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ocean-ocean convergence

ocean-continent convergence

Several important structural and topographic 
features form at many subduction zones. A 
broad rise or bulge in the downgoing plate, 
known as an outer swell, commonly develops 
where the plate bends to dive down into the 
mantle.

Hamblin and Christiansen (2009)

"outer-rise event" refers to
any earthquake which occurs 

within the oceanic plate in the 
vicinity of the trench axis 

(Christensen & Ruff, 1983). 

Outer Rise Earthquakes



Classical paper on outer rise earthquakes



Isacks et al. [1968] suggest that the lithospheric plates are bent down under the 
island arcs along the dipping plane of earthquake foci, and a number of suggestions 
have been made as to why this should be so. Accordingly we should find an upward 
flexure or rise along some parts of island arcs similar to that of the Hawaiian arch. 
Such a flexure is evident in many island arcs (Figure 2), and a maximum amplitude of 
about 700 meters is similar to that of the Hawaiian structure.

Classical paper on outer rise earthquakes



Classical papers on 
outer rise earthquakes



Chapple & Forsyth (1979)



Gravity anomalies of an oceanic subduction zone (Grow, 1973)

The flexural bulge of the downgoing lithosphere to seaward of the trench is marked by a positive gravity anomaly of 
about 500 g.u. (Talwani & Watts, 1974).

Flexural bending of the lithosphere also gives rise to the topographic bulge present in the subducting plate on the 
oceanward side of the island arc. This regional rise of sea bed topography is located between 100– 200 km from the 
trench axis and has an amplitude of several hundred meters. 



Watts & Talwani (1974) 



Earthquake foci in the Tongan region in the South Pacific occur in a zone inclined from the Tonga Trench toward the Fiji 
Islands. The top of the diagram shows the distribution of earthquake epicenters, with focal depths represented by 
different-colored bands. The cross section on the front of the diagram shows how the seismic zone is inclined from the 
trench. The colored dots represent different focal depths. This seismic zone accurately marks the boundary of the 
descending plate in the subduction zone. 

Hamblin and Christiansen (2009)



(a) Strong coupling between the oceanic and continental 
lithospheres results in great earthquakes and break off of 
the subduction lithosphere at shallow depths.
(b) Partial decoupling results in smaller earthquakes and 
continuous subduction. 

(c) Further decoupling results 
in aseismic events and 
intraplate tensional events.

(d) Sinking plate results in 
retreating subduction and 
formation of a new thin 
lithosphere. 

(e) Episodic retreat and 
formation of ridges.

(f) Decelerated retreat and 
commencement of new 
subduction

Kanamori (1977)Inter-Plate Interaction Model

Ruff & Kanamori (1980)
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Map showing contrasting plate-tectonic conditions along the Sunda Arc. In front of Sumatra, sediment of the thick Bengal fan are scraped-off and incorporated into the accretionary
wedge. This causes the outer ridge to emerge from the sea at this location ( Mentawai Ridge – see insert). In front of Java, the deep sea trench and the outer ridge are significantly
deeper. In front of Australia, the continental crust of the Sahul shelf is being subducted beneath the Sunda Arc; this causes a particularly strong uplift of the outer ridge (Timor Ridge)
and marks the initial stage of orogenesis. Frisch et al. (2011)



Newsweek (December, 2005)

Lay et al. (2012)



Peta regional struktur
yang berkembang di 
Sumatra (Diament dkk., 
1992; Malod and
Kemal, 1996; Samuel and 
Harbury, 1996), dan 
daerah rupture gempa
besar (Abercrombie dkk., 
2001; Ammon dkk., 2006; 
Briggs dkk., 2006), serta
fitur struktur utama di 
kerak Samudra.

Pusgen (2017)



Gaina & Muller (2007)



Sketches of typical trench-
perpendicular cross sections 
implemented in sections of 

bathymetrical charts for Sumatra 
(top) and Java and the Lesser Sunda

islands (bottom) to highlight 
differences in subduction setting 
affecting the earthquake hazard 

across the Indonesian margin. SZ are 
thick solid grey lines along the 

subduction fault.

Krabbenhoeft et al. (2010)
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Seismisitas hasil relokasi
gempa-gempa Sumatera 
dengan magnitudo ≥ 4,0. 
Mekanisme fokus diambil
dari Global Centroid 
Moment Tensor (GCMT) 
(Dziewonski dkk., 1981; 
Ekström dkk., 2012)
untuk gempa dengan
magnitudo ≥ 6,0 (Shiddiqi, 
2015)

Pusgen (2017)



Episenter gempa hasil relokasi di Pulau Jawa dan sekitarnya untuk event dengan kedalaman ≤ 100 km dan 
magnitudo ≥ 4. Mekanisme fokus merupakan solusi dari GCMT untuk gempa dengan magnitudo ≥ 6 (Shiddiqi, 2015)

Pusgen (2017)



Patria and Aulia (2020)

Tectonic elements and main morphological features of Java Subduction Zone 



Lüschen et al. (2011)



a) Bathymetric map of the 
western area with structural 

interpretation, compiled with 
seismicity and extent of 

coseismic slip of Mw 7.7 2006 
Earthquake. b) N-S oriented 

ridge near subduction trench. c) 
Series of parallel ridges on 

oceanic crust. d). Seamounts 
which associated with the 

landward progression of the 
trench. 

Patria and Aulia (2020)



Bathymetric map of the Central 
Area with structural 

interpretation, compiled with 
seismicity and extent of 

coseismic slip of Mw 7.8 1994 
Earthquake. b) NNE-SSW 

oriented ridge near subduction 
trench, associated with the 
landward progression of the 

trench. c) Seamount is in contact 
with the trench and uplifted 

seafloor in front of the 
seamount. d). Uplifted zone with 

high residual bathymetry is in 
further landward from Roo Rise. 

Patria and Aulia (2020)



a) Bathymetric map of the 
Eastern Area with structural 

interpretation, compiled 
with seismicity and extent of 

coseismic slip of Mw 8.3 
1977 Earthquake. b) 
Comparable residual 

bathymetry highs on both 
oceanic crust and 

accretionary wedge. c) Ridge 
on Oceanic crust. d). 

Isolated residual bathymetry 
anomalies in accretionary 

wedge and normal faults in 
the near trench zone. 

Patria and Aulia (2020)



Patria and Aulia (2020)



Lüschen et al. (2011)
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Daryono (2020)



SW Sumba Outer-Rise Earthquake

1. The great outer-rise earthquake (Mw 8.3) occurred near the Sunda trench, Indonesia, on 19 
August 1977. The earthquake has been previously studied using seismological data. The 
earthquake generated a large tsunami that caused severe damage in Sumbawa and Sumba 
Islands in Indonesia. The tsunami was also observed at tide gauges in Australia.

2. The largest normal fault earthquake with a magnitude of 8.3 is possibly caused by a crustal scale-
fault that breaks the entire oceanic crust. According to Lynnes and Lay (1988), the ruptured zone 
of Mw 8.3 1977 Earthquake has extended to about 30-50 km depth. Thus it is considered that 
this earthquake may slip along the crustal-scale normal fault (Patria and Aulia, 2020).

3. The great 1977 Sumba earthquake is the biggest outer-rise earthquake in Indonesia ever 
recorded. The mechanism of outer-rise events is generally a normal fault type with the tension 
axis perpendicular to the trench, and the focal depths are quite shallow. These aspects are 
basically consistent with the bending lithosphere interpretation. Ruff (1996) shows that the 
largest outer-rise events have tensional focal mechanisms, and they tend to occur in uncoupled 
subduction zones, for example, the 2 March 1933 Sanriku (Mw 8.4) and 19 August 1977 Sumba 
(Mw 8.3) events.



Darman et al. (2012)

Newcomb & Cann (1987)

Hall (2014)



Plate’s negative buoyancy causes very large slab pull forces. Great
interface thrust earthquakes are absent at the Sumba region, and slab
pull forces are inferred to have partially decoupled the subducted plate
from the overriding plate. This decoupling permits slab pull stresses to
be guided updip to the region of the Sumba main shock. Such shallow-
acting slab pull provides a bending moment at the trench and explains
the deformation and timing observed for the entire Sumba earthquake
series

Spence (1986)

SW Sumba outer-rise 
earthquake



Maximum tsunami elevation 
calculated from the far-field tsunami 
simulation. The white rectangles are 

the computation domains
for small grid systems. The tsunami 
was recorded by three tide gauges 

located in Australia. Those tide gauges 
are indicated by yellow triangles. The 
inset map shows a closer look at the 

Dampier region where two tide 
gauges are located.

Gusman et al. (2009)



Snapshots of tsunami propagation 
at time 10, 20, 36, and 54 min.

Gusman et al. (2009)
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Model of Outer-Rise Earthquakes

1. Christensen & Ruff (1983) proposed a model that relates the occurrence of outer-rise events to 
the coupled and uncoupled nature of subduction zones. 

2. In subduction zones that are inherently uncoupled and constantly in tension from slab pull, only 
tensional outer-rise events occur. These events can occur at any time and are not necessarily 
related to seismic activity along the plate interface. 

3. In coupled subduction zones both tensional and compressional outer-rise events occur. 

a. Tensional outer-rise events occur after large subduction events when tensional stress from 
slab pull is transmitted to the outer-rise. 

b. Compressional outer-rise events occur in regions that are strongly coupled and have 
accumulated compressional stress in the outer-rise through movements in adjacent 
regions; many such regions would be recognized as seismic gaps.

4. Tensional outer-rise events are more numerous and widespread than compressional outer-rise 
events. Perhaps the more characteristic behavior of the outer-rise is to deform under tensional 
stresses due to slab pull. 

5. Compressional outer-rise events may occur on the relatively rare occasion when the 
compressional stress in the outer-rise reaches some critical level prior to a large subduction 
type event.



Schematic representation of proposed model for 
coupled subduction zones. Map view of idealized 
subduction zone with subduction occurring from left 
to right. Recent large shallow underthrusting
earthquakes are represented by shaded regions. 
Compressional outer-rise events are shown as open 
symbols and tensional as closed symbols with 
arrows depicting major stress axes orientation.

a. Tensional outer-rise events 
occur after large 
subduction events when 
tensional stress from slab 
pull is transmitted to the 
outer-rise. 

b. Compressional outer-rise 
events occur in regions 
that are strongly coupled 
and have accumulated 
compressional stress in 
the outer-rise through 
movements in adjacent 
regions; many such 
regions would be 
recognized as seismic 
gaps.

Outer-rise events off the coast of
Chile. Tensional outer-rise events are 

shown as solid symbols, compressional as 
open symbols. Rupture zones of large 

underthrusting earthquakes are shown as 
shaded regions (after Kelleher, 1972).

Christensen & Ruff (1983) 



Peta episenter gempa merusak pada periode tahun 1938-2014 (Masturyono dkk., 2015) Pusgen (2017)



Faizal –Pusgen (2020)

Perlu memasukkan potensi gempa dari wilayah “outer-rise”.
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