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SUMMARY:

A fully probabilistic earthquake hazard assessment study was carried out for fifteen Pacific Island Countries
(PICs): Cook Islands, Fiji, Kiribati, Republic of Marshall Islands, Federated States of Micronesia, Nauru, Niue,
Palau, Papua New Guinea, Samoa, Solomon Islands, Timor-Leste, Tonga, Tuvalu and Vanuatu. A regional
seismicity model was built based on historical and instrumental earthquake catalogs, subduction zone
segmentation and plate motion information, geodetic data, and available data on crustal faults. We used different
ground motion prediction equations to account for different types of earthquakes. The effect of site conditions on
ground motion was modeled based on shear wave velocities derived from microzonation studies and high-
resolution topographic slope data. A comparison of our findings with those of earlier studies, such as GSHAP,
shows similarities, and in some cases, significant differences. The seismic hazard maps developed here have a
spatial resolution that is adequate for local seismic risk studies and building code applications.
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1. INTRODUCTION

Many of the PICs are located close to one of the most active subduction zones in the world and are
prone to high seismic risk. Since the year 2000, fifteen earthquakes of moment magnitude (M,,) greater
than or equal to 7.5 have occurred in the region, with four having M,,>8.0. The complicated tectonics
and the high seismicity of the region are due mainly to the interaction of four major plates (Figure 1),
the Pacific, Philippine Sea, Sunda, and Australia plates. The Philippine Sea plate subducts to the west
under the Sunda plate at a rate of about 100 mm/year, and the Australia plate subducts to the north
beneath the Sunda plate at a rate of about 70-80 mm/year. The convergence between the Australia and
Pacific plates results in a shortening at the subduction plate boundaries along Papua New Guinea, the
Solomon Islands, Vanuatu, Fiji and Tonga. The convergence rate is about 60-70 mm/year at the Tonga
trench, and about 100 mm/year at other trenches.

Until this study, a consistent and up-to-date view of the seismic hazard for this region was not
available in the open literature. The Global Seismic Hazard Assessment Program (GSHAP) conducted
a uniform but coarse seismic hazard study for the entire region (McCue, 1999). In the present study,
however, we include spatial resolution sufficient for local level applications, more recent ground
motion prediction equations (GMPEs), and site effects. The seismic hazard of some countries such as
Fiji, Papua New Guinea (PNG), and Vanuatu has been studied in more detail (e.g., Jones, 1998;
Suckale and Grlnthal, 2009), but the methodologies used were not the same for all regions and the
resulting seismic hazard was not expressed in a uniform way across studies. Detailed seismic hazard
studies for countries such as Tonga, Tuvalu, Samoa and the Solomon Islands are even rarer or non-
existent in the open literature. As part of the Pacific Catastrophe Risk Assessment and Financing
Initiative project funded by the World Bank and supported by other agencies, including the Asian
Development Bank and the Applied Geoscience and Technology Division (SOPAC) of the Secretariat



of the Pacific Community, we developed country-specific seismic risk assessment models for fifteen
PICs: Cook lIslands, Fiji, Kiribati, the Republic of Marshall Islands, the Federated States of
Micronesia, Nauru, Niue, Palau, Papua New Guinea, Samoa, Solomon Islands, Timor-Leste, Tonga,
Tuvalu, and Vanuatu. The main objective of the hazard assessment component of this study was to
create a uniform and detailed regional seismic hazard model that captures the spatial variation of the
hazard and could be used to support realistic estimation of the earthquake ground shaking risk across
the region. The study included modeling of earthquake-induced tsunami hazard, but that component is
not covered here.
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Figure 1. Regional tectonic setting and seismic source zones in the South Pacific region.Thick red lines indicate
the major plate boundaries between the four major plates: Pacific (PA), Philippine Sea (PS), Sunda (SU), and
Australia (AU) plates. Thick black arrows illustrate the movement of the PA, PS, and AU plates relative to the
SU plate (Bird, 2003). The source zones are illustrated by blue polygons, and the numbers are the zone IDs. The
area in the green polygon was covered by the AIR Southeast Asia earthquake model.

2. DATA
2.1 Historical earthquake catalogs

The availability of historical earthquake data for the Pacific Ocean region is limited compared to other
parts of the world. To obtain a relatively complete, single catalog for the entire region, we selected,
processed, and merged the following three historical earthquake catalogs:

1. PAGER-CAT by Allen et al. (2009) for the period 1900 — 2009,

2. Engdahl et al. (1998) relocated global earthquake catalog for the period 1964 — 2004, and

3. Earthquake database assembled by Geoscience Australia
(http://www.ga.gov.au/earthquakes/searchQuake.do) for the period 1958 — 2009.

Before merging the catalogs, the magnitude values reported in the Engdahl et al. catalog (1998) were
converted to moment magnitude, M, using the regression relationships established by Suckale and
Grinthal (2009). The magnitudes other than M, (the surface magnitude, Ms; the body wave
magnitude, my; the local magnitude, M; the duration magnitude, Mp; and unknown magnitudes, Myk)
reported in PAGER-CAT were converted to M,, using the magnitude regression relationships derived
in this study:

M,, = 0.8252M, + 1.2188
M,, = 0.7546m,, + 1.7809

(2.1)
(2.2)



M,, = 1.3210M, — 1.8631 (2.3)
M,, = 0.8110M,y + 1.2640 (2.4)
M,, = 0.9644M,, + 0.4677 (2.5)

Equations (2.1) through (2.4) were derived based on the PAGER-CAT data from the South Pacific
region, while Equation (2.5) was derived from all the PAGER-CAT data. For events in PAGER-CAT
with only the teleseismic body-wave magnitude, mg, available, we used the relationship by Bormann
and Saul (2008):

M,, = 1.33mp — 2.36 (2.6)

The events contained in the three historical earthquake catalogs were also augmented with an
additional 42 large (M,, >7.0) historical events that were identified from various publications. Some of
them were recorded pre-1900.

Due to the remoteness of the region and poor coverage by seismographs, about 20% of the
earthquakes in the merged historical earthquake catalog either lacked a hypocentral depth or had a
default depth value (e.g., 33 km). The hypocentral depth for these events was probabilistically
assigned based on empirically-based depth distributions derived from other historical events in this
region. Finally, we declustered the merged catalog from foreshocks and aftershocks using the method
of Reasenberg (1985). Figure 2 shows the epicenters of the historical earthquakes included in the final
combined catalog (down to M, 5.0; smaller events were not included in the plot). The completeness
time in the catalog varies by region. Generally, the catalog is considered to be complete for events of
M,, 5.3 or greater that have occurred since 1964. For Fiji and its vicinity, events of M,, 6.5 and greater
are complete since 1910. For other regions, events of M,, 7.0 and greater are complete since 1900.
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Figure 2. Epicenters of earthquakes in the Pacific Island Countries region contained in the merged historical
catalog (down to M,, 5.0). Circles are color-coded by depth and sized by magnitude.

2.2 Subduction segments, crustal faults and geodetic GPS data

Among the fifteen PICs studied in this project, Palau, Papua New Guinea, Samoa, Solomon Islands,
Vanuatu, Timor-Leste, and Tonga are located on or close to subduction zones. Segmentation models
of subduction zones (e.g., Nishenko 1991), have been customarily considered as a guide to the
location and extent of mega-thrust earthquakes. However, the validity of segmentation models in
seismic hazard studies has been recently challenged by the most recent mega-thrust earthquakes: the
2004 Sumatra, Indonesia, the 2010 Maule, Chile, and the 2011 Tohoku, Japan earthquakes. Here we
used segmentations as a model framework, but allowed some earthquakes to rupture multiple
segments.



In addition to the subduction of plates, active crustal faults are potential sources of large earthquakes.
For example, the 1953 Suva earthquake, the most damaging earthquake of Fiji in recent times, took
place on a near-shore crustal fault. Potentially active faults have been identified in Viti Levu of the Fiji
Islands (Rahiman, 2006), in PNG (Puntodewo et al., 1994; Tregoning et al., 1998), and in the Tonga-
New Hebrides region (Pelletier et al., 1998). The crustal faults and subduction trenches are displayed
in Figure 3.

We used a total of 254 GPS velocity vectors from various sources: Simons et al. (2007), Wallace et al.
(2004), Calmant et al. (2003), Tregoning et al. (1998), Bevis et al. (1995), Puntodewo et al. (1994),
Dawson et al. (2010, personal communications, IAG data), and Wallace et al. (2010, personal
communications, GNS data). The spatial distribution of these GPS stations is uneven (Figure 3).
Along the subduction zone, PNG and Vanuatu have the best coverage, whereas we could not locate
any GPS measurements in the Solomon Islands. The GPS stations on the Sunda plate (Figure 1) are
not included here since that region was already covered in the AIR Southeast Asia earthquake model
(2004), which is not discussed here.
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Figure 3. Location of GPS stations (triangles) used in this study. The pink lines illustrate curvilinear grids used
in our regional kinematic model. Subduction trenches and geological faults are displayed in thick blue lines.

3. KINEMATIC MODELING BASED ON GPS AND ACTIVE FAULTS DATA

We used the 254 GPS velocity vectors and the active faults data shown in Figure 3 to invert the
regional strain rate field using the well-established methodology by Haines and Holts (1993) and
Haines et al. (1998). We also adopted the relative plate motion between the Australia and Pacific
plates as a constraint in the inversion procedure to supplement the GPS and the active faults data. The
relative plate motion was derived based on Global Strain Rate Map by Kreemer et al. (2003). The
reference frames of the data include ITRF94, ITRF2000, ITRF2005, No-Net-Rotation (NNR), stable
Pacific Plate, and stable Australia Plate. In the inversion, the original reference frame of each
individual study was left undefined a priori, and then it was solved upon fitting geodetic velocities to
one self-consistent velocity gradient tensor field.
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Figure 4. Modeled (red arrows) and observed (black and white arrows) horizontal GPS velocities relative to the fixed Australia plate for Papua New Guinea and Solomon
Islands region (left panel), and Vanuatu, Fiji, and Tonga region (right panel).
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Figure 5. Predicted strain rate field (black arrows) for Papua New Guinea and Solomon Islands region (left panel), and for the Vanuatu, Fiji, and Tonga region (right panel).
The beach-balls show the focal mechanisms of historical earthquakes: green refers to earthquakes with 5.3 < M,, < 6.0, which are shown only for non-subduction areas; blue
refers to earthquakes with M,, > 6.0. The red lines illustrate curvilinear grids and the thin pink lines illustrate the subduction zones and faults.



Based on regional tectonic, geologic, and seismic information, and the spatial distribution of GPS data,
the region was divided into 3648 curvilinear grid cells, which cover both rigid and deforming zones
(Figure 3). (The grid cells in Figure 5 below will show only the deforming zones, which are allowed to
deform in the inversion procedure.)

Figure 4 shows the modeled and observed horizontal velocities in the region, relative to the fixed
Australia plate. The modeled velocities match the observed GPS vectors at most of the sites, but
significant differences exist at some stations in the Tonga region, in the New Britain Island of Papua
New Guinea, and in West Papua, Indonesia. These discrepancies may be due to the incompatibility
between these GPS data and others. Figure 5 illustrates the predicted strain rate field for a large part of
the South Pacific region. We also plotted the moment tensors of large earthquakes in the global CMT
catalog (http://www.globalcmt.org/) as a verification of the modeled strain rate field. The predicted
strain rate field is consistent with the plate motions, regional seismic moment tensor solutions, and
observed GPS velocities. For example, the large strain rate at the southern New Hebrides subduction
zone segment is in line with the large converging rate observed by GPS data. We converted the
predicted strain rate field to seismic moment rate budget for each source zone and used the budget for
modeling regional seismicity.

4. MODELING THE REGIONAL SEISMICITY

Our regional seismicity model comprises 58 source zones, which were delineated based on the
regional seismotectonics and historical seismicity (Figure 1). These source zones capture subduction
zones, fore arc and back arc regions, transform zones, and background area. For the regions around
Vanuatu, the source zones are based on Suckale and Grinthal (2009), while for the region around Fiji
the zones are based on Jones (1998). We used the same methodology to model the regional seismicity
as in Rong et al. (2010) except that here we employed the results from the geodetic modeling to
constrain the upper bound seismic moment rate for each source zone. For those subduction segments
with possible cascading ruptures, various cascading scenarios were considered using a stochastic
modeling scheme (Mahdyiar and Rong, 2006). The rate of subduction mega earthquakes of M,, 8.5-9.0
was modeled by a moment conservation principle as in Rong et al. (2010).

The seismicity model can be partially verified by comparing the modeled seismicity rates vs. historical
seismicity rates. This has been done for each of the seismic source zones. For example, Figure 6 shows
the cumulative magnitude-frequency distributions from the model (green curve) and historical catalog
(red dots) for some zones around Vanuatu. The long tails of the green curves derive from the moment
rate based on the geodetic model that is considerably higher than the historical moment rate.
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Figure 6. Cumulative magnitude-frequency distributions from the model (green curve) and from the historical
catalog (red dots) for the source zones 16 (left), 19(middle), and 38 (right) around Vanuatu.

The modeled and historical seismicity rates are also compared at a larger scale. Figure 7 shows the
excellent agreement between the magnitude-frequency distributions of modeled and historical
earthquakes in areas around PNG and Fiji, respectively.



1000 100 :

T
PNG Region

@ 8
g g Fiji Regi
o < ji Region
2 100 ¢ 2 g Toea,
: :
-
g oo £ >
E S
z ! z o
m .
r— 3
o
3 01 £ 'N\\
z < o001 o
s 001 2 s
> £
= \ 2 0.001
< 0.001 5
£ 0.0001
© 0.0001 5 55 6 6.5 7 75 8 8.5
5 6 7 8 9 10 .
Magnitude Magnitude

Figure 7. Cumulative magnitude-frequency distributions from the model (red curve) and historical catalog
(blue dots) for large areas covering PNG (left), and Fiji (right).

5. PROBABILISTIC SEISMIC HAZARD MAPS

The hazard is computed using an earthquake catalog of simulated events consistent with the
magnitude-frequency curves of the source zones. The synthetic catalog includes 10,000 realizations of
next year seismicity and contains about 7.6 million events with M, >5.0. We applied a three-
dimensional model to capture the spatial distribution of subduction interface, intraplate, and deep
earthquakes. We used Benioff zone depth contours to define the subduction interface. Large
subduction zone earthquakes are distributed along the subduction slab. Figure 8 illustrates the
distribution of a sample 50-year simulated catalog. Both the spatial and the depth distributions are
consistent with the historical earthquake catalog shown in Figure 2.
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Figure 8. A sample 50-year synthetic catalog. Circles are color-coded by depth and sized by magnitude.

Seven ground motion prediction equations (GMPEs) were used to calculate ground motions. For
crustal earthquakes, four Next Generation Attenuation (NGA) relation models of equal weight were
used: Boore and Atkinson (2008), Campbell and Bozorgnia (2008), Chiou and Youngs (2008), and
Abrahamson and Silva (2008). We adopted Youngs et al. (1997), Atkinson and Boore (2003), and
Zhao et al. (2006) to estimate ground motion for subduction and deep earthquakes. Half the weight
was given to Zhao et al. (2006), and the other half was split equally between Youngs et al. (1997) and
Atkinson and Boore (2003). Due to the lack of GMPEs for oceanic earthquakes, the ground motion for
this type of events was calculated using both crustal GMPEs and subduction GMPEs, with each type
of GMPEs having half the weight. Given the size of the stochastic catalog, for each type of earthquake,
we applied a single weighted average GMPE in the PSHA study. Strictly speaking, averaging GMPEs
is probabilistically incorrect. However, this method provides in a manageable amount of time a close
approximation to the average of the hazard results computed using each GMPE separately. In our



model, the geometry of all sources is formulated by a three-dimensional rupture area which assures
that the distance calculation in the GMPEs is accurate and realistic.

Site conditions have a strong influence on earthquake ground motions and, therefore, on seismic
hazard and risk estimates. Shorten et al. (2001) have derived seismic microzonation maps of four
capital cities (Suva, Fiji; Port Vila, Vanuatu; Honiara, Solomon Islands; and Nuku’alofa, Tonga) by
carrying out microtremor surveys. Given the lack of similar studies for all the other regions in the 15
countries, we derived site-condition maps based on high-resolution SRTM topography data (Jarvis et
al., 2008) using the method of Allen and Wald (2009). Estimates of the shear wave velocity in the top
30 m of soil derived from the topography-based approach and the microzonation studies were
embedded in the ground motion calculations. The probabilistic seismic hazard analysis (PSHA)
included the ground motion intensity measures peak ground acceleration (PGA), and 5%-damped
linear spectral accelerations at different oscillator periods. As an example of the results obtained,
Figure 9 shows free surface PGA, including site effects, with 10% probability of exceedance in 50
years (i.e., 475-year mean return period) for some of the PICs.
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Figure 9. Map of free surface PGA, including site conditions, with 10% probability of exceedance in 50
years (475-year mean return period) for some of the Pacific Island Countries.

6. DISCUSSION

Figure 10 compares the hazard results from this study and the corresponding results from earlier
studies. It shows that:

e In general, our estimates of the 475-year mean return period rock PGA values are closer to the
results from the detailed local studies than to those from the GSHAP study.

o Historical seismicity in the neighborhood of the PICs does not explain the very similar 475-year
rock PGA estimates for Kiribati, Marshall Islands, Micronesia, Nauru, Tuvalu, Samoa, Timor-
Leste, and Tonga in the GSHAP study (Figure 10b) because: (1) Tonga is on the seismically active
Tonga subduction zone, while Tuvalu, Kiribati, Marshall Islands, and Nauru are not only far from
the regional subduction zones but are also located in seismically inactive areas; (2) Samoa is
located at about 130 km north of the northern tip of the Tonga subduction zone; and (3) Timor-



Leste is in the middle of the seismically active Timor and Banda Sea trenches. The relative
difference in the seismic hazard is correctly reflected in the PGA estimates from this study.

e It is important to account for site conditions in seismic hazard analysis. Based on the results from
this study, the hazard with site conditions considered is about 20-30% higher than the rock hazard
at the capitals of Vanuatu, Tonga, Timor-Leste and Micronesia, about 50% higher at the capital of
Samoa, and more than 80% higher at the capitals of Tuvalu and Kiribati.

The seismic hazard maps presented here have sufficient details to be used in local seismic risk studies
and were developed using the current state of practice in probabilistic seismic hazard assessment. The
large differences between this study and GSHAP can be attributed to the combined impact of
differences in earthquake source models, GMPEs, site conditions, and the details of the hazard
calculations.
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Figure 10. Expected PGA (g), with a 10% probability of exceedance in 50 years (475-year mean return period),
at the capitals of some of the PICs. The blue and purple bars are PGA values from this study with and without
site conditions accounted for, respectively. The red bars are PGA values by GSHAP. The green bars in (a) are
the results of local studies (Jones 1998 for Fiji; Suckale and Grlinthal 2009 for Vanuatu).
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