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            Abstract
The Earthâ€™s largest earthquakes and tsunamis are usually caused by thrust-faulting earthquakes on the shallow part of the subduction interface between two tectonic plates, where stored elastic energy due to convergence between the plates is rapidly released1,2. The tsunami that devastated the Samoan and northern Tongan islands on 29 September 2009 was preceded by a globally recorded magnitude-8 normal-faulting earthquake in the outer-rise region, where the Pacific plate bends before entering the subduction zone. Preliminary interpretation suggested that this earthquake was the source of the tsunami3. Here we show that the outer-rise earthquake was accompanied by a nearly simultaneous rupture of the shallow subduction interface, equivalent to a magnitude-8 earthquake, that also contributed significantly to the tsunami. The subduction interface event was probably a slow earthquake with a rise time of several minutes that triggered the outer-rise event several minutes later. However, we cannot rule out the possibility that the normal fault ruptured first and dynamically triggered the subduction interface event. Our evidence comes from displacements of Global Positioning System stations and modelling of tsunami waves recorded by ocean-bottom pressure sensors, with support from seismic data and tsunami field observations. Evidence of the subduction earthquake in global seismic data is largely hidden because of the earthquakeâ€™s slow rise time or because its ground motion is disguised by that of the normal-faulting event. Earthquake doublets where subduction interface events trigger large outer-rise earthquakes have been recorded previously4, but this is the first well-documented example where the two events occur so closely in time and the triggering event might be a slow earthquake. As well as providing information on strain release mechanisms at subduction zones, earthquakes such as this provide a possible mechanism for the occasional large tsunamis generated at the Tonga subduction zone5, where slip between the plates is predominantly aseismic6.
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                    Figure 1: 
                        The 2009 Samoaâ€“Tonga earthquake as a double event, with observed and modelled GPS displacements and fault-plane solutions.
                      [image: ]


Figure 2: 
                        Observed displacements at the two campaign GPS sites on Niuatoputapu showing their large eastward offset between 2005 and 2009.
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Figure 3: 
                        Observed seismic noise before onset of outer-rise earthquake arrivals at AFI compared with model subduction thrust seismograms.
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Figure 4: 
                        Observed and modelled tsunami wave elevations and mis-fit contours.
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Double strike: two linked earthquakes caused 2009 South Pacific tsunami
The tsunami that struck the Samoan and northern Tongan islands in September 2009 was preceded by a magnitude-8 earthquake on the outer slope of the oceanic trench, where the Pacific plate bends as it enters the subduction zone. This was initially thought to be the sole source of the tsunami, but a more complex picture is emerging. Two groups report the occurrence of two earthquakes, a 'triggered doublet', at nearly the same time and place. What is not clear is which triggered the other. Beavan et al. use an analysis of Global Positioning System station displacements and tsunami models to show that the outer-rise earthquake was accompanied â€” possibly triggered by â€” a near-simultaneous mega-thrust earthquake in the adjacent Tonga subduction zone. Lay et al. analyse the available seismic data, and their model suggests that the outer-rise event triggered megathrust faulting. Either way, this dual strike suggests a mechanism for the occasional large tsunamis generated at the Tonga subduction zone.
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