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SUPPLEMENTARY MATERIAL:

Tracking seismic source evolution: 2004 Mw 8.1 Macquarie Island event

by B.L.N. Kennett, A. Gorbatov and S. Spiliopoulos

1 ENERGY PROJECTION

The hypocentre represent the location in space and time of the initial release of seismic

energy. This location is normally estimated from the time of arrival of seismic phases at a

well distributed set of seismic stations. Strong control on the hypocentre requires that it be

surrounded by stations and that azimuthal control is available without large gaps. When we

consider the onset of the corresponding seismograms the first arriving energy will come from

the immediate neighbourhood of the hypocentre. We can project this energy back to its origin

with a suitable propagation model and then an estimate of the concentration of energy in

space can replace the matching of arrival times. Our approach to characterising the evolution

of the high-frequency part of a seismic source is to endeavour to determine the location of

energy emission as a function of time by exploiting the characteristics of the seismograms at

a suitable suite of stations. We increment the origin time in steps and seek to find the position

of the evocentre for which the summed energy over a time span on the various seismograms

is maximised. For each point we construct the propagation delays to each of the stations to

define the relevant segments of the seismograms.

We use the ak135 model to calculate the appropriate times of passage from the putative

sources. We apply corrections to allow for the influence of 3-D structure so that energy will

indeed concentrate at the estimated hypocentre. This can be achieved by applying the time

residuals at each station, for the calculated hypocentre, with reverse sign as a shift to the

records.

We work on a grid of points in 3-D surrounding the hypocentral location reported by

the International Seismological Centre (ISC), and seek to locate the position for which the
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Figure S1: Seismograms across Australia for the 2004 Macquarie event, [Event product courtesy of IRIS].

estimate of the energy emission is maximised. We use an expanding grid from the hypocentre

so that we avoid attempting to sample locations for which energy would arrive before

the observed onsets. If well chosen, the expansion rate should have little influence on the

results. We usually start with the local P wavespeed and then see if a slower rate can be

accommodated.

For our analysis of the Macquarie event we have used band-passed filtered seismograms

from the global network with corners at 0.8 and 4.0 Hz. Energy stacks are constructed over

4 s segments of the seismograms, progressively moved forward by 2 s steps. The 3-D grid is

sampled at 5 km intervals, and all points within the current grid expansion frame are tested
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at each step. The point with the maximum value for the energy stack is then selected as the

evocentre for that time. There will always be some degree of leakage away from the true

target location when any finite number of stations are employed. The volume of leakage can

be minimised with a suitable distribution of stations with a broad range of azimuths as in our

example.

Because we use the energy sum based on 4 s time windows, the results are quite robust

to small shifts in trace timing. However, when residuals exceed the time increment of 2 s

it is important that corrections for 3-D structure are made. The standard travel time models

are not well suited to an oceanic event such as the 2004 Macquarie earthquake and there are

significant systematic effects with ak135 residuals as large as -6 s to Antarctica and +4 s to

the northern Pacific. The results for the energy release pattern are very stable to changes in

the corrections, and indeed the main characteristics are clearly displayed even without any

adjustment of seismogram timing.

Our approach assumes that the energy on each seismogram corresponds to the same

seismic phase, and so can become biased where phase interference occurs on some records

such as that between P and PP. We estimate the current location of the evocentre with a

maximum of the energy stack and so problems can arise if there are two concurrent ruptures

with similar energy release.

We determination the position associated with maximum energy release at each time step.

This position will be best determined when the energy emission is large. The uncertainty in

location will increase when we are dealing with low emission. This situation is likely to be

encountered at the onset of the event and at late times. In Figure 3 of the main paper, we

scale the size of the symbols by the estimate of the energy stack. The location of the largest

symbols will be better determined than for the smallest.

The estimate of the spatial resolution operator varies only slowly with position, at least
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500 km shift is required for the azimuthal distribution of stations used for the Macquarie

event to be altered enough to produce a noticeable change of the pattern. Thus the estimate

of the spatial resolution presented in Figure 1 of the main paper is appropriate for the entire

search grid, since the pattern is independent of the origin time.

Although there are similarities with many current approaches using back-projection from

groups of stations exploiting the coherence of waveforms, different aspects of the wavefield

are being exploited. Rather than subtle time shifts between nearby stations, we are exploiting

the azimuthal control provided by a distributed network.

Two classes of studies have made use of a global distribution of stations. Roessler et

al. (2010) demonstrate the use of multiple station networks as arrays with combination

of semblance results in the source region. Walker et al. (2005) employed the coherence

properties of global stations for the 2005 Mw 8.6 Sumatra earthquake, including a

station-weighting scheme to compensate for the uneven station distribution. The coherence

properties across the stations were exploited further by Walker and Shearer (2009) in studies

of continental strike-slip events to track the evolution of the source. In contrast we work

directly with estimates of the energy emission without the intermediary of seismogram stacks.

The intrinsic location capacity for a large high-quality network is quite weak when the

event studied lies well away from the stations, as in the typical application of back-projection.

The point of initial emission of energy needs to be tied to the hypocentre determined by

independent means (e.g., Simons et al. 2011; Wang and Mori 2011), and efforts are made to

exploit signal coherency to enhance local resolution across a broad search grid.

Once one includes relatively close stations to the epicentre there are strong constraints on

the possible location of energy emission, and so the strategy for tracking the source needs

to work with a grid that expands as time progresses. The rate of expansion is limited by the

requirement that the time windows employed do not start before energy arrives at any station.
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All forms of back-projection work best when the signal-to-noise ratio on the seismograms

employed is high. The Macquarie event was large enough that signal quality is good and

waveforms are relatively consistent for a significant time frame for similar azimuths, as can

be seen from Figure S1.

There are noticeable changes in the character of the seismograms associated with different

azimuths as the different sub-events become important. If a high degree of seismogram

similarity is enforced, as in standard large array processing, part of the character of the event

may be lost.

2 COMPARISON FOR SEA OF OKHOTSK EARTHQUAKE

In Figure S2 we compare the results obtained using our energy projection procedure with

those from back-projection from North American and European networks. We use the very

deep 2013 Sea of Okhotsk event, which lies at a convenient distance from both North America

and Europe with a good distribution of global stations as well.

The level of agreement between the results from the energy projection and those from

back-projection from the other networks is very high, and is similar to that between the

North American and European results for this event from Ye et al. (2013). In all cases the

initial excursion from the hypocentre is to the north, followed by the main rupture and energy

emission moving towards the south.

The dominant high-frequency energy release mapped by the energy projection results

remained stable with different choices for the search volume in 3-D. However, the late tail

with very low energy release is somewhat dependent on specific choices such as the grid

expansion rate. This late energy migrates away from the main rupture, but there is little

coherence to the patterns seen in different runs.
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 Mw 8.3 Sea of Okhotsk 2013 May comparison – plan view 

Ye et al, 2013, Science II-IU network 0-90 deg 

(a) (b) 

Figure S2: Comparison of the results obtained with the energy projection technique and those from more
conventional back projection for the Mw 8.3 Sea of Okhotsk event on 2013 May 13 at 610 km depth:
(a) Energy projection from the stations of the Global Digital Seismic Network, with the station configuration
above and the locations of the points of maximum energy emission below;
(b) Back-projection results from stations in North America and Europe with the estimated patterns of energy
emission (after Ye et al. 2013).
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