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Abstract

The Tirtia-Mocha Island area (38.2°-38.4° S) in southern Chile has been affected by two megacarthquakes in only 50 years: the 1960
Mw=9.5 Valdivia earthquake and 2010 Mw=8.8 Maule earthquake. We studied in the field the vertical ground movements
occurred during the interseismic period between both earthquakes and the coseismic period of 2010 Maule earthquake and 2011
Mw=7.1 Araucanfa earthquake. During the 1960 earthquake, vertical coseismic ground movements are typical of subduction related
carthquakes with Mocha Island, located close to the trench, experienced bigger ground uplift (150 cm) than that occurred in Tirtia
(-20 cm), place located in the continental margin at the latitude of Mocha Island. Then during the 1960-2010 interseismic period,
the 1960 coseismic uplift remained at Mocha Island unlike the normal interseismic subsidence that occurred northward at Arauco
Peninsula and Santa Marfa Island. Also Tirtia experienced the biggest interscismic uplift (180 c¢m) in all the area affected later by
2010 Maule earthquake. Then during the 2010 Mw=8.8 Maule earthquake an anomalous vertical coseismic ground uplift occurred
in the study area, opposite to that of 1960 since Mocha Island experienced lower (25 cm) ground uplift than Tirta (90 cm).
Subsequently, during the Araucanfa 2011 carthquake a ground uplift in Mocha Island (50 cm) and subsidence at Tirta (20 cm)
occurred. These unexpected vertical ground movements can be explained by the existence of an upper plate splay fault located below
the sea bottom between Tirtia and Mocha Island: the Tirta-Mocha splay fault. Considering the last seismic cycle, the activity of this
fault would have started after the 1960 Valdivia earthquake. During 2010 Maule earthquake, the main slip occurred at Tirtia Mocha
splay fault. Finally during 2011 Araucania earthquake, the slip occurred mainly at the updip of Wadati-Benioff plane with probable
normal activity of Tirda-Mocha splay fault. Simple elastic dislocation models considering the Wadati-Benioff plane and the Tirta-

295



JORGE QUEZADA, EDILIA JAQUE, NICOLE CATALAN, ET AL. UNEXPECTED COSEISMIC SURFACE UPLIFT AT TIRUA-MocHA ISL...

Mocha splay fault activity, can account for all the vertical ground movements observed during 1960 earthquake, the 1960-2010
interseismic period, the 2010 Maule earthquake and the 2011 Araucania earthquake.

Keywords: Anomalous uplift, Splay fault, Wadati Benioff, Maule 2010 earthquake, Araucanfa 2011 earthquake, Tirua, Isla
Mocha, Chile..
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1. Introduction

The occurrence of upper plate splay faults in the outer forearc is common to subduction zones. These faults
are commonly reverse and branch towards the surface from the main subduction fault plane with same
vergence, higher dip angle and mainly accommodate the deformation of the accretionary prism or close to it.
Splay faults in subduction zones have been documented from seismic profiles at the Nankai Through of Japan
(Moore et al., 2007; Strasser et al., 2009; Gulick et al., 2010), Colombia-Ecuador (Collot et al., 2008), Alaska
(Liberty et al, 2013) and Iran-Makran subduction zones (Heidarzadeh, 2011). During subduction
carthquakes, splay faults can accommodate part of the coseismic slip (Fukao, 1979; Cummins et al., 2001;
Tamura and Ide, 2011; De Dontney and Hubbard, 2012; Li et al., 2014; Wendt et al., 2009). One remarkable
case resulted from the Mw=9.2 1964 Alaska earthquake, where the Patton Bay and Hanning Bay reverse faults
at Montague Island, generated an additional coseismic uplift which was recorded in the visible pattern of fault
scarps (Plafker, 1972). Other visible splay fault is the Chelungpu Fault, reactivated during the 1999 Taiwan
Chi-Chi earthquake (Lee et al., 2002). Several splay fault also had visible scarps during the New Zealand
Mw=7.8 Kaikoura earthquake (Hollingsworth et al., 2017; Wang et al., 2018). It is also mentioned that
similar faults were reactivated during the 2004 Mw=9.3 Sumatra carthquake (Hoechner et al., 2008; Plafker et
al., 2007; Platker and Savage, 2010; Heidarzadeh, 2011; Wadhauser et al., 2012). Because the uplift generated
by splay faults, they are potential source of tsunamis (Moore et al., 2007; Plafker et al., 2007; Wendt et al,,
2009; Platker and Savage, 2010; Heidarzadeh, 2011; Wang et al.,, 2018). Splay faults have also caused
additional coastal uplift, as evidenced by the high position of Holocene marine terraces in New Zealand,
Papua New Guinea, Taiwan and Japan (Ota and Yamaguchi, 2004), Philippines (Ramos and Tsutsumi, 2010),
Myanmar (Shyu et al., 2014), Greece (Tiberti et al., 2014) and Alaska (Platker and Rubin, 1998; Savage et al.,
2014).

In Chile, the subduction of Nazca Plate beneath South American one at 64-79 mm/yr, N77°E trend and
NE direction (Angermann et al., 1999) from Arica Bend to Taitao Peninsula (18.5° S-47° S), has generated
large earthquakes and tsunamis in south Chile such as Concepcién 1835, Valdivia 1960 Mw=9.5 and Maule
2010 Mw=8.8 carthquakes. For Maule 2010 earthquake, different rupture zone lengths (450-650 km) have
been suggested (Farfas et al., 2010; Delouis et al., 2010; Lay et al., 2010; Sparkes et al., 2010; Tong et al., 2010;
Xue et al,, 2010; Vargas et al,, 2011; Vigny et al., 2011). In this work a rupture length of 640 km is considered,
from 33° S to 38.6° S (Fig. 1), taking into account the distribution of earlier aftershocks and evidences of
vertical coastal changes (Quezada et al., 2012). For most of the seismic rupture zone, a theoretically expected
coseismic trend of deformation occurred with a decreasing uplift from trench to arc (Farfas et al.,, 2010;
Quezada et al., 2010; Vargas et al., 2011; Vigny et al., 2011, Fig. 2). This trend indicates that the main slip
occurred along the Wadati-Benioft plane. Nevertheless, during the Maule 2010 earthquake, in the
southermost part of the rupture zone, between 38.2° S and 38.4° S, an unexpected coseismic uplift trend
occurred since Mocha Island located close to the trench, experienced a lesser uplift than Tirta area, located at
the coastline in front of it (Farfas et al., 2010; Quezada et al., 2010; Melnick et al., 2012), as shown in figure 2.
The tsunami produced by the Maule 2010 earthquake had its highest run up at Mocha Island, being higher
than 20 m, with the first tsunami wave that arrived half an hour after the earthquake (Fritz et al., 2011). Also,
this zone was affected by one of the two biggest aftershocks of Maule 2010 earthquake, the Mw=7.1
Araucanfa earthquake of January 2nd 2011 (Fig. 1). Other significant aftershocks at Tirta-Mocha Island area
occurred on May 3rd 2010 (Mw=6.3) and July 14th 2010 (Mw=6.6). This zone was also affected by the
Concepcidn 1835 earthquake which generated 0.6 m uplift at Mocha Island, 1.8 m in Arauco Peninsula and
2.4-3 m at Santa Maria Island (Fitz-Roy, 1839; Pizarro, 1991; Wesson et al., 2015); and the Valdivia 1960
Mw=9.5 earthquake that generated 0.7-1.3 m uplift in Arauco Peninsula, 1.5-1.8 m at Mocha Island and 0.2
m subsidence in Tirtia (Veyl, 1960; Saint Amand, 1961; Plafker and Savage, 1970; Plafker, 1972; Nelson and
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Manley, 1992). In addition, the highest Holocene marine terrace at Mocha Island is located at 33 m a.s.l.
(before Maule earthquake), suggesting an uplift rate of 20 mm/yr for the last 1,000 years (Nelson and Manley,
1992). These features in the southernmost rupture zone of Maule 2010 earthquake at Tirtia-Mocha Island
(38.2° S-38.4° S) area, may indicate the existence of a splay fault activity triggered by some subduction
earthquakes.

The aim of this work is to evaluate the existence of this probable subduction zone splay fault at the Mocha
Island-Tirtia area and if it was active during the last subduction seismic cycle (Fig. 3).

2. Methodology

With the purpose to evaluate the probable activity of the Mocha Island-Tirta splay fault, we conducted
three fieldwork campaigns at Arauco Peninsula, Mocha Island and Santa Marfa Island (Fig. 3): 1) before the
Maule Earthquake (2007-2009), 2) after Maule Earthquake (March-October 2010) and 3) after the
Araucanfa carthquake (January 20th 2011). Coastal geomorphic changes were considered; natural and
anthropomorphic markers of the sea level were interpreted accordingly. In addition, elastic dislocation models
based on the Okada (1992) equations were run to test the existence of movements only along the Wadati-
Benioff zone, or assuming an upper plate splay fault: it location, activity, geometry and slip considering the
vertical changes produced during Valdivia 1960 and Maule 2010 earthquakes, the interseismic time between
both, and the Araucania 2011 earthquake. The uncertainty of our measurements and cited data are +10 cm.

3. Results

3.1. Pre Maule 2010 earthquake fieldwork

Fieldwork was carried out between 2007 and 2009 in the coast of Biobio Region of Chile (36.8° S-38.4°S)
including the Santa Marfa Island, Mocha Island and Arauco Peninsula (Fig. 3). The Holocene shoreline angles
(angle between the cliff and flat surface in an uplifted marine terrace) measured with differential GPS are: 9.5
m a.s.l. at Pangue (37.84° S); 8.3 m a.s.l. at Santa Marfa Island (37° S), and 4 m a.s.l. in the continental margin
in the eastern coast of Arauco Gulf at 37° S-37.2° S (Fig. 3). At Mocha Island we corroborated the 33 m a.s.l. of
the shoreline angle of the highest Holocene terrace located at the northern border of Mocha Island at Cerro
Los Chinos, and we observed the layer of mollusk shells that Nelson and Manley (1992) dated in 6,100-5,480
years (calibrated age).

Lebu underwent a coseismic ground uplift of 1.2-1.3 m during the Valdivia 1960 earthquake (Veyl, 1960;
Saint Amand, 1961; Plafker and Savage, 1970). As a result Lebu river mouth dried out and the marine
abrasion platform emerged (Figs. 4 and 5). This 1960 surface uplift was reversed in the 50 years between
Valdivia 1960 and Maule 2010 earthquakes, so the marine platform became submerged and Lebu river mouth
was navigable again (Fig. 5). The relative increase in sea level occurred during the interseismic 1960-2010
interval, in Santa Maria Island and the western border of Arauco Peninsula, caused several morphologic
changes with consequences in the anthropic activity (Quezada et al., 2012, Figs. 4 and 5). The coastal cliff
became active and the beaches narrower. In Tubul, Llico and Punta Lavapié (NW tip of Arauco Peninsula,
(Fig. 3), the sea level increase generated that houses closer to the coast line were threatened, especially during
winter storms, having forced the construction of a breakwater (Fig. 4). In Lebu, Punta Lavapié, Tubul and
Llico the navigation was facilitated. 1960 coseismic ground uplift occurred also in Caleta Yani (37.36°, Fig. 3):
0.7 m (Veyl, 1960) that also was recovered before 2010 Maule earthquake. On the contrary, the 1.5-1.8 m
coseismic uplift in Mocha Island during the 1960 earthquake that produced the emersion of the marine
abrasion platform, making possible the construction of a way that encircled the island, remained until the
occurrence of Maule 2010 earthquake, as we could corroborate during our first trip to Mocha Island on
November 6-7th 2009 (Fig. 6). Before the 1960 earthquake, a dock was planned to build in Mocha Island. The
construction began after this quake and was not considered in the original topographic map built before the
1960 earthquake, the coseismic uplift that generated a sea level drop, so once the dock was ended, it became
useless. We saw this dock in November 6th 2009 remaining dry.

3.2. Post Maule 2010 earthquake fieldwork
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Fieldwork was carried out during the three following months after the occurrence of Maule 2010
carthquake to determine the vertical coseismic ground movements in the rupture area from Valparaiso (33° S)
to Mocha Island (38.6° S) (Fig. 1). This was done mainly along the coast where changes of the sea level related
to vertical coseismic ground movements were observed (Fig. 3). Measurements were done considering the
thickness of dead intertidal biota in channels of the rocks on normal waves surfaces avoiding splash effects in
frontal waves surfaces that increased the thickness. Also vertical changes of the water level of river mouths and
lakes were observed. In addition, an aerial reconnaissance was conducted over Santa Maria Island, Mocha
Island and the western coast of the Arauco Peninsula to get an overview of the changes experienced along the
coastal sectors. The coseismic uplift shown in figure 2 was determined at different places along the coastline
between 33° S-38.6° S (Fig. 1) (Quezada et al., 2010, 2012). The amount of coesismic uplift decreases from
trench to arc (from W to E) being the largest coseismic uplift 2-2.5 m in Santa Marfa Island and the western
edge of Arauco Peninsula, places located closer to the trench (Fig. 2). Coseismic uplift produced the emersion
of the marine abrassion platform, and the cliff become inactive and the intertidal biota died. The last is mainly
represented by bleached Litothamnium. Beaches were widened, the Tubul-Raqui wetland became almost dry
and Tirtia, Lebu and Tubul river mouths became almost dry (Figs. 4 and 7a). Lanalhue and Lleu Lleu lakes
(37.9° S-38.2° S, Fig. 3) experienced an apparent eastward water flow with an increase of the water level in
their east border and drops in the western one. The best-known effect is the flood of a dock located in the
northeastern border of the Lleulleu Lake (Quezada et al., 2010, 2012). This effect could be the result of the
eastward land tilting following the theoretically expected coseismic uplift pattern.

An unexpected Maule 2010 earthquake coseismic ground uplift trend occurred in the Tirta-Mocha Island
area (38.2° S-38.4° S). Mocha Island, located 82 km east of the trench and in front of the continental coast at
Tirta was uplifted 0.25 m, whereas Tirta located 114 km from the trench, was uplifted 0.9 m (Fig. 2). The
coseismic uplift in Tirda was determined in the base of the bridge column by measuring the thickness of dead
marine algae (Fig. 7B). The Tirtia river mouth became less navigable due to the diminishing water depth.
Melnick et al. (2012) indicated 0.91 m of coseismic uplift at Tirda, evidenced by dead intertidal biota in the
coastal area as can be noted in figure 7C. Evidence of the coseismic uplift in Mocha Island is the sea level drop
noted in a wall closer to the new dock in the eastern coast (Fig. 7D). The magnitude of the coseismic uplift
determined by us in Mocha Island was 0.25 m, similar to that indicated by Castilla et al. (2010), Farfas et al.
(2010), Vargas et al. (2011) and Melnick et al. (2012). Also big boulders are deposited by the tsunami (Fig. 8).
In Quidico (38.2° S) located at 118 km to the trench and 10 km north Tirtia, the coseismic uplift was also 90
cm, measure based on the dead intertidal biota and the sea level fall observed in a protection wall. Whereas on
arock located in the beach 2.2 km north Quidico town, the thickness of dead biota is only 30 cm.

3.3. Post January 2nd

2011 Mw=7.1 Araucania earthquake fieldwork

A strong Mw=7.1 aftershock, with epicentre in the Tirta-Mocha Island area, occurred on January 2nd
2011 (Araucania 2011 earthquake) showing a reverse focal mechanism (Moreno et al., 2011; Kiser and Ishii,
2013, Fig. 1). This event was one of greatest aftershocks of Maule 2010 earthquake. National Earthquake
Information Center (NEIC) located this event at 38.35° S/73.27° W (13 km from the southern coast of
Lleulleu Lake) and 25.1 km depth, thrust focal mechanism with rupture plane N4°E/16°E corresponding to
Wadati-Benioff. The Centro Sismolégico Nacional (National Seismological Centre of Chile, of Universidad
de Chile, CSN), located this event at 38.36° $/75.03° W (15 km west of the trench axis at Mocha Island
latitude) and at 32.1 km depth (Fig 1). The Araucania 2011 earthquake was relocated by CSN on September
2012. The new coordinates for the epicentre are 38.343° §/73.961° W and de new depth was 17.8 km. This
location coincides with the NW tip of Mocha Island, 87 km east to the trench axis. Hicks and Rietbrock
(2015) studied in detail this earthquake concluding that this event is composed of two ruptures on two
separate faults. Within 12 s a thrust earthquake on the plate interface triggered a second large rupture on a
normal fault 30 km away in the overriding plate. Two locations of the epicentre they displayed: 38.47° S/
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73.82° W at 39 km depth and 38.54° S/73.73° W at 23 km depth (both locations lies between Tirtia and
Mocha Island). Also the epicentre of this event is displayed by the GFZ-GEOFON: 38.23° §/72.33° W at 12
km depth (This location lies in the coast zone near Quidico).

A new land recognition in the area of Tirtia-Mocha Island was conducted to determine possible vertical
coseismic ground movements after the Araucania 2011 earthquake. Such fieldwork was carried out on January
20th 2011 in the places of Quidico, Tirta and Mocha Island that had been visited previously. We could
document a new uplift of 50 cm in Mocha Island and a subsidence of 20 ¢cm in Tirta. Evidence of this uplift in
Mocha Island is the new emersion of the marine abrasion platform. Measurements in the same place that was
visited on May 27th 2010 (38.33° S/73.91° W), indicated a relative sea level drop of 50 cm (Fig. 9A,B). In
another point, at Las Ballenas (38.35° $/73.90° W), in a vertical rocky wall protected from the sea waves, a
recently bleached Litothamnium layer, with a thickness of 50 c¢m, is visible and can be separated of a remnant
of a 20-30 cm former bleached Litothamnium layer generated after Maule 2010 earthquake. In that locality,
also dead marine algae such as Ulva lactuca and other species were observed in coastal rocks as occurred after
Maule earthquake along the shore of Biobio Region of Chile (36,5° S-38,4° S). The total surface uplift of the
Mocha Island after Maule 2010 earthquake and Araucania 2011 earthquake is of 75 cm. In Tirta, the river
mouth showed a significant increase in water depth and navigation was again possible. When comparing the
position of the water level in the base of the columns of the Tirtia Bridge, it could be established an increase of
the level of waters corresponding to a coseismic subsidence of 20 cm (Fig. 9C and D). These variations were
observed during low tide. January is the dry season in south Chile, when rivers are in their base flow. The
oscillation between low and high tide is one meter with insignificant variations during a year, as reported by
the Servicio Hidrogréfico y Oceanogrifico de la Armada, SHOA (Chilean Hydrographic and Oceanographic
Service). At Quidico vertical variations were not detected when comparing observations in littoral rocks on
April 27th 2010 and January 20th 2011. The Araucania earthquake generated a small tsunami that penetrated
the Tirta river without any damages and was not sensible in Mocha Island. The upstream flow along Tirta
River could be another indicator of the Tirta subsidence due to the change of Tirta River base level.

4. Elastic dislocation models

To account for the vertical movements linked with the Valdivia 1960 and Maule 2010 earthquakes, the
interseismic period between both earthquakes and the January 2nd Araucania 2011 aftershock, we used a
software developed from the Okada (1992) equations that computes the internal displacement u (x,y,z) due to
shear faults in an elastic half-space given a rectangular fault geometry (length, width, depth, dip) and 2-
component dislocation amplitude (rake and slip) and followed the methodology used by Farfas et al. (2010)
and Chapman et al. (2014) to model vertical changes for Mw=8.8 Maule 2010 earthquake and Mw=9.2
Alaska 1964 earthquake respectively, obtaining plate slip, depth, dip and rake. Lamé’s constants A and p for a
material in an elastic half-space are considered equals. For each model are considered the vertical movements
during specific seismic events or interseismic period, and fault parameters: rake, slip, dip and depth. The
trench parallel length of each model was 450 km, only done to avoid lateral border effects. The width of
Wadati-Benioft and splay fault planes are displayed in figure 10. It is assumed that the maximum and
minimum depth defines the position of the seismic asperity in the fault plane or zone of fault dislocation. The
vertical movements at each place with determined coseismic and interseismic uplift with corresponding
normal trench distance, must be fitted with a specific fault geometry, location and slip. The rake considered in
the coseismic models was 90° considering only dip slip and for the interseismic models B and C, was used a
rake of -90°. After iteration, the best fit is shown in each case (Fig. 10). Some models consider as fault the
Wadati-Benioff plane and others a splay fault located between Tirtia and Mocha Island with same vergence
but steeper dip than that of the Wadati-Benioff plane. This is the same methodology used by Chapman et al.
(2014) to explain the activity of the Suckling Hills splay fault during the Alaska 1964 earthquake. Each place
has determined coseismic or interseismic uplift with corresponding normal trench distance and the black line
is the fault modeled and the dashed line the other fault not considered in each model. As explained before, the
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uncertainties of each data is +10 cm so only the mean value is displayed. A number of studies have analyzed
and modeled the seismotectonic framework of the Maule 2010 earthquake rupture zone (e.g., Hayes et al,,
2013 and references there in). These studies indicate that the dip of the Wadati-Benioff plane ranged from 15
to 18°. However, considering the focal solutions of the 2010 and 2011 events, a better solution for the
Wadati-Benioff geometry is the dip of the nodal plane for the Tirta-Mocha Island area.

Model A corresponds to the 1960 earthquake at Tirta and Mocha Island area. The dip came from the
NEIC focal mechanism of Araucania 2011 earthquake: 16° corresponding to the Wadati-Benioff plane at that
zone and rake 90°. Two places were considered to fit the vertical coseismic movements: Mocha Island and
Tirda with normal trench distances of 82 and 114 km respectively. The coseismic uplift of both places during
1960 earthquake was ca. 1.5 m at Mocha Island and -0.2 m at Tirta (Platker and Savage, 1970). The best fit
was reached by using a depth asperity between 10 and 40 km, and 8 m slip. Another model with 10 m slip does
not fit very well (Fig. 10A). Root mean square error (RMS) for 8 m slip =0.3019 and with 10 m =0.4441.
Model B corresponds to the interseismic period between Valdivia 1960 and Maule 2010 earthquakes in four
places located around 37.1° S (coincides with the northern border of Arauco Peninsula): Santa Marfa Island,
Llico, Santa Juana and Laja with normal trench distances of 90, 100, 160 and 180 km respectively. The
interseismic vertical movement used came from the ratios obtained by GPS measures in mm/year from
Moreno et al. (2011): Santa Marfa Island: -8.85, Llico: -4.81, Santa Juana: 5.48, and Laja: 3.5. If we multiply
such ratios of the interseismic vertical movements by 50, we can obtain the total interseismic movement
during 50 years. By doing this, we obtained -0.44 m at Santa Maria Island, -0.24 m at Llico, 0.278 m at Santa
Juana and 0.18 m at Laja. We consider the Wadati-Benioff plane with 19° dip corresponding to the focal
mechanism of Maule 2010 earthquake and rake -90°. The best model fit is obtained with a depth asperity of
20-40 km and 3 m of fault slip. RMS=0,0626. Model C corresponds to the splay fault activity during the
interseismic period between Valdivia 1960 and Maule 2010 earthquakes at Tirda and Mocha Island. For
Mocha Island we considered 0 m vertical movement considering our observations before Maule earthquake
(Fig. 6) indicating vertical stability between Valdivia 1960 and Maule 2010 earthquakes.

For Tirta as in model B, we multiplied the GPS measurement from Moreno et al. (2011): 36.86 mm/y by
50 years obtaining 1.8 m interseismic uplift. This is an unexpected interseismic uplift trend considering that
Mocha Island must have interseismic subsidence (place close to the trench like Lebu or Santa Marfa Island)
and Tirtia a moderate interseismic uplift (place close to the transition zone between uplift and subsidence).
For this reason, a splay fault is assumed between Tirtia and Mocha Island trying to explain this situation. The
best model obtained was considering a splay fault of 45° dip and 5 m slip. The position of the splay fault is
determined considering that the tip point is located between Tirta and Mocha Island at 90 km from the
trench and the splay fault branches from Wadati-Benioff plane at 35 km depth that corresponds to one of
Wadati-Benioff plane in the area between Tirta and Mocha Island. The depth of the splay fault is fitted
between 10 and 35 km. RMS=0.2100.

Model D corresponds to the coseismic movement at the southern segment of Maule 2010 earthquake
between Cobquecura and the southern border of Arauco Peninsula (36° S-37.7° S). Considering the existence
of Arauco, Hualpén and Tumbes peninsulas, Quiriquina Island and Santa Marfa Island (coastal places located
between 36.8 ° S-37.7 ° S), there are many points at different normal trench distances with differential vertical
coseismic uplift. We used our measurements indicated in Quezada et al. (2010, 2012). It was considered 19°
dip for the Wadati-Benioff plane corresponding to the NEIC focal mechanism of Maule earthquake. The best
fit was with 8 m slip along the Wadati-Benioff plane with asperity position between 25 and 50 km.
RMS=0.3221. Model E corresponds to a splay fault activity during Maule 2010 earthquake at Tirta and
Mocha Island. We considered the coseismic uplift of 0.9 m at Tirtia from Melnick et al. (2012) and our own
data of 0.25 m at Mocha Island, using the same geometry of the splay fault of model C but with depth rupture
between 0 and 35 km i.e., the rupture of the splay fault reached the sea bottom. The best fit was considering a
splay fault slip of 3 m. RMS=0.4336. Model F corresponds to the Mw=7.1 January 2nd Araucania 2011
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carthquake considering movement only in the Wadati-Benioff plane. The dip is 16° from NEIC focal
mechanism of such event. The coseismic uplift from our fieldwork is -0.2 m at Tirta and 0.5 m at Mocha
Island. The best fit is obtained with depth rupture between 20-25 km and slip 3 m, with a RMS=0.2387. It is
worth noting that the CSN epicentre lies in the vertical projection of such segment of Wadati-Benioff plane.

5. Discussion

5.1. Coseismic and interseismic ground surface uplift at Tirta-Mocha Island area

The zone of Tirda-Mocha Island had a different seismic behaviour than theoretically expected (Fig. 2).
During the Mw=9.5 Valdivia 1960 earthquake, typical coseismic vertical movements occurred where Mocha
Island experienced uplift and Tirta subsidence. It means that the coseismic slip occurred only in the Wadati-
Benioff plane as shown in Model A with 8+0.3 m slip (Fig. 10A). Several researches for the 1960 earthquake
(Platker and Savage, 1970; Platker, 1972; Cifuentes, 1989; Barrientos and Ward, 1990; Tichelaar and Ruff,
1991) also indicated that the main slip occurred only along Wadati-Benioff plane and not in any splay fault.

However, during the interseismic period between Valdivia 1960 and Maule 2010 earthquakes, an
unexpected behaviour occurred, the 1960 coseismic uplift at Mocha Island remained, or even should be
increased (Nelson and Manley, 1992) and the theoretically expected interseismic subsidence did not occur.
This contrast with the normal interseismic subsidence observed at other near trench islands such as Santa
Marfa Island after the Concepcién 1835 earthquake (Wesson et al., 2015) and Guafo Island (43.6° S) after the
Valdivia 1960 earthquake (Melnick et al., 2018); and also in the western border of Arauco Peninsula and
Santa Marfa Island (Fig. 4).

The amount of interseismic uplift at Mocha Island after Valdivia 1960 earthquake indicated by Nelson and
Manley (1992) was 70 mm/y between 1965 and 1989 measuring tidal changes. This means a net uplift of 1.68
m. By the other hand, GPS data in the previous decade of Maule earthquake (Moreno et al.,, 2011), indicates a
very small subsidence in Mocha Island: 1.07 mm/y. This means a net subsidence of 0.01 m in 10 years or 0.05
m in 50 years. If we considered the Nelson and Manley (1992) uplift data at Mocha island, the addition of the
1.5 m 1960 coseismic uplift and following interseismic 1.68 m uplift means a net uplift of ca. 3 m. The
following small subsidence (Moreno et al., 2011) must have not significant opposite effect of this uplift.
However our observations (Fig. 6) indicates that the uplift of Mocha Island before Maule 2010 earthquake is
not bigger that 1.5 m. This coincides with the 1960 coseismic uplift. So many situations may have occurred.
An over estimation of the following interseismic uplift at Mocha Island by Nelson and Manley (1992) that
can include some of the 1960 coseismic uplift, a fast interseismic subsidence between 1989 and 2000; an
underestimation of the interseismic subsidence before Maule earthquake (Moreno et al., 2011), or a vertical
stability between 1960 and 2010 earthquakes. Based on our observations on the amount of emersion of the
marine abrasion platform we favor the last option (Fig. 6) that is consistent with the very small amount of
subsidence indicated by Moreno et al. (2011). In any case a 0 net uplift or subsidence occurred at Mocha
Island between 1960 and 2010 earthquakes.

This contrasts with the normal interseismic subsidence observed at other near trench islands such as Santa
Marfa Island after the Concepcién 1835 earthquake (Wesson et al., 2015) and Guafo Island (43.6° S) after the
Valdivia 1960 earthquake (Melnick et al., 2018); and also in the western border of Arauco Peninsula (Fig. 4).
For example 20.08 mm/y subsidence was detected at Lebu (Figs. 4 and 5) before 2010 Maule earthquake
(Moreno et al.,, 2011). Lebu also experienced 1.2-1.8 m uplift during the Valdivia 1960 earthquake (Veyl,
1960; Saint Amand, 1961; Plafker and Savage, 1970; Pizarro, 1991; Bustamante and Valenzuela, 2010). Lebu
is located between Mocha Island and Santa Marfa Island (Fig. 3), places uplifted during the Concepcién 1835
carthquake (Fitz-Roy, 1839), so Lebu must be uplifted also during such earthquake. Pizarro (1991) indicated
2 m coseismic uplift at Lebu river mouth during the 1835 earthquake. The 1897 picture of Lebu (Fig. SA),
shows an active cliff and a small islet, similar features that we found before 2010 Maule earthquake (Figs. 4 and
5C), so Lebu must have been also experienced fast interseismic subsidence after 1835 earthquake. In contrast
Tirta, located to the south (Fig. 3) experienced a big interseismic uplift before Maule 2010 earthquake: 36.86
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mm/y while Quidico, had a subsidence of 2.26 mm/y (Moreno et al., 2011). The amount of interseismic uplift
at Tirua, is the biggest of any place in the later rupture zone of Maule 2010 earthquake (33° S-38.6° S), as can
be shown in GPS data by Ruegg et al. (2009) and Moreno et al. (2011), being bigger even than places located
inland such as Coastal Cordillera and Central Depression, zones where is expected theoretically an important
interseismic uplift. As shown in model B (Fig. 10B), where occurred normal interseismic period in which both
plates are coupled and the movement occurred only in the Wadati-Benioft plane, places located close to the
trench had interseismic subsidence and distant places (eastward in Coastal Cordillera and Central
Depression) had interseismic uplift. So movement only along Wadati-Benioff plane explains well the
interseismic subsidence at Santa Marfa Island and Arauco Peninsula after 1835 and 1960 earthquakes. The
vertical net interseismic (1960-2010) stability at Mocha Island and high uplift at Tirta are an unexpected
interseismic behaviour, and could be explained by the activity of a splay fault as shown in model C (Fig. 10C).
From this model, such a splay fault must be located between Tirtia and Mocha Island, whose trace is located at
90 km from trench, close to the eastern coast of Mocha Island with 45° dip and branches west vergent from
Wadati-Benioff plane at 35 km depth. The tip point of the fault is located at 10 km depth and the main slip (5
m) occurred between 10-35 km depth.

5.2. Tirta-Mocha splay fault

During the Maule 2010 earthquake, theoretically expected coseismic vertical ground movements with
decreasing vertical uplift from trench to the Andes Cordillera occurred in most of the rupture zone with the
exception of Tirta-Mocha Island area (Fig. 2). As shown in model D (Fig. 10D), the slip that occurred in
Arauco Peninsula and northward including Santa Maria Island, can be explained by 8+0.3 m slip only in the
Wadati-Benioff plane. In contrast, as shown in Model E (Fig. 10E), the smaller uplift in Mocha Island than
Tirda, can be explained by activity only in the splay fault with 3+0.4336 m slip that reached the sea bottom.
This is similar to the situation that occurred during the 1964 Alaska earthquake were some splay faults were
active such as the Hanning bay and Patton Bay splay faults that were visible in Montage Island (Platker, 1972)
generating additional vertical uplift, and the Suckling Hills splay fault that explains the abnormal high
coseismic movement in the border of Alaskan and Aleutian subduction zones (Chapman et al., 2014) or
several splay faults activated during the New Zealand 2016 Kaikoura Earthquake (Hollingsworth et al., 2017;
Wang et al., 2018). Finally, the vertical ground movements at Tirtta-Mocha Island area during the Araucania
2011 earthquake display a normal trend, with bigger uplift at Mocha Island and subsidence at Tirta. From
model F (Fig. 10F), that coseismic uplift trend, can be explained by activity only in the Wadati-Benioff plane
at 20-25 km with 3 m slip.

The models that explain the coseismic movements during the Valdivia 1960, Maule 2010 and Araucania
2011 carthquakes and the interseismic movements between 1960 and 2010 earthquakes (Fig. 10) indicates
that in the Tirta-Mocha Island area there is a splay fault (Tirda-Mocha splay fault), whose trace must be
located between Tirtia and Mocha Island near the eastern coast of Mocha Island. Considering the aftershocks
distribution of the Araucanfa 2011 earthquake (Hicks and Rietbrock, 2015) between 38.2° S-38.6° S (NEIC
and CSN), and the changes in interseismic and coseismic (Maule 2010 earthquake) uplift trend: typical trend
north of Quidico (38.2° S) and unexpected to the south of this place (Fig. 2), the length of the Tirta-Mocha
splay fault extends at least between 38.2° S-38.6° S, i.e., 40 km. Their strike would be parallel to the trench:
N10°E, dip bigger than the 19° of the Wadati-Benioff plane, determining 45° (Model C) and west vergent.
Hicks and Rietbrock (2015) indicated that the crustal splay fault active during Araucania 2011 earthquake is
east vergent so, Mocha Island must have subsidence and Tirta uplift, that is the opposite that occurred. So the
true fault must be west vergent.

The distribution of the aftershocks of Maule 2010 earthquake is compatible with the existence of the Tirta-
Mocha splay fault. Relocated aftershocks of Maule 2010 earthquake, before Araucania 2011 earthquake
(Lange et al., 2012; Rietbrock et al., 2012; Hayes et al., 2013), suggest that such seismicity has a N15°E trend,
subparallel to the trench axis. Moreover, south from 38° S there is a narrower dispersion of the seismicity along
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the N15°E axis including the Mocha Island. The distribution of epicentres along this axis concentrates
between the continental shoreline and the Mocha Island, without a seismicity closer to the trench, unlike what
happens northward such as Arauco Peninsula with aftershocks close to the trench. The distribution of the
Maule 2010 earthquake aftershocks at Tirta-Mocha area, coincides with the horizontal projection of the
probable Tirta-Mocha splay fault plane suggesting its activation during Maule Earthquake and some months
after, but before the Araucania 2011 earthquake. Lange et al. (2012), Rietbrock et al. (2012) and Hayes et al.
(2013) provide vertical profiles of the region, but they do not cover the Tirtia-Mocha area (south from 38° S)
fully, since their southernmost profiles are around 37.5° S and the vertical distribution of the hypocentres is
scattered. As consequence of this scattered distribution, it is difficult to discern inter from intraplate events.
The lack of aftershocks between Mocha Island and the trench may indicates a high coupled zone, for example
the existence of a strong asperity at the updip of Wadati-Benioff plane at Tirtia-Mocha Island area.

Regarding the Araucania 2011 earthquake, Hicks and Rietbtrock (2015) identifed two rupture planes, one
on the Wadati-Benioff with thrust focal mechanism and the other on the overriding crust with normal focal
mechanism. They divided the aftershocks of Araucania 2011 earthquake in two clusters, one close to Tirta
with thrust focal mechanisms along the Wadati-Benioff zone, and the other mainly to the south and close to
the eastern coast of Mocha Island with normal focal mechanisms corresponding to the crustal fault. They
concluded that this interplate event triggered the rupture of the crustal fault, suggesting that such fault (or
fault system) is compressional during the interseismic period. From the focal mechanism of the crustal normal
fault, two nodal planes exists, one east vergent and the other west vergent. The conceptual model in Hicks and
Rietbrock (2015) shows that the true fault was the east vergent and that the activity of such a fault can
generate vertical movements on the sea bottom ranging 0.3-0.7 m, and only if a Mw=7 event is of pure normal
faulting, the vertical displacement increases to 1.2 m. Our interpretation is that the crustal fault with normal
movement is the Tirda-Mocha splay fault that had tectonic inversion during the Araucania 2011 earthquake,
and thrust movement during the 1960-2010 interseismic period and Maule 2010 earthquake. This is also
supported by the models of splay fault activity (Li et al., 2014) in which normal reactivation of a splay fault
occur when the thrust movement centroid along Wadati-Benioff plane is shallower than the root of the splay
fault, condition that can be seen in figure 10F. For the crustal normal fault of Araucania 2011 earthquake, we
chose the west vergent fault, unlike Hicks and Rietbrock (2015). We asses that, in order for the east vergent
fault to be normal and given its trace is located close to the eastern coast of Mocha Island, that place must have
subsidence and Tirta uplift, while the opposite occurred (Fig. 11D).

If the Tirta-Mocha Splay fault existed before Valdivia 1960 earthquake it was not active during 1960
carthquake (Fig 11A) and considering the last seismic cycle 1960-2010, it was active during that time
explaining the permanence of the 1960 coseismic uplift in Mocha Island until the Maule 2010 earthquake and
the big interseismic uplift at Tirda (Fig. 11B). The interplate convergence was accommodated partially by the
development of the Tirtia-Mocha splay fault that branched from Wadati-Benioff plane at 35 km depth. That
fault propagated upward at 45° with west vergence. This is the same mechanism of development of splay faults
in subduction zones and its activity in the subduction seismic cycle indicated by Fukao (1979), Cummins et al.
(2001), Wendt et al. (2009), Tamura and Ide (2011), De Dontney and Hubbard (2012), and Li et al. (2014).
The tip point of Tirta-Mocha splay fault did not reached the sea bottom between Tirta and Mocha Island
during the 1960-2010 interseismic period (Fig. 11B) being a blind fault (Model C indicated 10 km depth for
the tip point), and the interseismic crustal deformation must be an antiform fault propagation fold (or
transient surface warping) associated with the Tirta-Mocha splay fault. The existence of this fold is favoured
by the interseismic tidal and GPS data (Nelson and Manley, 1992; Moreno et al., 2011). Thus, a highly
coupled zone is surrounded by the Wadati-Benioff plane at the bottom, the sea bottom in the top, the trench
in the west, and the Tirta-Mocha splay fault to the east. They constitute a rocky block in the overriding plate
with accretionary wedge shape. We name this block as Mocha block because includes Mocha Island (Fig. 11B,
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C and D). The horizontal maximum stress 61 must be compressive between Tirtia and Mocha Island in the
overriding plate.

We speculate that a strong asperity was developed after the Valdivia 1960 earthquake at the updip of
Wadati-Benioff plane at Tirta-Mocha area, generating strong coupling and the activity of the Tirtia-Mocha
splay fault. During 2010 Maule earthquake, such asperity remained arresting the trenchward coseismic
movement of South American plate, generating local compression accommodated by the Tirtia-Mocha splay
fault and Mocha block remained coupled (Fig. 11C). So high stress continued in this zone until the Araucania
2011 earthquake in which the asperity was finally overcome and the Tirda Mocha splay fault had tectonic
inversion with normal movement and Mocha block moved trenchward (Fig. 11D). Finally the seismic activity
of moderate magnitude in the Tirta-Mocha zone ended after Araucania 2011 earthquake indicating that the
main amount of stress accumulation at Tirtia-Mocha area was released.

6. Conclusion

The Tirta-Mocha Island area of south Chile had an abnormal seismic cycle with two mega-earthquakes in
only 50 years: Valdivia 1960 Mw=9.5 and Maule 2010 Mw=8.8 carthquake, with unexpected vertical
interseismic ground movements and 2010 coseismic movements. During the 1960 Valdivia earthquake
occurred normal vertical coseismic trend where Mocha Island experienced uplift and Tirta subsidence, so slip
occurred only along Wadati-Benioff zone. Then a net vertical interseismic stability at Mocha Island took place
that contrasts with the interseismic subsidence at Santa Marfa Island and Arauco Peninsula located northward
of Mocha Island. Also Tirtia experienced the biggest interseismic uplift in all the rupture zone of the following
Maule 2010 earthquake. Such anomalies are due to the existence and activity of the Tiria Mocha splay fault.

During the Maule 2010 earthquake Tirta experienced higher uplift than Mocha Island, in contrast with
what occurred during the 1960 earthquake. This unexpected behaviour can be explained by the existence and
slip of a splay fault located between Tirtia and Mocha Island (Tirta-Mocha splay fault).

During 2011 Araucania earthquake, the main slip occurred at the updip of Wadati-Benioff plane and the
Tirda-Mocha splay fault might have experienced tectonic inversion with normal activity.
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Fig. 1. Location map. Focal mechanisms of some strong aftershocks of Maule 2010 earthquake are shown. Maule 2010 earthquake
epicentre came from CSN (Centro Sismolégico Nacional, Universidad de Chile), January 2nd 2011 event is relocated by CSN at the
NW tip of Mocha Island, illustrated by the position of the focal mechanism. For This event, black star are the original location of
CSN and red star NEIC one. Red focal mechanisms are thrust and green ones, normal. Locations where vertical changes of Maule
earthquake were measured are indicated: white circles for northern segment, blue circles for southern segment and triangles for
Tirtia-Mocha zone. Blue bars represent the extension of the rupture zones of 1960 and 2010 earthquakes.
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Fig. 2. Vertical coseismic ground movements trend for Maule 2010 earthquake. Northern segment: points from 33° S-35.5° S,
southern segment points from 36° $-38.2° S, data from Quezada et al. (2010) location is showed in figure 1. The different normal
trench distance of cero uplift in both segments indicates the shallower rupture of northern segment. The anomalous behavior of of
Tirtia-Mocha Island and Quidico area (two points, one is the same of Tirta, the other is the rock located 2.2 km north Quidico), is
shown by a lesser surface uplift at Mocha Island than Tirta.

307



JORGE QUEZADA, EDILIA JAQUE, NICOLE CATALAN, ET AL.

37°

37.5° ]

38°

Arauco
Peninsula

A

\

L

Heights (m)
B o0
100-200
200-300
B 300400
[ 200-500
[] 500-600
[ e00-700
[ 700-800
[ 800-900

\

O©COoO~NOO P WN =

UNEXPECTED COSEISMIC SURFACE UPLIFT AT TIRGA-MoOCHA ISL...

Santa Maria Island
Coronel

Playa Blanca
Laraquete
Tubul

Llico

Punta Lavapiée
Caleta Piures
Caleta Yani
Lebu

Punta Morhuilla
Pangue
Lanalhue Lake
Lleu Leu Lake
Quidico

Tirua

Mocha Island

Fig. 3. Morphologic and tectonic features of Arauco Peninsula, Santa Maria Island and Mocha Island. Normal faults at Arauco
Peninsula and Santa Marfa Island and Tirtia-Mocha splay fault are indicated. White line: border between Holocene and Pleistocene
terraces (shorelineangle). Places mentioned in this paper are shown. MFZ: Mocha Fracture Zone trace.
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Fig. 4. Evidences of interseismic subsidence between Valdivia 1960 and Maule 2010 earthquakes (left) and 2010 coseismic uplift
(right). Note the breakwater at Tubul, Llico and Punta Lavapié built due to threatening sea water because interseismic subsidence.
Between Valdivia 1960 and Maule 2010 earthquakes, Lebu river became navigable and the coastal cliff at Santa Marfa island active.
After Maule 2010 carthquake, the sea withdrawal due to coseismic uplift provoked inactive cliff, dry Lebu river mouth as in 1960,

emersion of marine abrasion platform and widening of the beaches (right).

Lebu 1897

Chile). Frandung
. Ay

Islet | apu 7-11-2009 Lebu 21-4-2010

Fig. 5. Lebu at different years. A. 1897 picture showing the active cliff and small islet. B. 1960 coseismic uplift resulted in the dry
dock (from Veyl, 1960). C. November 7th 2009 picture showing an active cliff and small islet. D. 2010 after Maule earthquake
picture showing evidences of an emersion like big islet, inactive cliff and almost dry Lebu river mouth. Note the ships outside Lebu
river mouth that cannot penetrate the river.
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Pre 1960 "

Fig. 6. Evidence of the permanence of the 1960 coseismic uplift at Mocha Island. The former position of the sea before Valdivia

1960 earthquake is displayed. The emersion of the marine abrasion platform allowed building a road that surround Mocha Island.
Photo taken on November 6th 2009.
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Fig, 7. Evidences of 2010 coseismic uplift at Tirta (A,B,C) and Mocha island (D). A-B. Shows less water depth of Tirtia river and
different level water marker at the base of the Tirtia brigde column, photo taken on April 27th 2010. C. Cliff arriving at Tirtia from
Mocha Island on May 27th 2010. The black arrows indicates the top of the bleached Lithotamnium. D. Sea level drop of 25 cm at
the eastern coast of Mocha Island. The former sea level is visible in a dark line that begins in a point close to the shoes of the guy that
extends to the right. The dark zone on the bottom of the wall is living marine algae and the top level is the position of the new high
tide. A white zone between both levels is bleached dead algae equivalent to the 2010 coseismic uplift. Photo taken on May 27th
2010.
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Fig. 8. Big sandstone boulders moved by the 2010 tsunami at the northern border of Mocha Island. The white colour is bleached
Lithotamnium. The tsunami overwashed the entire slope behind the picture and the water continued its way at least 200 m inner

plain depositing more boulders and reach the 20 m runup.
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__ Pre 27-2:2019
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Fig. 9. Evidences of vertical changes at Mocha Island and Tirtia after Araucania 2011 earthquake. A-B. Same place at Mocha Island
shown in figure 7D. It is clear the sea level drop of 50 cm. C-D. Tirtia bridge. Left photo taken on April 27th 2010 one hour after
the low tide. Right photo: same view on January 20th 2011 at the time of low tide. Note the upper position of the water in the
columns evidenced 20 ¢m of subsidence after the Mw=7.1 event. The Tirta River had more caudal on January 2011, even if we
consider that this is the summer dry season.
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Fig. 10. Elastic dislocation models of vertical coseismic and interseismic movements considering the Wadati-Benioff plane and the
Tirtia-Mocha Splay fault (with bigger dip). In each case the fault modelled is displayed as a thick solid line. A. Coseismic uplift/
subsidence Valdivia 1960 earthquake at Tirtia and Mocha Island area, movement only along Wadati-Benioff. B. Interseismic period

1960-2010 at 37.1° S; movement only along Wadati-Benioff. C. Interseismic period 1960-2010 at Tirda-Mocha Island area

considering activity of Tirtia-Mocha Splay fault. D. 2010 coseismic uplift/subsidence Maule earthquake at southern segment (36°
§$-38.1° S); movement only along Wadati-Benioff. E. 2010 coseismic uplift Maule earthquake at Tirtia-Mocha Island area with
activity of the Tirtia-Mocha Splay fault. F. Coseismic Mw=7.1 event of January 2nd 2011 considering movement at updip of
Wadati-Benioff plane.
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Fig. 11. Tectonic evolution of the Tirtta-Mocha Island zone in the last seismic cycle. A. 1960 coseismic movement along Wadati-

Benioff plane. B. 1960-2009 interseismic movement. Strong asperity along the up dip of Wadati-Benioff zone (black rectangle),

development of Mocha-Tirta splay fault, vertical stability at Mocha Island and big uplift at Tirta. C. Maule earthquake coseismic

movement. Main slip along Tirda-Mocha splay fault. Strong asperity (black rectangle) remained at the up dip of Wadati-Benioff

plane. D. Removal of that asperity during the Araucanfa 2011 earthquake, thrust movement at updip of Wadati-Benioff plane and

normal reactivation of Tirtia-Mocha splay fault.

Mocha block is displayed. T: Tirtia, MI: Mocha Island.
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