red/blue when their waveforms show a high
similarity to one of the doublet subevents (cross-correlation coefficient > 0.7), or in gray when the similarity is lower. Labels of each event, reporting data and time,
as well as moment magnitude, are plotted in red (thrust), blue (strike-slip) or gray (unknown mechanism), based on the similarity of focal mechanisms and/or
waveforms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of moment tensor inversion result for 7 earthquakes, reporting origin time (date, time), centroid depth, moment magnitude, strike, dip and rake for one
plane, compensated linear vector dipole (%), rupture duration and rupture type (‘TF’ for predominantly thrust faulting, ‘SS’ for predominantly strike-slip mechanisms).

We report here mean values based on the bootstrap analysis performed by Grond (Heimann et al., 2018).

Date Time Depth [km] Mw Strike [°] Dip [°] Rake [°] CLVD [%] Duration[s] Type
9.10.2014 02:14:42 5.6 7.06 266 58 66 4 10.2 TF
9.10.2014 02:32:14 12.3 6.69 48 62 26 41 14.2 SS
9.10.2014 08:14:29 10.8 5.71 66 44 20 -16 4.4 SS
9.10.2014 21:00:02 9.9 5.66 71 66 22 21 4.6 SS
10.10.2014 04:07:57 11.7 5.18 65 43 36 —40 5.1 SS
1.11.2014 10:05:47 10.1 5.90 68 83 -39 —42 5.9 SS
1.11.2014 10:59:58 3.6 6.08 269 59 58 -53 4.1 TF

rupture duration. The resolved rupture duration of ~9 s is in good
agreement with the estimation of ~10 s by both our own moment tensor
inversion and the SCARDEC database (Vallée and Douet, 2016).

The second approach has been proposed by Zahradnik et al. (2008),
in the so-called H—C method, and it is based on the relative hypocentral-
centroid location. A significant spatial offset among hypocenter and
centroid implies a substantial rupture directivity and the relative loca-
tion can be used, in favourable conditions, to reconstruct the fault
orientation. Here we recollect hypocentral and centroid locations
through the International Seismological Centre (ISC) bulletin (Interna-
tional Seismological Centre, 2020) and discuss the relative offset of the

most robust locations, i.e. the prime hypocentral location by ISC, and the
centroid location by Global CMT. Lateral uncertainties are reported by
the ISC bulletin for the prime hypocentral location as ~5 and ~ 7 km for
the two subevents. No location uncertainties are reported for the GCMT
location. However, Smith and Ekstrom (1996) reported that relative
centroid CMT - hypocentral ISC location uncertainties may be in the
order of 25 km and encourage the interpretation of relative location
information to derive finite source information (e.g. length, directivity)
only for large events (Mw ~ 6.5 and larger) and for relative locations
larger than 25 km. The case of the 2014 JFMP doublet is described in
Fig. 6. For subevent 1, we do not observe a large spatial offset among
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Fig. 5. Directivity analysis for the first subevent of the October 2014 earthquake doublet. a) Raw velocity (left), displacement (middle) and normalized energy
signals (right) following the P arrival for the vertical component sorted by azimuth (see station labels). Delays of peak energy of first P phase (D?pmay, circles) are
plotted in the right panel for each station (colorbar in c). Yellow bands indicate the P-wave window. b) Map of seismic stations used (circles) showing the delay of
szmax (colorbar in c). Focal mechanism, predicted rupture directivities for a unilateral (dashed line) and a bilateral rupture model (solid line) with their un-
certainties (brown area) are also shown. c) Delays of szmax (circles) along with the synthetic predictions for the asymmetric bilateral rupture model (solid line). The
direction of unilateral rupture (dashed line) is incompatible with the focal mechanism. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

prime hypocentral location and centroid location, and other locations
are quite scattered. In these conditions, the H—C method does not allow
a clear discrimination among true and auxiliary fault planes. This may
be due to the bilateral rupture directivity, that we proposed based on the
first approach, which would explain the relatively small offset among
hypocentral and centroid locations. For subevent 2, all proposed hypo-
central locations, including the prime location by ISC, lay NE of the
centroid location. This suggests a predominantly unilateral rupture from
NE to SW, thus clearly favouring the NE-SW fault plane. Both conditions
posed by Smith and Ekstrom (1996) for a safe interpretation of the
analysis of relative hyopocentral-centroid locations are fulfilled for
subevent 2, what supports our modelling and interpretation.

Joining the different analyses we are able to reconstruct the geom-
etry of the doublet and the evolution of the rupture processes, first
bilaterally on an EW oriented thrust segment and then extending the

rupture at its Western edge, with a unilateral rupture towards SW, with a
strike-slip mechanism.

4. Coulomb stress transfer and earthquake triggering

We model the stresses due to the sub-events using constant slip
elastic dislocations in a half-space (King et al., 1994; Nikkhoo and
Walter, 2015). Values of the fault patch size, slip and direction are found
in Tables 1 and 2 (note rake is defined as the angle away from a pure
thrust mechanism, in clock-wise direction when looking down onto the
fault). Coulomb stress changes are calculated on planes with a pre-
defined orientation and slip direction.

We now look at static stress changes in the area surrounding the
observed events. Firstly, we look at how stress changed on the future
fault plane of subevent 2 from the inverted slip of the first subevent
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Fig. 6. Summary of hypocenter and centroid locations for the earthquake
doublet (subevent 1 in red, subevent 2 in blue). Focal spheres denote DC
mechanisms for our moment tensors solutions (Fig. 3). Solid circles are centroid
location according to Global CMT, empty circles hypocentral location reported
by ISC (large circles denote prime ISC locations). Hypocentral locations for the
first subevent are rather scattered and the prime location is close to the centroid
one, denoting a bilateral rupture with unclear rupture plane (dotted lines mark
the potential fault plane strikes). For the second subevent, a clear NE offset
among hypocentral locations (including the prime location) and the centroid
location suggests a SW unilateral rupture (blue arrow), in agreement with the
NE-SW fault plane (thick solid line, fault plane) and not with the other one
(dotted line, auxiliary plane). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(Fig. 7a). We find that the central and southwestern patch of the second
subevent’s fault plane is stressed such that left-lateral slip is promoted,
while parts of the fault plane north of the first sub-event have a reduced
tendency to slide. Overall, this is consistent with the Southward prop-
agation of the rupture front derived by the kinematic modelling, with
the rupture nucleating close to the fault planes intersection (highest
positive Coulomb stress transfer) and then propagating towards SW, in
the region where the slip is promoted.

Secondly, we look at how the two sub-events affect the stress in the
surrounding area (Fig. 7b). Specifically, along potential fault planes
orientated optimally for thrusting. We aim to understand why there is a
lack of aftershocks around the first subevent (Mw 7.1) with a similar
thrust mechanism and also assess how Coulomb stress changes due to
the doublet along neighbouring structures, potentially hosting future
large thrust earthquakes. We find that after the doublet, the surrounding
area is not stressed in a way that promotes thrust faulting to the north
and south of the first events. This is true even further afield, where the
compressional belt to the North, which is very large and potentially
tsunamigenic, has a negative value of Coulomb stress change, and the
smaller compressional segment to the NW affected by the November 10,
2014 thrust earthquake, which experiences a weak positive Coulomb
stress change.

Table 2

Tectonophysics 801 (2021) 228720

5. Discussion

The study region is quite remote and we lack a proper seismic
network, with only one seismic station located at less than 1000 km
distance and the majority of stations at thousands kilometers distance.
These conditions pose high challenges to the seismological analysis, as
regional data are ecsatoo sparse and seismic data at teleseismic distances
has a good quality only for the largest events. We tackled these chal-
lenges by combining the results of earthquake source analysis, which
provide robust results for the largest events only, with a careful assess-
ment and modelling of weaker signals recorded at the few, available
close stations (see also Cesca et al., 2020). Such relative earthquake
characterization strategy, as well as the specific techniques used in this
work, may be helpful for future studies dedicated to remote regions.

Our seismological analysis allows us to reconstruct the evolution of
the 2014 JFMP doublet and its seismic sequence, as illustrated in Fig. 8.
The first phase (phase 1 in Fig. 8) of the sequence is characterized by the
complex rupture of the October 2014 seismic doublet. The rupture
started within the JFMP along an EW structure, an already mapped
compressional ridge (Larson et al., 1992), and propagated bilaterally
East and Westward. Based on the analysis of apparent durations, we
suggest the Northward dipping plane as the rupture plane; this is also
supported by the asymmetric slope of the ridge seen in the bathymetry,
which shows a slightly more gentle slope dipping to the North, and a
steeper one to the South (Fig. S8). The second subevent occurred after
~18 min, favoured by Coulomb stress changes imparted by the first
subevent along a NE-SW oriented plane, with a strike-slip focal mech-
anism. The rupture along this second plane, or alternatively along a
curved fault bridging the areas of the two events, most likely nucleated
at the fault plane intersection and propagated unilaterally towards the
SW, in the region which experienced a positive Coulomb stress pertur-
bation after subevent 1. A number of aftershocks were observed in mid
October (phase 2) at the sides of the rupture area of subevent 2; most of
them are located to the SW, possibly as a consequence of the SW rupture
propagation of subevent 2. In phase 3 seismicity slowly decayed and
migrated Northward, activating strike-slip structures of different
orientation (approximately NNW-SSE) and reaching the vicinity of a
second compressional ridge (Larson et al., 1992). Phase 4 (November
2014) is again characterized by a doublet, now starting with a strike-slip
mechanism and then continuing into an ~EW thrust earthquake. The
spatiotemporal evolution of the sequence highlights the complex
rupture interaction and interplay between thrust and strike-slip earth-
quakes; the two observed doublets display a reverse earthquakes inter-
action: a first thrust triggered a strike slip event in the October 2014
doublet, while the reverse process (i.e. strike slip-thrust interaction) is
observed for the later, November 2014 doublet. We performed a stress
inversion within the Northern region of the JFMP based on both the
moment tensors of our study and references from other catalogs (i.e. as
in Fig. 4). We use an in-house developed inversion, minimizing the
radiated seismic energy (Cesca et al., 2016). We constrained the rupture
plane orientations only for the first doublet and the early strike-slip af-
tershocks, which are aligned along a NE-SW pattern compatible with one
of the fault planes, and we considered both possible planes for the
remaining earthquakes. Our results indicate a predominant compres-
sional regime, with 6; oriented NNE-SSW. We found that 63 and 63 have
similar values, so that minor stress perturbations can favour either thrust
or strike-slip faulting, explaining the observed cohexistence of different
rupture types and occurrence of mixed doublets. Such perturbations

Summary of finite source parameters estimated for the earthquake doublet based on the earthquake source parameters (Table 1), shear wave velocity and density from
the used velocity model and rupture length and width based on the new empirical laws by Thingbaijam et al. (2017).

Date Time Depth [km] Mw My [Nm] Length [km] Width [km] Area [km?] p [GPa] Slip [m]
9.10.2014 02:14:42 5.6 7.06 4.32 x 10" 43.8 25,2 1103.7 45.7 0.86
9.10.2014 02:32:18 12.3 6.69 1.21 x 10*° 41.0 15.9 651.9 72.6 0.26
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Fig. 7. Result of Coulomb stress changes for two
scenarios. (a) Earthquake doublet scenario, with fault
plane of subevent 2 loaded by the inverted parame-
ters from subevent 1. Left lateral strike slip Coulomb
stress change is calculated on the fault plane of sub-
event 2. The change in this value halfway corre-
sponds to the junction between the two fault planes.
Left-lateral slip is promoted across a large part of the
fault plane. (b) Loading on neighbouring thrust faults
scenario (the spatial extent of the study region is
shown in Fig. 8). Coulomb stress change at a depth of
10 km for potential EW thrust fault planes dipping
towards the north at 30 degrees (i.e. mechanism of
doublet subevent 1). Stresses are from the earthquake
doublet, whose fault planes shown as blue rectangles
with white ticks showing their dip direction. The
potential for faults of this orientation to slip is
reduced in the surrounding area. Both panels report
Poisson’s ratio (v), coefficient of friction (p) and
Young’s modulus (E). Values of the colour bars are
given in MPa. (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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could arise from strength anisotropy in the oceanic crust. The latter
exhibits a distinct spreading fabric with a preferred N-S to NE-SW
orientation in the region affected by the seismic doublets as seen in
high resolution bathymetry data (Ryan et al., 2009).

The 2014 JFMP doublet and its following sequence are peculiar due
to several aspects: first of all they present outstanding magnitudes, with
unprecedented recording in the region. The Mw 7.1 subevent 1 is the
largest earthquake ever recorded at the JFMP and its thrust mechanism
differs from the majority of the earthquakes in the region, which typi-
cally display strike-slip or normal faulting (Fig. 1). While the Northern
boundary of the JFMP is considered to undergo compression, thrust

10

mechanisms have been rarely reported there and never with large
magnitudes. This observation suggests that regional compressional
stresses are in large part accommodated aseismically, e.g. by creeping.
Aseismic processes could explain the lack of thrust aftershocks in the
2014 sequence. However, the occurrence of two large shallow thrust
fault earthquakes (Mw 7.1 in the October 2014 doublet and Mw 6.1 in
the November 2014 doublet) demonstrates that the region can occa-
sionally host strong, impulsive, tsunamigenic earthquakes.

Other aspects of the thrust seismicity at the JFMP are also unusual.
First of all, thrust earthquakes at JFMP show an extremely low after-
shock productivity on the same fault: we could not detect any single
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think solid line) of the strike-slip subevent 2 (1b). The
following seismic sequence (phase 2) in October, is

characterized by abundant strike-slip mechanisms at
the edges of subevent 2. Phase 3, in October—No-
vember, is marked by the activation of strike-slip
activity NW of the first subevent. Phase 4, in
November, shows the second doublet, starting with a
strike-slip mechanism (4a) and continuing with the
activation of thrust faulting in a second compres-
sional ridge 4b). The figure reports the West ridge
Inner Pseudofault (WIPF), East ridge Inner Pseudo-
fault (EIPF), East ridge outer Pseudofault (EOPF) and
compressional ridges, as mapped by Larson et al.
(1992), major plate boundaries (after Bird (2003) and
the current rotation direction (curved arrow) of the
Juan Fernandez Microplate (JFMP). A dotted square
indicates the spatial extent of Fig. 7b; the bathymetry
along the NS profile (dashed line) is shown in Fig. S8.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

thrust aftershock after the Mw 7.1 thrust earthquake, whereas the sub-
stantially weaker Mw 6.7 subevent 2, with a strike-slip mechanism, was
followed by several aftershocks with a similar focal mechanism. This can
be partially attributed to aseismic processes, as well as a low (if not
negative) Coulomb stress loading on neighbouring thrust faults. The two
thrust earthquakes also show an unusually short duration: this can be
partially explained, at least for the first subevent of the October doublet,
by its bilateral rupture propagation able to break a large segment (~45
km) in a relatively short time (10 s).

While most of the previous seismicity at the JFMP displayed typical
characteristics of interplate seismicity, with alternating between strike-
slip and normal fauling segments along the JFMP boundaries, the 2014
sequence clearly occurred within the JEMP, even accounting for location
uncertainties, which are below 10 km for hypocenters and ~25 km for
centroids. We question whether the doublet activated the West Internal
pseudofault (WIPF). The geometry of the activated fault segments re-
sembles the proposed pseudofault lineament, but earthquake locations
appear shifted to the North. However, the pseudofaults about the West
Ridge are less clear than those on the East Ridge and the trace of the
West Ridge inner pseudofault, in particular, is poorly resolved and
obscured by volcanism (Larson et al., 1992). In these conditions, we
suggest this is the activation of the inner pseudofault, but cannot verify
this. Location and focal mechanisms of thrust earthquakes are also well
compatible with the location and orientation of compressional ridges,
and the sequence evolution suggests the consequent activation of
different ridges migrating Northward from October to November: to
date, the largest and Northernmost ridge, in the vicinity of the PP-NP-
JFMP triple junction remains unbroken.

Is there any tsunami hazard in the South Pacific, far from any sub-
duction zone? The tsunami reported after the 2014 earthquake was
relatively weak, with the largest run up height of ~50 cm at Easter Is-
land at ~600 km distance. This tsunami is most likely to be attributed to

11

the first subevent, which has a larger tsunamigenic potential due to both
its larger magnitude, shallower centroid, impulsive source and thrust
mechanism. The tsunami hazard should take into account the potential
failure of other segments under compression. A large compressional
ridge has been mapped at the Northern boundary of the JEMP (Larson
et al., 1992), with a lateral extent of ~200 km, thus more than 4 times
longer than the rupture of the October 2014 thrust, and a potential to
host an earthquake with magnitude Mw ~8.1 (based on the empirical
relation by Thingbaijam et al., 2017). It is worth noting that, according
to Coulomb stress modelling (Fig. 7b), the 2014 doublet has inhibited or
delayed a thrust failure of the Northern compressional belt. Assuming
the same shear modulus and the same seismogenic thickness for thrust
earthquakes in the region (i.e. same width for different thrust events),
such potential earthquake would have a ~ 4 times larger area than the
October 2014 one and ~ 35 times larger moment release. Using the
following equation to relate scalar moment (M), rupture area (A),
average slip (1) and shear modulus (p):

(Mo2/My,)
(L2/L1)

Moy My (Mop/My,)

2, =202
2T Ao Ai(Ly/Ly)p

@

1

we estimate an average slip ~8 times larger than for the 2014 thrust (in
eq. (1), subindices 1 and 2 refer to the reference Mw 7.1 subevent 1 and
the potential Mw 8.1 earthquakes, respectively). Since we investigate
the scenario of a thrust earthquakes with a similar mechanism and at a
similar location and depth, the potential tsunami run up height would be
at least ~8 times larger than for the 2014 event, thus reaching ~4 m at
Easter Island, Chile, and almost 1 m at Galapagos, Ecuador, and at San
Felix and Bahia Mansa, Chile, if the large unbroken thrust ruptures.
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6. Conclusions

The 2014 seismic sequence struck at the JFMP with an unprece-
dented magnitude for the region, peaking in a Mw 7.1 earthquake on
October 9, 2014 with a thrust focal mechanism, which is also unusual for
the region. Besides the remoteness of this region, we combined different
waveform based seismological techniques to analyse this seismic
sequence. Rather than appearing as a simple mainshock-aftershock
sequence, seismicity has been characterized by a complex sequence,
including two doublets with an uneven mechanism, the Mw 7.1-6.7
thrust and strike-slip mechanism in October 2014 and a weaker, later
Mw 5.9-6.1 strike-slip and thrust mechanism in November 2014. Apart
from having a large magnitude, the seismic sequence was anomalous
due to its alternation of strike-slip and thrust mechanisms, that indicates
the activation of different faults or fault segments. Using a variety of
seismological techniques to tackle the lack of local observations, we
were able to reconstruct the chronology and geometry of this complex
seismic sequence. This started with the large doublet, rupturing EW and
NE-SW fault segments in the vicinity of a known compressional ridge, or
alternatively a single curved pseudofault (WIPF). The following seis-
micity was first marked by strike-slip aftershocks of the first doublet and,
later, by a Northward migration towards a second compressional ridge,
where the second doublet occurred. We identified specific features of the
thrust seismicity, namely low aftershock productivity, short duration
and impulsive sources. Together with the overall low rate thrust seis-
micity, this suggests that the compressional stresses at the North of the
JFMP are partially accommodated aseismically, with the occasional
occurrence of thrust earthquakes. Thus, the sequence demonstrated that
the region has a potential to host large, tsunamigenic earthquakes in the
future. A worst case scenario, assuming the rupture along a 200 km long
compressional ridge at the Northern boundary of the JFMP, could pro-
duce a ~ 4 m height tsunami at Easter Island. Coulomb stress changes
imparted by the 2014 doublet have currently slightly reduced the failure
potential along this ridge. The unexpected characteristics of the 2014
doublet and its seismic sequence indicate that we still poorly know the
behaviour of the JFMP and its seismicity, and that a new local study and
submarine seismic deployments would be desirable. Our study shines
some more light on the occurrence of such complex seismic sequence in
the region. As the roller-bearing microplate faults and step-over systems
are often observed at oceanic plate boundaries, the occurrence of the
JFMP seismic sequence provides a model for the generation of tsunamis
at mid oceanic ridges.

Data availability

Seismic data used in this study have been accessed using IRIS, Geofon
and Orfeus web service portals. Seismic data belongs to the following
networks: II (Scripps Institution Of Oceanography (1986), IU (Albu-
querque Seismological Laboratory (ASL)/USGS (1988), G (Institut De
Physique Du Globe De Paris (IPGP), and Ecole Et Observatoire Des
Sciences De La Terre De Strasbourg (EOST), 1982), Al (Istituto Nazio-
nale Di Oceanografia E Di Geofisica Sperimentale, 1992), C (Universidad
de Chile, Dept de Geofisica, DGF UChile Chile), C1 (Universidad De
Chile, 2013)., CX (GFZ German Research Centre For Geosciences and
Institut Des Sciences De L’Univers-Centre National De La Recherche
CNRS-INSU, 2006), GT (Albuquerque Seismological Laboratory (ASL)/
USGS, 1993) and IQ (Cesca et al., 2009). We made use of the ISC Bulletin
(International Seismological Centre, 2020), Global CMT catalog (Dzie-
wonski et al., 1981; Ekstrom et al., 2012) and USGS seismic catalog
(https://earthquake.usgs.gov/, last accessed 1.7.2020).
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