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Abstract

Earthquakes are among the most costly, devastating and deadly natural hazards. The
extent of the seismic hazard is often influenced by factors like the source location and site
characteristics, while the susceptibility of assets is influenced by the population density,
building design, infrastructure and urban planning. A comprehensive knowledge of the
nature of source and local geology enables the establishment of an effective urban planning
that takes into account the potential seismic hazard, which in turn may reduce the degree
of vulnerability.

The first probabilistic seismic hazard assessment (PSHA) incorporating the ef-
fects of local site characteristic for the island of Sulawesi in Indonesia has been conducted.
Most of the island, with the exception of South Sulawesi, is undergoing rapid deformation.
This leads to high hazard in most regions (such that PGA > 0.4g at 500 year return period
including site effects) and extremely high hazard (like PGA > 0.8 g at 500 year return
period) along fast-slipping crustal fault. On the other hand, a distant site relative to fault
might suffer higher ground motion if that site is composed of soft soil. This research has
proven that incorporating near-surface physical properties, in this case is represented by
V30, surface geology contribute significantly to ground motions, consequently, responsible
for potential building damage.

The PSHA study that took place in Sulawesi took us move further, investigate
the effect of deep structure on seismic waves. Jakarta was chosen for its location sitting
on less known deep sediment basin and economic and political importances. A dense
portable-seismic-broadband network, comprising 96 stations, has been operated within
four months covering the Jakarta. The seismic network sampled broadband seismic-noise
mostly originating from ocean waves and anthropogenic activity. We used Horizontal-to-
Vertical Spectral Ratio (HVSR) measurements of the ambient seismic noise to estimate the
fundamental-mode Rayleigh wave ellipticity curves, which were used to infer the seismic
velocity structure of the Jakarta Basin. By mapping and modeling the spatial variation of
low-frequency (0.124-0.249 Hz) HVSR peaks, this study reveals variations in the depth to
the Miocene basement. To map these velocity profiles of unknown complexity, we employ
a Transdimensional-Bayesian framework for the inversion of HVSR, curves for 1D profiles
of velocity and density beneath each station. The inverted velocity profiles show a sudden
change of basement depth from 400 to 1350 m along N-S profile through the center of the
city, with an otherwise gentle increase in basin depth from south to north.

Seismic wave modelings are conducted afterward and shows that for very deep
basin of Jakarta, available ground motion prediction equation (GMPE) is less sufficient
in capturing the effect of basin geometry on seismic waves. Earrthquake scenario model-
ing using SPECFEM2D is performed to comprehend the effect of deep basin on ground
motions. This modeling reveals that the city may experience high peak ground velocity
(PGV) during large megathrust earthquake. The complexity of the basin is responsible
for magnifying ground motions observed in the basin.
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Chapter 1

Introduction

Earthquakes are among the most costly, devastating and deadly natural hazards. The
extent of the seismic hazard is often influenced by factors like the source location and site
characteristics, while the susceptibility of assets is influenced by the population density,
building design, infrastructure and urban planning. A comprehensive knowledge of the
nature of source and local geology enables the establishment of an effective urban planning
that takes into account the potential seismic hazard, which in turn may reduce the degree
of vulnerability.

From the earthquake source point of view, many large historical earthquakes have
occurred along subduction interface such as the 1960 Great Chilean, the 1964 Alaska, the
1985 Michoacén, the 2004 Sumatra-Andaman and the 2011 Tohoku earthquakes, which
caused major impact to structures and society, and triggered tsunami resulting in even
higher collateral damage. Another seismic event that caused devastation is the M 7.6
Padang Indonesia earthquake which was an intraslab event that took place on 30 Septem-
ber 2009. Nonetheless, it should be noted that low magnitude shallow crustal earthquakes
are also capable of inducing building damage owing to their proximity to the residential
areas. The 1995 Kobe, the 2006 Yogyakarta, the 2009 I.’Aquila and the 2016 Kumamoto
earthquakes are few of the numerous destructive crustal earthquakes. The 1995 Kobe, the
2006 Yogyakarta, the 2009 L’Aquila and the 2016 Kumamoto earthquakes are a few of
numerous destructive crustal earthquakes that have occured recently. Amongst these de-
structive earthquakes, the 1985 Michoacén [Cruz-Atienza et al., 2016; Padilla y Sanchez,
1989] and the 1995 Kobe earthquakes [Kawase, 1996] events have had immense impacts.

The occurrence of the 1985 Michoacan Earthquake prompted many researchers
to improve the understanding of seismic site response. This M 8.0 event was associated
with 15,000 fatalities. Though the epicenter was more than 450 km away from Mexico
City, it produced extremely long duration of ground motions aswell as amplification of
seismic waves. Spectral amplification for subduction earthquakes at these lake-bed sites
(with average thickness of 50 m) ranges from 10-50 at spectral periods between 1.4 to 5
seconds with respect to bedrock sites mostly made up of Oligocene volcanics. However, the
bedrock sites also experienced 10 times amplification with respect to the older Transmexi-
can Volcanic Belts. This made Mexico City the first city to experience an accumulation of
100 to 500 times spectral amplification [Cruz-Atienza et al., 2016] in a major earthquake.
Such an event highlighted the high probability of a similar scenario occurring in other
cities built on similar soft sediment deposits.

The M 6.9 Kobe earthquake, known as the Hyogo-ken Nambu or the Great
Hanshin earthquake, in 17 January 1995 claimed more than 5500 lives and destroyed
almost 100,000 residential buildings. Despite its shallow epicenter and close proximity to
the city, a constructive interference between the direct S-wave in the basin and edge-wave
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4 Introduction

amplified the ground motions [Kawase, 1996]. Kawase & Hayashi [1996] and Motosaka
& Nagano [1996] have inferred that both deep basin structure and shallow sedimentary
layers were responsible for the exceptionally strong ground shaking in the city of Kobe.
Deep sedimentary structure contributed to high amplitudes at dominant frequency of 0.25
Hz while near-surface sedimentary layers produced high amplification at frequencies of 1
Hz and higher [Pitarka et al., 1996].

The difference in source mechanisms and tectonic setting related to these two
events against the type building damaged and location of damage clearly demonstrated
the importance of understanding the effects of local geology on the amplification of seismic
waves. The effects of local site conditions pose a challenge to seismologists and earthquake
engineers, especially when related to the dynamic response of building systems. Local site
response is affected by topography, properties of near-surface sediments properties and
deep basin structure at the site. Seismic amplification is generated due to conservation of
energy. As seismic waves propagate from high to low impedance medium, the resistance
to motion decreases. Hence, the particle velocity and the amplitude of the seismic waves
increase. The impedance contrast, which determines the extent of this increase in ampli-
tude, depends on shear-wave velocity (Vg) and density as a function of depth, wherein the
former changes more rapidly with depth. Vg as a function of depth is therefore the most
important criterion defining the seismic site amplification. The US Federal Emergency
Management Agency [FEMA, 2003] and Building Seismic Safety Council [BSSC, 2003]
recommended the average Vg measured in the upper 30 m of the soil profile (Vs30) as the
parameter used to classify site condition.

A variety of methodologies have been developed to resolve the Vg profile at a
site, both in invasive and non-invasive ways. Among the available invasive techniques,
borehole and Seismic Cone Penetration Test (SCPT) are the widely used in geotechnical
studies, which are both capable of providing accurate estimates of Vg and in detecting
deep low velocity layers as well as thin high velocity layers overlying low velocity layers.
However, these methods are costly, time consuming and often impractical to apply in urban
areas. On the other hand, the combination of passive, array spatial autocorrelation(SPAC)
processing and the horizontal-to-vertical spectral ratio (HVSR) measurements offer an
alternative in resolving the basement boundary up to a depth of 1000 m. Introducing
geological information into single-station HVSR analysis produces consistent Vg profiles
up to a depth of 1000 m [Asten & Boore, 2005].

In this thesis, ambient noise recordings from 96 seismic stations covering the
city of Jakarta are utilized to obtain HVSR curves. To retrieve a robust 1D velocity
profiles at each station, a priori information on the geological setting is incorporated in
the inversion process. Through these 1D velocity profiles, a 3D image of Jakarta basin is
constructed. Furthermore, the geometry of the basin and the physical properties of the
potential earthquake sources were used to simulate seismic wave propagation from source
through a multi-layer medium to recording stations on the surface. The methodologies
used for the HVSR computation, basin model construction and the spectral amplification
estimation are presented in the chapter on Methodology.

1.1 Objectives

The main objective of this research is to verify and establish the single-station seismic noise
HVSR method in constructing basin geometry and velocity structure. By incorporating
the constructed basin geometry and other elastodynamic properties into wave propagation
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simulations, the effect of the thick sedimentary basin on seismic waves can be analysed.

Looking through the many published studies on the HVSR technique, it appears
that no study as yet has relied solely on HVSR to image the 3D interior of a deep basin filled
with highly saturated sediments (> 100 m). It would therefore appear that this is the first
time ambient noise recordings are applied in estimating HVSRs over a wide area, which
are then inverted to retrieve local Vg profile used to construct a deep, 3D basin model.
We demonstrated that inversion of HVSRs provide the adequate resolution required for
development of 3D basin models, although for retrieving Vs on the near surface layer,
dispersion (e.g. SPAC, MASW) data and/or invasive Vs measurements are highly required
(e.g. borehole, NSPT, CPT). Perhaps more significantly, a Trans-dimensional Bayesian
approach is used to invert the HVSR (interpreted as Rayliegh wave ellipticity) curves. This
approach allowed the exploration of the a priori unknown number of layers required to fit
each HVSR curve, as well as its effect on the model uncertainty (i.e., posterior probability
density function). Trans-dimensional Bayesian inversion accounting for unknown data
error and model parametrizations allows us to estimate the most-probable model of the
subsurface Vg profile together with quantitative assessments of uncertainty.

1.2 Organization of the Dissertation

Chapter 1: Introduction — This first chapter highlights the significance of this
research, especially its application on seismic hazard assessment assessment. This chapter
also provides an overview of the methods implemented to meet the research objectives
and to also emphasize its applicability to building code development in deep basin areas.
A general description of the study area is presented which covers the demographics,
economic and political importance, and geological setting and seismicity.

Chapter 2: A Probabilistic Seismic Hazard Assesment for Sulawesi, Indonesia
— One of the most popular proxies in estimating seismic amplification is Vggo , the
average shear-velocity at the top 30 m of soil. A regional study in Sulawesi used V30 in
estimating ground motions. This is a probabilistic seismic hazard assessment taking into
account megathrust, intraslab, crustal fault and background seismicity to producing the
corresponding exceedance levels spectral accelerations at different periods. This study
enables the assessment of Vg30 in quantifying the seismic amplification both for short and
long spectral periods. It also shows that methods for estimating Vgsg using topography
and geomorphology often yield results that are inconsistent with ach the and with in situ
measurements of Vgsgg .

Chapter 3: Historical and Hypothetical Future Earthquake Affecting Jakarta
— Jakarta city has been growing fast since the late 1960s and has become one of the
most populous citis in Asia with the highest economic growth. For more than a century,
large ground shaking has yet to strike the city, owing to its long distance from the Java
Trench subduction zone. Destructive earthquakes have hit Jakarta in the historic as but
were not well document. By considering the intensity data, these historical events have
been simulated in an effort to verify potential sources and check plausible ground motion
estimates that may seriously impact the city.

Chapter 4: Seismic Velocity Structure of the Jakarta Basin, Indonesia,
using Trans-dimensional Bayesian Inversion of Horizontal-to-Vertical Spectral
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Ratios — Horizontal-to-vertical-spectral ratio (HVSR) are estimated based on records
from 96 seismic stations deployed in Jakarta. The fundamental period in these curves is
thought to be indicative of the relative sediment thickness overlying bedrock. In this way
HVSR curves along SN and EW lines can be used to identify apparent changes in bedrock
depth and stratigraphy. A more quantitative approach can be taken by interpreting the
HVSR curves in terms of fundamental mode Rayleigh wave ellipticity, and inverting them
to obtain estimated profiles of Vg, density and Vp/Vs ratios. Using a Trans-dimensional
Bayesian framework, these curves are inverted to obtain the velocity profile for profiles
of unknown complexity, where both the level of noise and model complexity (i.e., the
number of layers) can adapt to fit the data. The 1D velocity profiles are then interpolated
to create the 3D basin structure.

Chapter 5: Basin Resonance and Seismic Hazard in Jakarta, Indonesia —
Characterization of Seismic Amplification in Jakarta — Earthquake scenario modelling is
performed to characterize the seismic wave propagation through the basin model created
in Chapter 4. Three earthquake scenarios are investigated: a crustal, an intraslab and
a megathrust earthquake. A simplified model of the basin, in which it is characterized
by a uniform, average Vg, is used with the spectral element seiscmic waveform modeling
software SPECFEM2D [Komatitsch et al., 2004].

Chapter 6 : Summary — This dissertation is finalized with a set of summary and future
works. In this chapter, the primary results of the study are highlighted. Recommendations
for future studies are also proposed.

1.3 Original Contributions of the Thesis

The first attempt to apply geomorphic approach to estimate average shear-wave velocity
at top 30 m of soil (Vgs0) introduced by Matsuoka et al. [2006] has been implemented
for most of Indonesian Archipelago. This calculation is made in spatial grid 1 km us-
ing digitized geological map produced by Geological Agency of Indonesia and SRTM
topographic dataset (http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-
v4-1) as main sources and hydrogeological as supporting data especially in a basinal area.

Study of probabilistic seismic hazard asessment (PSHA) in Sulawesi, that incor-
porate site classes, represented by Vgsg , became the first work dedicated to investigate
seismic hazard at site specific to a part of Indonesian region. PSHA study is intended to
quantify the level of seismic hazard, in term of ground motion, at particular point during
particular period of time. The inclusion of site class is to show how nonlinear is the effect
of local geology on ground motion, hence, disclose the importance of introducing reliable
site class into seismic hazard calculation. This study also shows that proximity to earth-
quake source in only one aspect contribute to ground motions, thick soft sediment is also
responsible to amplify earthquake shaking.

The Horizontal-to-Vertical Spectral Ratio (HVSR) is a passive seismic method
widely used for site characterization [Nakamura, 1997], 1D velocity profile imaging [Lontsi
et al., 2015], geothermal field exploration [Wardhani et al., 2013; Galgaro et al., 2014;
Agostini et al., 2015], structural geology surveys [ Tarabusi € Caputo, 2016], basin modeling
[Guéguen, 2007; Borges et al., 2016], liquefaction vulnerability [Beroya & Aydin, 2010;
Prabowo et al., 2016; Fergany & Omar, 2017; Singh et al. , 2017], landslide characterization
[Panzera et al., 2012; Pilz et al., 2013; Pazzi et al., 2017] and paleosoil maping [Zeid et al.,



§1.4 Regional Tectonic Setting and Seismicity 7
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Figure 1.1: Map showing Vgso of Indonesian region, Vgsg is the most widely used parameter to
determine soil class. The higher the Vgs3q , the hardest the soil and vise versa. Engineering bedrock
is defined as the medium having Vgsgo > 760 m/s.

2017]. In these studies, researchers often utilize the HVSR method with other techniques
such as SPAC, borehole measurements, etc., or use ad hoc constraints on model complexity
to constrain the range of models searched in the nonlinear inversion of HVSR curves. In
this study, we used a Trans-dimensional Bayesian framework that allows model complexity
to adapt to the data, while ascribing low posterior probability to complexity that is not
required by the data (e.g., low velocity zones — see “Bayesian Parsimony” in Malinverno
[2002]. We believe this property is important for HVSR inversion in deep basins like
Jakarta, where shallow layering is required to account for compaction but deeper layering
must be included to account for the basement.

The biggest contribution of this research is that the first ever geological model
of Jakarta basin successfully constructed.

1.4 Regional Tectonic Setting and Seismicity

The geologically complex region of Indonesia is situated on the southern tip of the Eurasian
continental plate. The archipelago comprised of 13,466 islands —officially enlisted in and
recognized by the UN- [BIG, 2015] and extends more than 5000 km from west to east
between 95°E and 141°E and spans the equator region from 6°N to 11°S. On the other
hand, the Ministry of Marine and Fisheries [KKP, 2017] indicated that as per 2017,
14,572 island have been verified. The region is located at a confluence of five major plates:
Eurasian, Indian, Australian, Pacific and Phillippine Sea plates [DeMets et al., 2010]. The
Indian and Australian plates are moving northeastward and converging with the western
part of Sunda Block of the Eurasian plate at a rate of about 10 cm/yr [Bock et al., 2003].

As shown in Fig. 1.2, the Indo-Australian plate collides beneath eastern part of
Sunda Block at a rate of 7 cm/yr. The Australian plate also moves east-northeastward
relative to the Pacific plate at a rate of 11 cm/yr while the Pacific-Philippine Sea plate
moves westward relative to Eurasian plate at a rate of 10 cm/yr [Hall, 2009].

The interaction between plates manifests as earthquakes, volcanism, folding and
faulting activity. These active tectonic plate margins and geological structures are well
defined by seismicity. The subduction zone that forms when an oceanic plate is colliding
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and sinking beneath a continental plate is clearly illustrated by the seismicity and the
presence of volcanic activity. Shallow earthquakes dominate the Sunda Megathrust from
west of Sumatra Island to South of Java and continue to the south of the Nusa Tenggara
islands arc, then extend northward to South Moluccas, and bend to the north of the
Ceram Island. Focal depths of intraslab earthquakes deepen as they occur further from
the subduction margin.

The seismicity maps in (Fig. 1.3) illustrate that the subducting slab in Sumatra
can be observed down to 300 km depth, whereas in Java, the subducting plane can be
estimated down to 500 km depth. The Sangir subduction zone in the east of Sulawesi
produces deep earthquakes up to 500 km in depth. The Halmahera subduction zone
produces much shallower earthquakes down to a depth of only 200 km. The upper part
of the subduction zone, from trench to a depth of around 40 km is usually elastic and
the contact plane between subducted and underlying plates is locked. Movement of the
subducted plate accumulates strain at this locked interface, which is capable of generating
megathrust earthquakes.

At a depth greater than 40 km, temperature along the megathrust ranges from
300 to 400°C, a condition that does not support strain accumulation. In other words,
locking does not happen at the interface at this depth. Small earthquakes commonly
occur in the subducting slab as it releases volatiles in the temperature range 450-600°C,
usually when the subducted slab reaches an approximate depth of 150-200 km. The
volatiles migrate upward and can cause partial melting in the mantle forearc wedge and
thus volcanoes appear on the surface [McCaffrey, 2009].

The oblique movement along the Indian and Australian plates in the west coast
of Sumatra is accommodated by the Great Sumatran Fault (GSF). This right lateral
fault stretches from Aceh in the north to Lampung in the south and produces medium
magnitude and shallow depth earthquakes. This fault can be divided into 20 segments
with 35-200 km lengths and separated from each other by gaps of 4-12 km. These gaps
confine the maximum earthquake produced by a particular segment. Each segment has a
different slip-rate that limits the recurrence period of earthquakes. More than half of the
1900 km GSF has the potential to produce earthquakes larger than M 6.5 [Natawidjaja &
Triyoso, 2007].

The 26 December 2004 Mw 9.1 earthquake was the most prominent megath-
rust earthquake to hit Sumatra. This earthquake triggered a tsunami causing more than
200,000 casualties along the coasts of the Indian Ocean. The Mw 7.6 Padang earthquake
on 30 September 2009 is one example of an intraslab event that resulted to 1,193 fatalities
and about 250 thousand buildings damage in West Sumatra Provinces and triggered mega
landslide that buried 3 villages. The Gunung Tigo, Sumani and Sianok segments of the
GSF were associated with the Mw 6.4 Sumani and Mw 6.3 Sianok earthquakes on 6 March
2007. These doublet earthquakes caused 68 casualties and damaged around 800 buildings
in Sumatra Barat Provinces.

In and around Java, megathrust and crustal earthquakes have dominated the
seismicity since 1900 and some earthquakes have caused heavy damage and large casualties.
The 2 September 2009 Mw 7.5 Tasikmalaya earthquake killed at least 80 people and caused
hundreds of injuries. The earthquake induced a rockfall at Cikangkareng Cianjur Regency
which killed 12 people, with 45 people missing and hundreds damaged houses [Geological
Agency, 2009].

In Yogyakarta, a Mw 6.3 earthquake on 27 May 2006 caused more than 3000
fatalities. More than 6000 buildings were damaged in Yogyakarta and the Central Java
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provinces. This earthquake is a crustal earthquake associated with the Opak Fault, a
rather poorly understood right lateral fault crossing the Yogyakarta Province from south-
west to northeast.

The number of earthquakes and the maximum earthquake size in Java appears
to be less than in Sumatra. This difference in seismicity may be attributed to variation
in nature and age of the subducting plates [Newcomb & McCann, 2007]. The age of the
subducting plate varies from 50 to 90 million years along the west coast of Sumatra to
100 to 135 ma and 140 to 160 ma to the south of Java and Flores respectively. While
earthquakes with focal depths up to 670 km occur in the seismic zone beneath Java
with a slab dip of ~ 60°, earthquakes with focal depths deeper than 300 km are non-
existent beneath Sumatra where the lithosphere is subducting at dip angles of ~30° to
45° [Widiyantoro & van der Hilst, 1996].

In central and east Indonesia, movement along the Philippine Sea and Pacific
Plates becomes the primary cause of earthquakes. The North Sulawesi Subduction Zone,
New Guinea Subduction Zone and the subduction zone in Moluccas Sea are marked by
high rates of seismicity especially at shallow depth. From subduction zones previously
mentioned, the double subductions of Sangir and Halmahera have different characteris-
tics. Due to the steep dip of the slabs, these produce medium and deep earthquakes more
frequent than shallow earthquakes as shown in Fig. 1.3. The earthquake events including
the 30 September 1899 Mw?7.5 Seram-Moluccas, the 13 April 1924 Tarakan-East Kali-
mantan (MMI VII), the 17 February 1996 Mw8.2 Biak Papua, the 1 January 1996 Mw
7.8 Donggala, the 24 January 2005 M6.2 Bora-Central Sulawesi and the 4 January 2009
Mw7.6 Manokwari-West Papua demonstrated how seismically active these regions are.
Eventhough the Central and West Kalimantan have relatively low seismicity, felt earth-
quakes also hit these areas. Singkawang in West Kalimantan experienced 3 felt earthquakes
in 2 consecutive days on August 2011 as well as the Muara Teweh in Central Kalimantan
for an earthquake that happened in 1996. A number of historical and recent earthquakes
presented above show that there is no place in Indonesia can be claimed as seismically not
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Figure 1.2: Tectonic setting and volcanic activity of Indonesian region. Red triangle indicates
active volcano, while purple, light blue, dark blue, and red contour indicated bathymetric contour
at 200 m, 1000 m, 3000 m, and 5000 m. Toothed, solid and dashed lines are subduction, strike-slip
fault and through traces (Hall, 2009).
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Figure 1.3: Seismicity of Indonesian Region in 1900-2014. Data taken from USGS (1900-2008).
Focal depth and magnitude are indicated by color and size of circle while white lines indicate
subduction margins and main active faults.

active.



Chapter 2

A Probabilistic Seismic Hazard
Assessment for Sulawesi,
Indonesia

Abstract: Quantifying the effects of site amplification is an essential com-
ponent of probabilistic seismic hazard assessment. The average shear wave
velocity in the topmost 30 m of soil, based on travel time from surface to the
30 m of depth (Vs3p) is a parameter widely used in determining seismic site
response. In this study, a Vg3p dataset considering the geological condition of
Sulawesi Island in Indonesia, is utilized to compute seismic ground motion. The
high seismic activity rates observed from the Palu-Koro-Matano Fault System
and in regions of distributed deformation contribute to the earthquake hazard
along the south-west part of the island. Of particular concern is the seismic
risk imposed on numerous cities including the provincial capitals of Palu and
Goronalo, which sit on top of soft sedimentary basins where amplification of
earthquake ground motions is imminent.

2.1 Introduction

The island of Sulawesi in central Indonesia (Fig. 2.1) is subjected to active deformation
as it experiences recurring seismicity. To better understand the threat due to earthquakes
faced by more than 17 million inhabitants of the island[BPS, 2010], characterizing the
earthquake sources is an important step. The Ms7.4 Toli-toli earthquake in 1968 [Peli-
novsky et al., 1997] killed at least 200 people [BNPB, 2010] was the deadliest earthquake
known to have occurred in this region. Although high-magnitude earthquakes have not
occurred recently, the frequency of small magnitude events has contributed to an increas-
ing number of fatalities and economic losses. In some area, local site effect significantly
contribute to amplify seismic ground shaking that leads to increasing the scale of building
damages and/or fatalities. The extension of faults offshore also opens the potential for
earthquake and mass-movement generated tsunami.

Seismic hazard maps for the six provinces comprising the island of Sulawesi are
published by the Geological Agency of Indonesia (Badan Geologi). These maps can be
further improved by incorporating the effects of local site conditions. The correlation of
geological and morphological data to site amplification produces the amplification needed
for accurate estimates of ground motions. This, in turn would translate to better hazard
maps for more effective disaster management plans, local spatial planning and seismic

11
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resilient building design.

This chapter provides a brief review of the geology and seismotectonics of Su-
lawesi Island and its implications for seismic hazard assessment. The hazard assessment
methodology and the input parameters used in the model are presented, and the the appli-
cability of the Earthquake Risk Model (EQRM) software package is demonstrated. A key
component in the modeling is the implementation of site class proxy methods proposed
by Matsuoka et al. [2006] and Wald & Allen [2007] in estimating the amplification due to
local site effects.

2.2 Geological and seismotectonic setting

Sulawesi consists of fragments of lithosphere that display a complex geological history of
subduction, collision and local extension as shown in Fig. 2.1. The western and southern
portions of Sulawesi are underlain by relatively strong, thick and cool lithosphere that was
rifted from Australia and accreted to Sundaland in the Cretaceous period [Hall, 2011].
The southeast and eastern arms are derived from fragments of continental Australia, called
the Sula Spur, which coalesced during the Miocene. The northern arm is a volcanic arc
formed by subduction of the Sulawesi Sea since the early Miocene, along with thrusting
of ophiolites onto the Sula Spur during collision [Silver et al., 1983b; Hall, 2011]. The
subduction polarity of the northern arm has reversed and at present, the Sulawesi Basin
subducts southward beneath the north arm along the North Sulawesi Trench. A north-
dipping slab east is reported along 122.6° [McCaffrey & Sutardjo, 1982]while the south-
dipping slab extends deeper west of this coordinate.

The double-subduction zone situated to the east of the North Sulawesi Trench
marks where the Molucca Sea Plate has sunk beneath the collision zone where continental
lithosphere of the Phillipine Sea and Eurasian Plates meet [Silver & Moore, 1978]. Intense
seismic activity is observed in this area, both within the slab and in the collision zone.
Meanwhile, there are also deep earthquakes associated with the slab subducting beneath
northern Sulawesi from the North Sulawesi Trench. There are also deep earthquakes
observed in the vicinity of Una-una Volcano in the middle of the Gorontalo Basin (east of
Gulf of Tomini depicted in Fig. 2.2, which Simandjuntak [1986] attributes to an westward
extension of the subducted Molucca Sea Plate. This basin may represent an extensional
zone as expressed in the sharp changes in topography from the mountains of Central
Sulawesi, to the basin in the Gulf of Tomini, to the mountains of the North Arm [Hall,
2011]. Furthermore, low-angle detachment zones have been identified in the Tokorondo
and Pompangeo Mountains in Central Sulawesi [Spencer, 2011]. Thrusting has also been
observed along the SE section of the Tolo Thrust and western section of the Makassar
Thrust. Based on seismic reflection proles of Puspita et al. [2005], the Makassar Thrust
is a significant feature that extends up to the Palu-Koro Fault Zone located NW of Palu.
This observation is consistent with the horizontal GPS velocities which are directed to the
NW quadrant of the stable Sunda Block[Sarsito et al., 2011].

Various studies have been conducted using blocks or micro-continents from GPS
and gravity data to model the seismicity of Sulawesi [Socquet et al., 2006; Sarsito et al.,
2011]. The number of blocks used was not clearly defined, however the availability of
more data can lead to a more comprehensive seismic source zone model (Sarsito, 2011,
pers. comm.). Block boundaries interpreted from GPS measurements match the loca-
tion of major mapped faults including the Palu-Koro Fault Zone and the North Sulawesi
Trench, while others are more speculative like the extension of the Poso Fault through the



§2.3 Methods 13

Gorontalo Basin towards the West Molucca Sea Thrust Socquet et al. [2006] ) suggested
four strands of the Palu-Koro Fault covering a width of 50 km near Palu. Meanwhile,
geological maps from Badan Geologi featured a highly faulted landscape, with numerous
active seismic faults. Most of these structures however, have no information on activity
rates or were not correlated with the GPS block models of Sarsito et al. [2011]. Such a
scenario makes it challenging to include individual faults in the seismic hazard model. Hall
[2011] suggested that the region is better interpreted as a continuum of weak lithosphere
overlying a heterogeneous basement including areas of old and strong crust like West Su-
lawesi. The following are the challenges posed by this interpretation in the development
of an earthquake hazard model for the region:

1. Developing a source model that incorporates specific faults and background source
zones. IIncluding only the fault sources that accommodate the GPS velocities may
lead to underestimation of hazard in areas with continuous and distributed deforma-
tion and overestimation along mapped faults if unmapped faults accommodate some
of the relative motion. In the study, the model introduces active fault structures
and distributed source zones in well-defined regions, backed up with sufficient infor-
mation. This balances the seismic moment between fault and background sources
based on recorded seismicity.

2. Application of ground motion prediction equations (GMPEs) for different source
regions. The heterogeneous basement structure, including Sundaland and Australian
continental crust, active island arc settings and subducted oceanic crust presents
large differences in the ground motion propagation to be expected for regions of
different geology. In addition, the paucity in data with which to constrain ground
motion models makes the selection of the most suitable GMPE for each source region
difficult.

2.3 Methods

2.3.1 Earthquake Hazard Modeling

The Earthquake Risk Model (EQRM), an open-source software developed by Geoscience
Australia [Robinson et.al.,, 2006], is the application used for the seismic hazard mod-
elling in this study. EQRM generates a synthetic earthquake catalogue based on input
parameters defining the recurrence and geometry of earthquake sources. Earthquake re-
currence is defined using the classic Guttenberg-Richter model |[Youngs € Coppersmith,
1985; Kramer, 1996] or the characteristic earthquake model [Schwartz € Coppersmith,
1984]. The geometric representations often used to define a seismic sources include zone
sources, faults or intraslab sources.

Zone sources are geographic polygons wherein the minimum and maximum
depths are specified. Synthetic ruptures occur randomly within this zone with strike
and dip values randomly sampled using a uniform distribution. Fault sources are rectan-
gular planes described using information on up-dip surface projection of the fault trace.
Synthetic rupture centroids are randomly distributed on the plane whereas its orientation
is dictated by the fault geometry. Like fault sources, intraslab sources follow a planar
geo-metry, however the individual synthetic events are allowed to rupture at out-of-plane
angles. This allows a realistic simulation of focal mechanisms along subducting slabs
wherein the uncertainty of out-of-dip rupture can be estimated.
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Figure 2.1: Map of the main active faults of the Sulawesi region. Inset map shows location of
Sulawesi Island within Indonesian Archipelago.
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Figure 2.2: Map of the distribution of earthquake epicentres. Major cities are labelled

2.3.2 Input Parameters

Catalogue and background crustal source zones

The earthquake catalogue from the International Seismological Center (ISC) was
used and de-clustered using the Seisan software package [Ottemdller et al., 2011]. The
events in this catalogue were categorized based on focal depth including shallow crustal
events (depth < 35 km), intraslab events (depth > 35 km) and megathrust events. It was
assumed that this catalogue is complete for crustal and intraslab events for magnitudes
greater than M,, 4.8 and M, 5.0, respectively. For these events, the b-values for the
Gutenberg-Richter model were calculated using the maximum likelihood method [Aki,
1965].
calculated based on the average annual number of events above mg within each source zone.
We used both approaches by giving 1/3 and 2/3 of weighing for the Gutenberg-Richter
and characteristic, respecitively, for all source zones, except for background source zone.

Activity rates (Amg) above the magnitude of catalogue completeness mgy were

the Gutenberg-Richter model is used to estimate earthquake reccurence for background
source zone.

Crustal earthquakes within 10 km of mapped active faults were assumed to occur
on these faults, allowing for hypocentre location errors [Husen & Hardebeck, 2010]. These
were excluded from the background zone analysis. Major crustal-scale faults were used as
boundaries for the source zones, including the Palu-Koro and Matano faults. Maximum
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magnitude (M,,4,) for background crustal source zones is set to 7.5 as it is likely that there
are large seismic structures capable of producing earthquakes of this size which are not
taken into account in the fault source model. Focal mechanisms from the Global Centroid
Moment Tensor (GCMT) catalogue were used to determine faulting type and to infer the
geometry of fault structures with background zones.

Four background zones were defined: the Sulawesi Zone, the Sulawesi Barat,
the Sulawesi Selatan and the Sulawesi Baratdaya zones. The Northern Sulawesi Zone is
bounded to the south and west by the Palu-Koro-Matano Fault, to the north by the North
Sulawesi Trench and to the east by the West Moluccas Sea Thrust. It is characterized
by the crust undergoing high shear strain resulting from the clockwise rotation of the
Sula Block along the Palu-Koro-Matano fault system. A number of strike-slip faults are
present within the zone, including the Poso and Gorontalo faults and the eastern strands
of the Palu-Koro Fault zone [Socquet et al., 2006]. Extension is probably occurring within
the Gorontalo Bay [Hall, 2011] and this structure may connect the Poso Fault to the
Gorontalo Fault and West Moluccas Thrust. In addition, this structure also defines a
boundary in Sarsito et al. [2011]’s block model. There is also thrusting to the east along
the Batui Thrust. The whole area is seismically active, making further delineation of
specific structures difficult without more detailed fault studies. As shown in Fig. 2.3,
the high background activity rate means lack of resolution of specific faults should not
adversely affect the results of the seismic hazard assessment.

The West Sulawesi Zone encompasses the seismically active region west of the
Palu-Koro Fault zone and east of the Makassar Thrust. As above-mentioned, many faults
are delineated on geological maps but information on activity rates are not available.
The Southwest Sulawesi Zone is a seismically quiet zone along the south-western arm of
Sulawesi and is bounded on the east by the Bone Gulf. This area consists of continental
crust which is not actively deforming. The Walanae Fault crosses this structure with
low reported slip rates of approximately 2 mm/year [Irsyam et al., 2010]. The Southeast
Sulawesi Zone is bounded to the north by the Matano Fault, to the east by the Tolo
Thrust, and to the west by the Bone Gulf. The Lawanopo Fault crosses this zone and the
reported activity rates are lower than the North and West Sulawesi Zones.

Fault sources

We used a reference fault model based on the 2010 revision of Indonesia’s national
seismic hazard map [Irsyam et al., 2010]. Several fault sources were modified to take
into account new data regarding fault locations, geometry and earthquake recurrence.
Furthermore, where fault sources were located within background source zones, fault-
source slip rates were derived using geological or geodetic methods (Sy). (S4) were reduced
by the equivalent slip rate from the activity rate of the background source model. The
seismic moment rate (M7) is related to the shear modulus (u), fault area ( Ay) and slip
rate (S) using the Eq. 3 in Youngs & Coppersmith [1985] as follow:

MT = pAsS (2.1)

The Gutenberg-Richter magnitude distribution, which describes the rate of seis-
micity and hence the seismic moment rate, can be used to relate the slip rate to the seismic
activity rate. The background seismicity rate is used to calculate an equivalent slip rate
for the fault that lies within it by rearranging the Youngs & Coppersmith [1985] equation:
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Where S) is the estimated slip-rate for the fault derived from background seis-
micity only, MJ"*" is the moment of the maximum magnitude earthquake (1m,4,) for the
background zone, ¢ = 1.5 from the moment magnitude definition of Hanks & Kanamori
[1979] and 8 = 2.303, and A}, represents the activity rate of the source zone (Ap,) scaled

using a 10 km buffer around the fault

Mo Vi
/\fn .= _ Ztmo Vbuffer (2.3)
‘/zone - ‘/buffer
Therefore the final input slip rate for the fault is indicated:
S =2S8,—5) (2.4)

For some seismic fault sources, the reported slip rates were lower than that the
calculated value based on seismicity, yielding a negative slip rate value. This demonstrates
the challenge in characterizing individual faults for seismic hazard assessment within a zone
of high shear strain and seismicity. However, as these active faults exist, these sources
with nominal slip rate of 2 mm/year, were included in the analysis which may result to
overestimation of total seismic moment rate as compared with that derived purely from
seismicity (though we cannot be sure due to incompleteness of the instrumental catalogue).

Fault input parameter

The fault parameters used in this study are shown in Table. 2.1. A brief summary
of the key differences between this paper and the parameters used in Irsyam et al. [2010]
is also given.

Minahasa (North Sulawesi) Trench: This fault is mapped at the trench axis as
observed from the bathymetry data [Silver et al., 1983a; Irsyam et al., 2010]. Although a
few thrust events have occurred on this fault, the majority of the thrust events are located
50-100 km to the south. Focal mechanisms as depicted in Fig. 2.4, show steeper thrusting
in the east (with average dip 24°) than the west (average dip is 18°). This is consistent
with Silver et al. [1983a] who observed a steeper frontal slope in the east using seismic
reflection profiles. These data show a shallow dipping main thrust plane with steeper splay
faults in the overriding wedge, including north-dipping structures in the eastern section of
the fault [Silver et al., 1983a].

It is unclear whether the lack of earthquakes near the trench is due to the strain
not being accumulated within weak sediments Wang & Hu [2006] or these sediments are
slowly accumulating strain and could potentially host a large earthquake as has been
observed in the 2004 Great Sumatra-Andaman Earthquake (where there is a thick sedi-
mentary wedge; Gullick et al. [2011]). If it is the latter, then this fault can also be treated
as a tsunamigenic fault source. However, as short-period ground motions generated by
subduction interface earthquakes decrease rapidly with distance (e.g. Youngs et al. [1997]),
we place the source fault landward of the trench axis in order to reproduce as accurately
as possible the observed seismicity on the main section of the subduction interface. The
fault plane is modeled at a dip angle of 21° but the synthetic events were allowed to thrust
out of this plane by randomly sampling a uniform distribution of dips between 11°-43°.
Events rupturing out-of-plane were further constrained to extend a maximum of 5 km
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Table 2.1: Summary of faults parameters used in this paper and Irsyam et al. [2010]

Fault Slip rate (mm) Mnaz (My) Fault | A-, b-values
Irsyam this paper | Irsyam | this paper | type
North Sulawesi 8.20 8.20 M 4.820, 0.914
Palu-Koro 30 (0.25) 35 7.94 7.90 SS - ,0.950
35 (0.50) SS
45 (0.25) SS
Poso 2 2 6.93 6.90 SS - ,0.950
Matano 37 (0.50) 41 7.90 7.90 SS - ,0.950
44 (0.50) SS - ,0.950
Lawanopo 25 20.3 7.59 7.00 SS - ,0.950
Walanae 2 7.53 - SS - ,0.950
Walanae North 1.7 6.60 SS - ,0.950
Walanae Middle 1.7 6.60 SS - ,0.950
Walanae South 1.7 6.60 SS - ,0.950
Gorontalo 11 5 7.06 7.60 SS - ,0.950
Batui 2 2 7.06 7.30 R - ,0.950
Tolo 9 (0.50) 14 7.94 7.50 R - ,0.950
19 (0.50) - ,0.950
Makassar 4 (0.50) 9 7.46 7.50 R -, 0.950
13 (0.50) - ,0.950
Sula 10 14 7.19 7.70 R - ,0.950
W. Moluccas 13 13 8.47 7.90 R - ,0.950
E. Moluccas 29 13 8.47 8.10 R - ,0.950
Intraslab
Intraslab 1 - - - - 1 0.690, 1.210
Intraslab 2A - - - - I 1.100, 1.210
Intraslab 2B - - - - I 5.200, 1.210
Intraslab 3 - - - - I 1.900, 1.210
Intraslab 3A - - - - 1 6.080, 1.210
Intraslab 3B - - - - I 6.675, 1.210
Intraslab 4A - - - - | 8.125, 1.210
Intraslab 6 - - - - I 15.575, 1.210
Intraslab 6A - - - - 1 12.600, 1.210
Intraslab 6B - - - - 1 23.625, 1.210
Background Seismicty Zones
Sulawesi - - - 7.50 C 10.825, 0.950
Sulawesi T - - - 7.50 C 2.925, 0.950
Sulawesi B - - - 7.50 C 1.100, 0.950
Sulawesi BD - - - 7.50 C 0.175, 0.950

Note: M, SS, R, and I are megathrust, strike-slip, reverse and intraslab, respectively. Values in the brackets

are weighing value.
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from the fault plane, whereas the fault width is approximated at 100 km with a maximum
depth of 35 km.

Batui Thrust: Recent work using high resolution multi-beam bathymetric and
seismic data enabled the re-assessment of the tectonics in the region [Watkinson et al.,
2011]. Although there was no evidence for the Batui Thrust as previously mapped to
the north of Poh Head [Silver et al., 1983a; Irsyam et al., 2010], this fault is assumed to
occur as a thrust zone to the south-west of the Poh Head Peninsula. We follow this new
interpretation of the location of the Batui Thrust in this study. Slip rates of 2 mm/year
based on IIrsyam et al. [2010] are poorly constrained. However, in the absence of further
information, this estimated rate is used in this study, which is lower than that calculated
from background seismicity in the surrounding source zone.

Balantak Fault: This fault is a right lateral strike-slip structure that cuts Poh
Head to the north of the Batui Thrust. It has a clear geomorphic expression and has been
associated with recent seismicity [Watkinson et al., 2011]. This fault is not included in
Irsyam et al. [2010] and there are no available data on slip rates. Hence, this seismic fault
is not included in our assessment.

Makassar Thrust: Irsyam et al. [2010] included this fault offshore of the western
bulge of Sulawesi near the city of Majene. In this study, we extend this thrust fault to the
north to meet the Palu-Koro Fault Zone, north-west of Palu as inferred from the seismic
reflection profiles of Puspita et al. [2005]. These profiles suggest the thrusting offshore of
West Sulawesi. However, it is not obvious if this is a continuous structure or a number of
segmented thrust faults and fold zones.

Irsyam et al. [2010] also identified other active fault structures throughout Su-
lawesi that were not included in their hazard model due to lack of information on slip
rates. In addition, the active fault database of the Geological Agency of Indonesia also
contains numerous mapped structures, many of which are discernable as topographic lin-
eaments using the Shuttle Radar Topography Mission (SRTM) Digital Elevation Model.
In the absence of geological and geodetic data to constrain the slip rates and identify the
seismically active faults, the source zones covering areas of distributed deformation are
used instead.

Intraslab sources

Deep seismicity is visible throughout northern Sulawesi as a result of the complex
system of active and inactive subduction systems previously defined. Although much of
the deep seismicity can be explained through these systems, the catalogue also contains
a number of enigmatic events which are difficult to assign to any structures and suggest
a complex pattern of Cenozoic collision not fully understood. Identifying structures is
further complicated by the hypocentre depth uncertainties of up to 25 km in the catalogue
[Husen & Hardebeck, 2010]. In this instance, we define a number of intraslab sources that
fit the geological interpretations of the area.

Ground motions models

At present, Indonesia is yet to develop a ground motion prediction equation
(GMPE) based on local strong motion data, although recently, there have been initiatives
in deriving a GMPE using the new strong motion accelerometer network deployed by the
Indonesian Meteorology, Climatology and Geophysics Agency (BMKG). At present time,
this undertaking is still in progress and results are not yet available [Rudyanto, 2013].
However, the author mention that out of 9 investigated GMPEs, Youngs et al. [1997] and
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Zhao et al. [2006] are the most capable for Indonesian setting. In this study, we used
GMPE as summarized in Table. 2.2.

Table 2.2: GMPEs and logic tree used for seismic hazard simulations

Region Ground-motion model Weight
Crustal Boore & Atkinson [2008] 0.33
Campbell & Bozorgnia [2008] 0.34
Chiou & Youngs [2008] 0.33
Subduction interface | Youngs et al. [1997] 0.25
Atkinson & Boore [2003] 0.25
Zhao et al. [2006] 0.50
Intra-slab Atkinson & Boore [2003] - Cascadia seismicity 0.33
Youngs et al. [1997] 0.34
Atkinson & Boore [2003] - worldwide seismicity | 0.33

Site amplification

Table 2.3: Geomorphological unit classification, simpilified from Matsuoka et al. [2006]

Slope | Elevation Lithology Geomorphological unit Notes

() (m) Matsuoka et al. [2006]

>15 | > 700 Pre-Tertiary rocks | Pre-Tertiary mountain
Tertiary rocks Tertiary mountain

< 700 Tertiary rocks Hill

Volcanic Volcanic hill

5-15 Non-volcanic Mountain footslope
Volcanic Volcanicn footslope

<5 Alluvium, e valley bottom lowland
colluvium, e alluvial fan
fluvial and e back marsh
other e abandoned river channel
terrestrial e delta & coastal lowland
deposits e marine sand & gavel bars

Active volcano

volcanic rocks

Volcano

Eruption centers

Terrace e brecciated rocks | e Rocky strath terrace geological structure
e alluvium e Gravelly terrace geological structure
e volcanic ash e Terrace covered by geological structure
volcanic ash soil
5-15 Loose sand Sand dune

mud, sand, gravel,
etc

e reclamied land
o fille+d land

e natural leeve

in the upper 30 m of the earth (Vssg ).

Amplification of seismic waves in shallow soil near the surface can contribute
significantly to variations in seismic hazard in areas exposed to seismic sources. To apply
site amplification to a regional scale hazard assessment in Sulawesi where field measure-
ments are limited, proxy methods are used to estimate the average shear wave velocity
Estimated Vg3g values are either incorporated
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into selected GMPEs or classified into the NEHRP site classes and amplification factors
[Borcherdt, 1994]. These are used to scale ground motion estimates for each site.

Two proxy methods are used in estimating Vg3 : (a) the Wald & Allen [2007]
method and (b) the Matsuoka et al. [2006] method. Computation of Vg3 based on Wald
& Allen [2007] uses topographic slope using empirical relations derived using data from
California and Taiwan. A global grid of Vgsp is generated through the global SRTM
topography, accessible online from the USGS Global Vgsg server. The Matsuoka et al.
[2006] method proposes an empirical function that relates geomorphology, elevation, slope
and distance from hills and mountains in the computation of Vg3p as mathematically
describe:

logVsso = a + blogEv + clogSp + dlogDm £§ (2.5)

where Fv, SpDm are elevation (m), 1000 x tangent of slope and distance from Pre- or
Tertary mountain or hill. Value of a,b,c and d are presented in Table 3 of [Matsuoka et
al., 2006].

FEmpirical factors for this approach were derived from field measurements ob-
tained in Japan. Table 2.3 provides the list of geomorphological unit classification for
this method. Empirical estimates from these methods were compared against field mea-
surements of the response spectral ratio from recorded ambient noise measurements cor-
responding to horizontal and vertical components of seismograms (HVSR).

Geomorphological and geological maps published by the Geological Agency of
Indonesia from 1973 to 1998 were used along with the SRTM topography data to clas-
sify Sulawesi’s geomorphology. Sulawesi is divided into 14 geomorphic units using the
Matsuoka et al. [2006] scheme. Of these, the classes of pre-Tertiary mountain, tertiary
mountain, hill, mountain footslope, volcanic footslope and volcano cover more than 75%
of the island’s area. These classes of geomorphic units are situated in steep and elevated
areas subject to erosion, where the ground surface is assumed to be composed of hard and
compacted material with high average Vg3p values. On the other hand, the Vg3 is lower
for volcanic than non-volcanic mountains —this key distinction is useful for Indonesia. The
remaining 25% of Sulawesi Island is characterized by undulating or flat morphology where
sediments are accumulating.

Fig. 2.5 shows the geomorphological classification of Sulawesi using Matsuoka et
al. [2006] and the corresponding Vgso values. High Vgsg estimates (equivalent to NEHRP
site class A and B) correspond to mountainous areas. Footslopes and volcanic areas have
moderate Vg3g (NEHRP site class C). Lowland areas including valleys, deltas and coastal
areas have lower Vg3p values (NEHRP site class D and E).

The Vgso estimated using the slope-topographic [Wald & Allen, 2007] and geo-
morphic [Matsuoka et al., 2006] methods are compared with calculated Vgso from ambient
noise field measurements in the cities of Gorontalo, Palu and Manado. Measurement lo-
cations were categorized based on Matsuoka et al. [2006] scheme, which include volcanic
footslope, mountain footslope, valley bottom lowland and delta/coastal lowland.

HVSR curves were collected from a single three-component 1 Hz 1.4-3D seis-
mometers deployed at each site. Noise was recorded for approximately 20 minutes and the
spacing between measurements is around 1-2 km. The fundamental frequency of HVSR
is determined using the Geopsy processing software. This is used in estimating the Vg3
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Figure 2.5: (a) Geomorphology of Sulawesi using the Matsuoka et al. [2006] classification, (b)

Vs3o0 values for Sulawesi derived from the Matsuoka et al. (2006) method (higher Vsszo values
are indicated in blue and lower Vgsg values are indicated in red (right)) and (¢) NEHRP’s soil
classification.

based on the empirical equation proposed by Zhao [2011]; Zhao & Xu [2013].
ngo =T x 120 (2.6)

Such equation relates the site period (TVgs3p ) to Vssp , assuming bedrock is
reached at 30 m depth. In the process, it was assumed that the site period and Vgsg are
correlated and that the fundamental period of the HVSR is equivalent to TVgsg . This
however, introduced a large degree of uncertainty, aside from taking Vg3¢ as the predictor
variable for site effects. Nevertheless, the method is more robust for shorter site periods
[Zhao, 2011]. Correspondingly, Vsso values are classified into NEHRP site classes from
BSSC [2003].

Depicted in Fig. 2.6 are the histograms reflecting the comparison between Vgsg
values from proxy methods and field measurement. The proxy methods yield higher
estimates than those computed from HVSR measurements. The Vg3g estimated using the
Wald € Allen [2007] method (222 £ 212 m/s) are about twice as much as the Matsuoka
et al. [2006] method (102 + 194 m/s).

In terms of site classification, the higher estimates of Vgzg using the Wald &
Allen [2007] method means that this method is more likely to correctly assign site class
C while the Matsuoka et al. [2006]) method is more likely to correctly assign site class
D as shown in Fig. 2.6. The latter yields the same site class compared with the Vgsg
from HVSR measurements [Zhao, 2011] at approximately 25% of the measured locations
compared with the former which resulted in the same site class at 15% of the measured
sites as shown in Fig. 2.7.

2.4 Hazard modeling results

Using the EQRM, the ground acceleration corresponding to every point on a 1x1 km
grid is computed for all return periods and spectral periods. The results are useful in
updating the seismic design code for seismically resilient buildings and infrastructure.
For spatial planning purposes at the local scale and for construction of non-engineered
buildings, the expected felt seismic intensity is a simpler and more easily communicated
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measure of hazard. For this reason, the ground acceleration is converted to MMI (Modified
Mercalli Intensity) using the equation formulated by Atkinson €& Kaka [2007] for spectral
acceleration at 1.0 sec, including site effects. MMI is then classified into four classes: (1)
high hazard zone MMI > VIII, (2) medium hazard zone (MMI VII-VIII), (3) low hazard
zone (MMI V-VII) and (4) very low hazard zone (MMI < V) based on the 500 year return
period. This classification is similar to that conducted by Arya et al. [2013].

Probabilistic seismic hazard results are presented for annual probabilities of ex-
ceedance corresponding to 0.002, 0.001 and 0.0004 (for return periods of 500, 1000 and
2500 years respectively), for response spectral acceleration (RSA) of 0.2 and 1.0 sec and
peak ground acceleration (PGA). Shown in Fig. 2.8 are the hazard maps, including site
amplification. Evident in these maps are the high seismic hazard in almost all areas ex-
cept the south arm of Sulawesi. The hazard is at its peak along Palu-Koro, Matano and
Lawanopo faults, where slip rates are greater than 30 mm per year.

North arm. Earthquake hazard in the northern arm of Sulawesi is controlled
by the North Sulawesi Subduction Zone and the associated intraslab sources to the north
and east arm. At longer return periods (e.g. 1000 and 2500 years), the Gorontalo Fault
contributes significantly to the hazard level. Although the frequency of large earthquakes
which occur along the Gorontalo Fault is lower than other source regions, these events
can cause high levels of ground shaking if they occur because this is an inland shallow
source. Earthquake hazard in this area is amplified by soft sediments along the depression
created by the Gorontalo fault, most notably surrounding Lake Limboto between the
populated cities of Limboto (with population estimated at 50,000) and Gorontalo (200,000
inhabitants). Earthquake hazard in the northern arm of Sulawesi is highest in Buol and
Toli-toli districts.

Central and FEast Sulawesi. Earthquake hazard in central and east Sulawesi
is very high, especially along fast-moving on-shore faults like the Palu-Koro-Matano Fault
System and Balantak-Batui Faults. High background seismicity rates drive high hazard
in area far from the major faults included in our model. This pattern is consistent in all
return periods and spectral periods. Extremely high hazard (e.g. PGA > 0.8 g at 500
year return period) occurs in the city of Palu (with a population of 335,000), located on
a pull-apart basin created by strands of the Palu-Koro Fault zone.

West Sulawesi. Earthquake hazard is generally high in West Sulawesi due to
the high background seismicity rate. Hazard is higher in the east, near the Palu-Koro
Fault, and to the west, where the offshore Makassar Thrust is located.

South-east Sulawesi. Earthquake hazard in southeast Sulawesi is extremely
high along the Matano and Lawanopo Faults. The Lawanopo Fault runs to the north
of the city of Kendari which is sited on a delta and surrounding coastal lowlands near
Kendari Bay. Background seismicity rates are lower to the south of the Matano Fault.
To the south of the Matano and Lawanopo Faults, the earthquake hazard is high but
relatively lower than in Central and East Sulawesi.

South Sulawesi. Earthquake hazard is high along the Walanae Fault, with
lowlands along the depression created by the fault causing high amplification of ground
motions. Background seismicity is low, with only a few historical earthquakes recorded in
the background zone. Away from the Walanae Fault, hazard is much lower than the rest
of Sulawesi. Makassar (with a population of 1.34 million), being the largest population
centre in Sulawesi, is located in a region of lower hazard as compared to other areas.
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Comparison against historical data.

The conversion of 500 years recurrence interval 1.0 s hazard to MMI is shown in
Fig. 2.9. Also shown in this figure are the epicenters of historical damaging earthquakes
Supartoyo €& Surono [2008]. All historical destructive events occur in regions classified as
moderate (4 events) or high (30 events) hazard, with the exception of the 1828 Bulukumba
earthquake, which occurs in a low hazard region.

2.5 Discussion

Based on the probabilistic seismic hazard assessment conducted for the island of Sulawesi,
a huge portion of the region is assessed at high hazard. This is due to fast-slipping
crustal faults in the highly sheared region north of the Palu-Koro-Matano fault system
and along Sulawesi’s north arm. In the southwest, including the city of Makassar, a lower
seismic hazard is assigned. It should be noted however that the whole island is subject
to damaging events at longer return periods. The high hazard regions correlate well with
the epicenters of historical earthquakes except for the 1828 Bulukumba earthquake which
may be associated to Walanae Fault or an unmapped fault offshore.

A key challenge in developing the hazard map for Sulawesi is reconciling the
abundant recent seismicity with the geological evidence of active structures. With the ex-
ception of the Palu-Koro Fault, available geologic and geodetic data provide weak evidence
for activity rates whereas the uncertainties in earthquake locations [Husen & Hardebeck,
2010] make it difficult to associate the earthquakes to specific sources. In order to address
these issues, large crustal scale faults that form the boundaries of different domains (e.g.
the Palu-Koro-Matano Fault System) are included as fault sources which do not overlap
background zone sources. The slip rates of smaller faults outside the zone sources were
adjusted to avoid the overestimation of seismicity. This is done by assuming a volume
around the fault (Vjysfer) and using the data in the surrounding source zone (Vzone) to
scale the seismicity with respect to this volume. Correspondingly, the equivalent slip rate
for the fault is calculated, while taking into account the reported slip rate. In some cases,
like for the Poso Fault in North Central Sulawesi, the activity rate estimated from seismic-
ity in the surrounding zone is higher than the estimated slip rate from Irsyam et al. [2010].
For such cases, more detailed geodetic studies are needed to arrive at a good estimate.

Hazard results in the northern half of Sulawesi (e.g. north of the Palu-Koro-
Matano Fault System) are generally high. The role of individual crustal faults in the
seismic hazard is relatively minor. The subduction interface and intraslab sources in
the northern arm contribute significantly to the hazard, with the effect of the onshore
Gorontalo Fault only becoming significant at long return periods (e.g. > 1000 years).
South of this region, and most noticeably in South Sulawesi, background seismicity is
lower and seismic activity is concentrated along individual faults like the Walanae Fault.
Seismic hazard in the central part of Sulawesi is concentrated along the fast moving Palu-
Koro-Matano Fault System and Lawanopo Fault. Several pull-apart basins are present
along these fault systems, where sediments have accumulated resulting in high estimats
of site amplifications. This is particularly evident near the city of Palu, which sits on a
basin of alluvial and coastal sediments bounded to the east and west by two strands of
the Palu-Koro Fault zone.

Palu and Gorontalo are the two most significant population centers located along
coastal basins formed by active faulting, although other centers are also in similar situa-
tions, including Kendari. These centers are exposed to a combination of high earthquake
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activity from near field sources, amplified ground motions, liquefaction, landslide and
localized tsunami, especially if the earthquake deformation extends offshore or triggers
submarine landslides (e.g. tsunamis occured near Palu in 1927 and 1968; Pelinovsky et al.
[1997]). Hence, priority should be given to these centers for more comprehensive site am-
plification studies, hazard assessment for secondary earthquake hazards and risk reduction
activities.

The bedrock hazard results in this study have shown higher hazard in the north-
ern part of the island as compared with the study conducted by Irsyam in 2010. This
may be due to the delineation of the North Sulawesi Subduction Zone close to the island
near the region of high seismicity, rather than at the trench. Also, intraslab sources were
explicitly included using fault planes with out-of-plane ruptures, leading to a more realis-
tic geometrical model. For Irsyam et al. [2010], a smoothed seismicity was utilized within
stepped rectangular volumes to represent the slab leading to higher hazard along the ma-
jor crustal faults, including the Palu-Koro-Matano Fault System as depicted in Fig. 2.10
and Fig. 2.11.

The assessment presented in this study uses the same ground motion prediction
equations, and logic tree weights, as Irsyam et al. [2010]. None of these GMPEs have
been developed using strong motion data from Indonesia. Therefore, there is considerable
uncertainty in their application. It is assumed that the analysis of available data from
the newly-established Indonesian strong motion network would reduce the uncertainty,
although recent researches have focused on Java and Sumatra [Rudyanto, 2013]. Fur-
thermore, the geological heterogeneity of Sulawesi, including thick continental crust from
the Sundaland and Australian continents, overthrust ophiolites and melange complexes,
actively deforming crustal regions and active and inactive arc systems, mean that a high
degree of heterogeneity in ground motions is to be expected within Sulawesi.

Proxy methods used to estimate site amplification are subject to considerable
uncertainty. The Matsuoka et al. [2006] method based on geomorphology is slightly more
accurate, correctly classifying site class at approximately 25% of the measured locations
compared with the Wald & Allen [2007] topographic slope method which is correct for
approximately 15% of the measured sites. Wald € Allen [2007]) method more accurately
assigns site class C while Matsuoka et al. [2006] method more accurately predicts site class
D. Noting the considerable uncertainty in the use of HVSR measurements as a basis for
estimating site effects [Zhao, 2011; Ghasemi et al., 2009] the main conclusion that can be
drawn is that Matsuoka et al. [2006] proxy method is probably more suitable for Sulawesi,
but that site amplification remains a major source of uncertainty in the hazard results.

By discriminating between volcanic and non-volcanic mountains, the Matsuoka
et al. [2006] method is expected to have a distinct advantage over slope-based approaches
as there are both active volcanoes and non-volcanic mountain regions in Sulawesi. Un-
fortunately, at present, there are no available field data with which to test these regions
against the Matsuoka et al. [2006] classification. Furthermore, many of the major cities
are situated in valleys, coastal lowlands and delta. In many cases these geomorphic en-
vironment are a direct result of active faulting in the area. Hence, quantification of site
amplification at the local scale is essential in building and infrastructure design as well
as in the spatial planning. This will potentially reduce the exposure to areas of large
amplification. Future field measurements to better understand site amplification should
use more robust techniques for calculating site amplification such as multichannel analysis
of surface waves (MASW) or borehole measurements.
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2.6 Conclusions

This study conducts the first probabilistic seismic hazard assessment including the effects
of site amplification for the island of Sulawesi in Indonesia. Most of the island, with
the exception of South Sulawesi, is undergoing rapid deformation. This leads to high
hazard in most regions (such that PGA > 0.4g at 500 year return period including
site effects) and extremely high hazard (like PGA > 0.8 g at 500 year return period)
along fast-slipping crustal scale faults such as the Palu-Koro-Matano Fault System and
Lawanopo Fault. Active subduction and a complex array of active and inactive subducted
slabs in the north drives very high hazard along the north arm of the island. Reported slip
rates for active faults are balanced against background seismicity rates to avoid double
counting of seismicity. In many cases, background rates exceed reported fault slip rates,
highlighting the need for further geodetic and geological studies for better constraints.
Site amplification is accounted for by using proxy methods. The conversion to intensity
and classification of hazard zones would facilitate better application of hazard maps for
spatial planning purposes. A high degree of uncertainty associated with these methods
means there is a need for further, local scale studies to better characterize site effects.
This is particularly important for population centres in Palu and Gorontalo, especially
those sited in sedimentary basins created by active faults. These areas are exposed to
both high seismicity rates and high amplification of ground motions. Building design in
these areas should combine bedrock hazard results with locally measured site effects to
determine the appropriate design criteria.

The next plan is to try to validate the amplification factor inferred from H/V
using a geotechnical approach. Geotechnical investigation, such as NSPT and/or CPT,
may be a promising method to validate the H/V method to achieve a more reliable
amplification factor and, hence, produce a better seismic hazard map.
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Chapter 3

Historical and Hypothetical
Future Earthquakes Affecting
Jakarta

Abstract: Jakarta has experienced no damaging earthquakes throughout the
20" century, but historical accounts from the colonial era documented several
earthquakes that devastated the city. Although the sources of these historical
earthquakes are poorly known, a number of potential seismic sources are iden-
tified which enabled the simulations of ground motions. One of the parameters
utilized in the simulation is the average shear-wave velocity at the upper 30 m
of the soil, based on travel time from surface to the 30 m of depth (Vssp). Local
geological condition is taken into account as one of the factors that contribute
to the amplification of ground motions at the site. Using an empirical equation,
the ground acceleration is converted to intensity scale. To compare the simu-
lated and recorded intensities, the available macroseismic data in a number of
cities in Indonesia were used. Results show that the shallow megathrust, the
deep intraslab and the Baribis Thrust are active seismic sources that can be
associated not just with historical damaging earthquakes, but also to potential
earthquakes that may affect Jakarta significantly in the future.

3.1 Introduction

Jakarta is located at the north coast of West Java, about 250 km away from the Java
subduction zone. For more than a century, the city has experienced explosive growth
without a major damaging earthquake. However, in the past decade Jakartans felt strong
ground shaking from the 9 August 2007 Indramayu and the 2 September 2009 Tasikmalaya
events. These events were mostly felt by people working or living in the upper level of high
storey buildings. The Mw 7.5 Indramayu event was a 280 km deep intraslab earthquake,
while the Mw7.0 Tasikmalaya event is an intra-plate earthquake at 46 km depth, with
epicenters were 80 and 180 km, respectively, from Jakarta. Even though no damage was
reported for these events, the potential occurrence of larger and/or closer earthquakes
poses a threat to the densely populated city of Jakarta.

During the the 17" to 19" centuries, on the other hand, at least 3 destructive
earthquakes struck Jakarta. Although the sources of these earthquakes are poorly known,
their impacts were well-documented by the Dutch colonial authorithy. These reports
are valuable information for understanding the potential impacts of future earthquakes,
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especially for use in urban planning. For this reason, we considered whether the recorded
impacts could be modeled using synthetic simulations of possible earthquake scenarios.
These simulations were conducted using the OpenQuake Engine - an open-source platform
developed by the Global Earthquake Model (GEM) Foundation [GEM, 2014]. OpenQuake
includes tools for earthquake modeling that enable the estimation of ground acceleration
at any point of interest using earthquake source parameter and site class data as input.
Modeling can be conducted both in probabilistic (Probabilistic Seismic Hazard Analysis—
PSHA) and deterministic (Deterministic Seismic Hazard Analysis-DSHA) approaches.
With the availability of recorded impacts and estimated ground motions, a comparative
study can be done to determine which among the various likely earthquake scenarios
produce simulation results that are comparable to the observed data.

For simplicity, the scale of the damage that recorded by Nata & Witsen [1700]
and Wichmann [1918] [Translated by Harris € Magjor [2016]] is qualitatively converted to
Modified Mercalli Intensity (MMI) scale. We model scenarios for each event to calculate
the maximum acceleration in a gridded area using 2 km spacing. The estimated acceler-
ation is converted to MMI and compared with the available historical data. Using this
technique, the most likely source parameters and the degree of seismic hazard in Jakarta
can be surmised.

3.2 Seismic Hazard of Jakarta

A number of studies have been carried out focusing on the seismic hazard of Jakarta.
Irsyam et al. [2014] performed a seismic hazard assessment using both probabilistic and
deterministic approaches, similar to the approach presented in Irsyam et al. (2010). For
the probabilistic seismic hazard assessment (PSHA), an engineering basin depth (Vs>750
m/s) was inferred from seismic downhole measurements. Dutch cone penetration test
(DCPT) and standard penetration test (SPT) measurements were utilized for character-
izing the site condition. The deterministic part of the study estimated a maximum peak
surface acceleration of about 0.24g if a Mw6.5 earthquake occurs within a 20 km radius
of Jakarta. Probabilistic part of the study found that a peak surface acceleration between
0.2-0.4g has a 2% probability of exceedance in 50 years (2500 years of return period).
It indicates a maximum amplification factor of 2.2 if a megathrust earthquake of Mw9.0
occurs.

Merati et al. [2000] used a modified version of EQRISK to implement a PSHA for
Jakarta. The corresponding peak accelerations at bedrock for several spectral and return
periods were calculated. Attenuation relationships developed by Youngs et al. [1997] for
interface and intraslab events and Boore et al. [1997] for shallow crustal earthquakes were
applied in this calculation. The model predicted that for a 500-year return period, the
maximum peak ground acceleration (PGA) at bedrock reaches 179 gal. Furthermore, the
maximum acceleration at 0.2s of spectral period were predicted to reach approximately
370 gal and 270 gal for the 500-year and 200-year return period, respectively, as depicted
in Fig. 3.1.

Earthquake scenarios for the greater Jakarta area, which is inhabited by about 30
M people, are also available. Four earthquake scenario models utilize seismic sources in-
cluding the Lembang Fault, Cimandiri Fault, megathrust and subducting slab using point,
planar and complex earthquake source modeling in OpenQuake. Furthermore, fatality es-
timation was computed using InaSAFE which is a free access software [InaSAFE, 2007]
for impact estimation developed by Indonesia’s National Disaster Management Agency
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Figure 3.1: Peak ground acceleration (PGA) at bedrock of Jakarta for some return periods (top)
and Peak spectral acceleration at bedrock of Jakarta for 200 and 500 years return period (bottom)
Merati et al. [2000]

. The tick and thin lines are spectral acceleration for return period of 200 and 500 year.

(BNPB) and the Australian Government, through the Australia-Indonesia Facility for
Disaster Reduction (AIFDR) and the World Bank-Global Facility for Disaster Reduction
and Recovery (World Bank-GFDRR).

OpenQuake produces estimates of PGA and response spectral acceleration (RSA)
at pre-defined periods. For comparison with the historical intensities, RSA at 1.0 sec
is converted to MMI using empirical equation introduced by Atkinson & Kaka [2007],
although the use of this empirical equation introduces uncertainties in the estimation. A
number of parameters are used to model the historical earthquakes including GMPEs, slab
structure [Hayes et al., 2009], fault surface rupture length [Wells & Coppersmith, 1994]
and site amplification estimated by geologic-topographic method of Matsuoka et al. [2006].

Several catalogues [e.g. Wichmann [1918, 1922]] documented the occurrence of
large earthquakes and tsunami in the Indonesia. These documents emphasize that Jakarta
may not be exempted from strong ground shaking. Wichmann recorded large earthquakes
that hit Jakarta and the surrounding areas in 1699, 1780 and 1834 which thereby led to
fatalities, buildings damage and landslides. We used these reports of large-scale damage
to evaluate the intensity based on the MMI scale, and used these to identify possible fault
sources for these events were identified based on the available knowledge of tectonics in
Java and the seismic intensity distribution.

Very little information is available regarding active crustal faults that may be
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the sources of the historical destructive earthquakes that impacted Jakarta. For seismic
simulation purposes, a literature review of the tectonic setting in the vicinity of Jakarta and
the identification of possible active faults that may significantly affect the city is essential.
The Lembang Fault has been identified as active in several studies [e.g. Afnimar et al.
[2015]; Meilano et al. [2012]; Kertapati [2006]] while Baribis fault, the closest active fault
to Jakarta is presented in Simandjuntak €& Barber [1996], Martodjojo [1984], Bemmelen
[1949]. However, the Lembang fault is excluded from the scenarios considered here, since it
produces maximum capable earthquake [Afnimar et al., 2015; Meilano et al., 2012] which
is too small to significantly affect Jakarta.

Although the Java subduction zone is located further than 100 km from Jakarta,
an earthquake scenario is simulated there since it can potentially produce a large magni-
tude, e.g. Mw 9.0, event. Megathrust surface rupture is estimeted using Papazachos et al
[2004]:

logL = 0.55M,,—2.19 oc=0.18
logW = 0.31M,,—0.63 (3.1)
logU = 0.64M,,—2.56

where L, W, U and M, are length, width, slip of fault and moment magnitude, respec-
tively. Slab 1.0 [Hayes et al., 2012] is used to to determine the geometry of fault rupture
models for interface and intraslab earthquakes.

Crustal fault surface rupture length (SRL) is calculated using equation from
Wells & Coppersmith [1994]:

M =a+bxlog(SRL) (3.2)

where ¢ and b are 5.16 and 1.12 for strike slip; 4.86 and 1.32 for normal fault; 5.0 and
1.22 for reverse fault.

In order to estimate ground shaking for scenario earthquakes, it is important
to consider site amplification, which is often characeterised using the average shear wave
velocity in the upper 30 meters of the soil profile, denoted Vg3p. In the absence of in situ
measurements of Vgsp, it can be estimated using proxies such as slope-topography [ Wald &
Allen, 2007], which assumes areas of flat topography correspond to low velocity sediments
while areas of high relief corespond to stiff soil or bedrock. In this study we estimated
Vs3o using the approach of Matsuoka et al. [2006] which incorporates a more complete
set of geologic/geomorphic information. Vgsg was estimated using an empirical function
using coefficients for morphology (based on elevation, slope and distance from the site to
the nearest pre-Tertiary or Tertiary mountain/hill) and geology (based on type and age of
lithology) as predictor variables for site effects. Estimated values of Vg3 are incorporated
directly into GMPEs or classified into National Earthquake Hazard Reduction Program
(NEHRP) site classes to be factored into the amplification in the estimation of ground
motions (Fig. 3.2).

At present, a GMPE using strong motion data from the Indonesian region has
not been derived yet. However, Rudyanto [2013], has shown that, amongst a wide set of
available GMPEs, Zhao et al. (2006) match the strong-motion data recorded in Indonesia
reasonably well. Hence we use this GMPE to estimate peak acceleration at each grid point
for the earthquake generated at the subduction interface. GMPEs from Atkinson € Boore
[2003], Boore € Atkinson [2008] are used to calculate peak acceleration for intraslab and
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Table 3.1: List of parameters used for seismic hazard simulations

Scenario Proposed Mag | Rake/ Rupture GMPE
sources Dip
1699A Intraslab 8.0 |-90°/45° | 105.913°, -6.678°; | Zhao et al. [2006]

106.967°, -6.742°
1699B Megathrust 8.0 |90°/30° 105.913°, -6.678°%; | Zhao et al. [2006]
106.967°, -6.742°

1780A Baribis Thrust | 7.0 | 90°/45° 106.530°, -6.340°; | Chiou & Youngs [2008]

106.840°, -6.390°

1780B Crustal fault 7.0 | 0°/90° 106.530°, -6.340°; | Chiou & Youngs [2008]

106.840°, -6.390°
1780C Intraslab 85 | 0°/90° 105.951°, -5.980°; | Zhao et al. [2006]
108.474°, -7.095°

1834A Baribis Thrust | 7.0 | 90°/45° 107.169°, -6.492°; | Chiou & Youngs [2008]

106.769°, -6.371°

1834B Crustal fault 7.0 | 0°/90° 106.430°, -6.314°; | Chiou & Youngs [2008]

106.814°, -6.361°
1834C Intraslab 7.7 | -90°/45° | 106.914°, -6.275°; | Zhao et al. [2006]
107.633°, -6.753°

crustal fault respectively, as also used in Irsyam et al. [2010, 2014]. The source parameters
and used GMPEs are summarized in Table. 3.1.

The source parameters and GMPEs used in simulations are summarized in Table.
2.1. In this study, we convert pseudo-spectral acceleration (PSA) at 1 second period into
the MMI intensity scale using the empirical relation introduced Atkinson & Kaka [2007].
All modelled MMI conversions are mapped at 2 km spatial grid size using these equations:

MMI=Ci+CologY  forlogY < 1.50

3.3
MMI=C3+4+CylogY  forlogY > 1.50 (3:3)

where C1, C2, C8, and C4 are 3.23, 1.18, 0.57, and 2.95, respectively while Y denotes
peak acceleration at each point.

Having same intensity scale (MMI) between simulated and observed, we can
compare these data to find scenarios that fit well with observed. The results pertaining
to historical earthquake modeling are presented in the following subsections.

3.3 DSHA of the 5 January 1699 event

Historical data suggest that serious damage were experienced in Batavia (Jakarta), Buiten-
zorg (Bogor), Bantam (Banten) and the tip of southern Sumatra in Lampong (Lampung)
during this event. These locations span more than 150 km from NW in Lampung to SE
in Cisalak. Extensive damage over such a large area indicates that either a deep earth-
qauke of large magnitude located somewhere between Cisalak and Lampung, or a very
large megathrust earthquake could be a candidate for this destructive event. Earthquakes
with magnitude Mw8.0 have been simulated using a 120 km depth for intraslab (Scenario
1699A, Fig. 3.3a) and a M9.0 at 10 km depth for megathrust (Scenario 1699B, Fig. 3.3b)
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Figure 3.2: The Vg30 map of Java created using Matsuoka et al. [2006] method. This map is used
to scale ground motion estimates from the GMPEs at each site.

events. Consider to the distribution of observed intensity, a set of parameters, as listed in
Table. 3.1, is created to simulate scenario modelings.

Scenario 1699A, the intraslab event resulted in a maximum MMI of VIII - IX in
Jakarta, Bogor and Lampung where heavy damage was observed. This scenario also pre-
dict high intensity (MMI >VIII) along north coast of West Java as illustrated in Fig. 3.3a)
where felt intensity or damage was not reported. Due to the lack of information, it is not
possible to compare simulated and observed intensity along north coast of Java except
in Banten and Jakarta. In Jakarta, simulated intensity is in accordance with observed
intensity, however, in Banten, observed intensity was lower than the simulated. Further-
more, simulated intensity in Bogor is in range between VI to VII MMI, which is lower
than observed intensity in Bogor (VIII MMI).

At the time of event, north coast of west Java, except seaport cities of Banten
and Jakarta, was a terra incognita. This coastal area was growing fastly after the comple-
tion of Groote Postweg (Great Post Road, currently known as North Coast Road [Jalan
Raya Pantural) in the first decade of IX century. It suggest that although felt intensity or
damage was not reported, it is possible that north coast of Java Island was suffered from
high ground motion. The north cost of west Java is composed by Quaternary unconsol-
idated sediment which may amplify seismic waves. Similar to northcoast area, Bandung
was growing rapidly since 1906, so that there was no felt intensity reported during the
1699 event, however, simulation suggest intensity of VIII MMI may hit Bandung.

Normal faulting is a common scenario for intraslab earthquakes. In the modeling
for this scenario, the hanging wall was taken to be on northern side of the fault, which
resulted in higher shaking there than on the foot wall on the southern side, along the
southern mountain range. However, quite a large intensity (VII-VIII MMI) was estimated
in mountainous area in the south of Bogor, near Sukabumi and Cianjur. These steepy areas
are composed of loose pyroclastic materials such that the strong shaking (e.g. MMI VIII)
may trigger landslides, consistent with the historical record.

Damage was reported over a wide area, from Bogor Regency where many land-
slides and significant damage were reported to Lampung in Sumatra. Although large
intraslab earthquakes at 100 km depth are infrequent, they do occur and can be very
destructive as, witnessed in Chile on 25 January 1939. The Ms7.8 Chilean earthquake, at
80-100 km depth, produced high intensity (e.g. MMI IX) over a wide area. Most of the
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damage occurred within a 200 km radius, between Linares and Los Angeles [Beck et al.,
1988].

Scenario 1699B shown Fig. 3.3b resulted in intermediate intensity (e.g.MMI VI-
VII) covering the western part of Java, except in the mountain ranges and south coast.
In the mountain range, from west Bogor to south Cirebon up to the northern region of
Cianjur (then Tjanjor or Tjiandjur), Bandung basin and Majalengka, the intensity varies
from MMI V to MMI VII. Although areas affected in the mountain ranges are closer to
the seismic source than the north coast, this area experienced less shaking. Compared to
the north coast, which is composed of predominantly Holocene alluvium, the mountain
ranges are composed of older undifferentiated volcanic materials which are stiffer than
loose sediments of the Holocene. This stiffer soil implies a higher Vggg values on the
mountain ranges in comparison to the north coast.

Low intensity was reported scattered in tea plantations around Bogor city. In
those areas limited people were living. Bamboo and wood were the typical material to
build houses.

In short, scenario 1699A, a scenario that simulated intraslab earthquake with
magnitude M8.0 and epicenter depth of 120 km, predicts better intensity than scenario
1699B. The scenario modeling shows the effect of inclusion of Vg3y into the ground motion
calculation.

3.4 DSHA of the 22 January 1780 event

This event is considered as the largest earthquake to ever impact Jakarta (then Batavia).
However, not much information is available to analyze this event [Albini et al., 2013,;
Musson, 2012]. Ground shaking was felt over the whole of Java and SE Sumatra. It
was felt most strongly in West Java as depicted in Fig. 3.4. Ground shaking caused 27
sheds and houses to collapse in Zandsee and Moorish gracht located in the present-day
Central Jakarta where the Jakarta Cultural Centre is now standing. It was reported that
‘a mighty bang’ was heard from Mount Salak two minutes after the quake and Mount
Gede ’smoked’. Meanwhile, Banten suffered from strong vibrations. A weak vibration
was felt in Cirebon, and a seaquake was observed by the ship Willem Frederik, which was
at the entrance to the Sunda Strait [ Wichmann, 1918]. Albini et al. [2013] estimated the
minimum magnitude could have been Mw8.5 or larger. Three scenarios are proposed for
this event as described in the succeeding paragraphs.

Scenario 1780A in Fig. 3.4a represents a M7.0 event with a depth of 12km, located
on the Baribis Thrust. This reverse fault is located on the northern part of Java and spans
from Purwakarta Regency to Baribis Hills in Majalengka Regency [Bemmelen, 1949]. It
has a dip angle of 31° to the south and a slip rate 1.5 mm/year [Hutapea & Mangape,
2009; Simandjuntak € Barber, 1996]. The Baribis-Kendeng Fault can be traced from the
Sunda Strait eastwards across Java and through the Bali Basin into the Flores Thrust,
north of Flores and may continue eastward up to the Wetar Thrust. This major Java back
thrust is regarded as having been active since the Late Neogene [Simandjuntak & Barber,
1996]

The Baribis Fault is considered to be an active fault and is associated with a
destructive earthquake in Majalengka Regency which occurred on 6 July 1990. This was a
M5.5 earthquake with epicenter at 6.094°S and 108.12°E and focal depth of 14.2km. In the
eastern part of this thrust, in the Anggarwati village, around 150 houses were damaged,
7 people were injured and 1 villager was killed [Soehaimi, 2011]. However, there has been
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no record of a destructive earthquake in the western part of the fault, the portion that is
close to Jakarta.

In the afternoon of January 22, 1780, a weak subterranean noise was heard,
which was shortly followed by a rumbling resembling a heavy-laden lorry passing by. This
small shaking was followed by larger shaking that destroyed and collapsed 27 sheds and
houses in central Jakarta [ Wichmann, 1918]. Unfortunately, less is known about the type of
building collapsed; However, from this information, it suggested that earthquake intensity
in Jakarta was in range III MMI (resembling a heavy-laden lorry passing by) to VIII MMI
(building collapsed). This scenario 1780A resulted comparable intensity in south Jakarta
(VII-IX MMI). Wichmann [1918] reported similar intensity was felt in Bogor meanwhile
this scenario estimate VII — VIII is likely to happen in Bogor, Cianjur and surrounding
area as shown in Fig. 3.4a

Wichmann [1918] also indicated that weak shaking was felt in east coast of Java,
as well as in Cirebon (approximatelly II-1IT MMI) while much larger vibration was felt in
Banten (estimated V-VI MMI). This scenario results good intensity estimation for Banten
but highly overestimated in Cirebon. It was also reported by Wichmann [1918] that ’a
mighty bang’ was heard at Mt. Salak (south west of Bogor) Mt. Gede has smoked several
tiems after the quake. However, it is difficult to assess whether the volcanic activities were
reelated to earthquake or not.

Scenario 1780B in Fig. 3.4b is for a hypothetical crustal fault generating a M7.0
earthquake at a depth of 12km. Similar to Scenariol780A, Scenario 1780B also using
GMPE proposed by Chiou & Youngs [2008] to calculate ground motion. Scenario 1780B
results a good prediction of intensity in Jakarta and Bogor, slightly overestimated in
Banten and and higher estimation in Cirebon. In general, Scenario 1780B produces similar
ground motion distribution in comparison with Scenario 1780A. Boths scenarios produce
good estimation of ground motion.

The intensities estimated for Jakarta, Bogor, Banten and Cirebon are MMI VIII,
VI, IV and III respectively. Few recorded data were available to determine the intensity in
Mount Gede and Mount Salak. Scenarios 1780A and 1780B resulted in a maximum inten-
sity of MMI VIII in Jakarta, Bogor and Banten, which seem to be overestimates. These
simulations also yielded similar intensity estimates in Cirebon, while historical accounts
reported smaller intensity values.

Scenario 1780C in Fig. 3.4c refers to an intraslab M 8.0 earthquake at 160 km
depth. It resulted in high intensity (VII-VIII MMI) along the north coast of West Java
and part of Central Java (Tegal) which are composed of alluvium. Along the middle
mountains-range, from Sunda Strait to Bogor, Cianjur, Bandung to the east, simulated
MMI is about VI-VII MMI while in the southern mountains range, the simulated MMI is
about IV MMI. Narrow band of VI-VII MMI is also appeared along south coast of west
Java where alluvium is deposited.

As in Scenario 1780A and 1780B, this scenario also results good perdiction of
MMI for Jakarta, Bogor and Banten. However, simulated MMI in Cirebon is far to high
compare to intensity reported in Wichmann [1918]. In addition, medium level of intensity
(VI-VII) is also spreading in most of the West Java Region where information regarding
the effect of the earthquake is not available.

Scenario 1780A and Scenario 1780B resulted in good prediction of ground motions
for Jakarta and Bogor. However for Tegal and Banten which are situated 200 km and
80 km away from Jakarta respectively, Scenario 1780B generated estimates higher than
observed. Among these scenarios, Scenario 1780A yields the most reliable estimates.
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Figure 3.4: Intensity model of 22 January 1780 event resulted from scenarios Baribis thrust (a),
strike-slip crustal fault (b) and intraslab (c). Middle mountains-range is lying on the central of
West Java from Sunda Steet in the west to Bogor, Cianjur, Bandung and goes through to the east,
is estimated to hit by ground motion with intensity about VI-VII. The green clolor in south Java is
southern mountains-range where simulated MMI is about IV MMI. Black rectangles denote cities
and colored circles denote estimated historical MMI, white circles denote cities where shaking was
felt in unknown intensity.



§3.5  DSHA of the 10 October 1834 event 47

Hence, the Baribis Fault (Scenario 1780A) is selected as the probable seismic source for
the 1780 earthquake

3.5 DSHA of the 10 October 1834 event

A series of small tremors on the night of 10 October 1834 preceded the ‘great concussion’
earthquake in the early morning felt in Batavia (Jakarta), Banten, Krawang (Karawang),
Bogor, and Preanger (Priangan) Residencies, and even as far as Tegal in Pekalongan
Residency (Central Java) and Lampung. It was reported that shaking was extremely
violent, quite long and accompanied by a strong subterranean roar. [Musson, 2012] stated
that the minimum likely magnitude was Mw7.0.

Jakarta and Bogor were strongly affected (MMI VIII) by this event, as had been
experienced in 1699, 135 years earlier. In addition, Cianjur was reported to have suffered
from strong shaking (MMI VIII). There was no available report for Lampung whereas in
Banten, a lower intensity (MMI V) was reported. The similarity in estimated intensities
of the affected areas may indicate a similarity of hypocenter, but smaller earthquake
magnitude compared to the 1699 event.

The Baribis Fault scenario (Scenario 1834A) in Fig. 3.5a with a M7.0 earthquake
at 12 km depth fits the recorded MMI of the 1834 earthquake event, especially in the
affected areas.

There were no reports of shaking but no damage from Banten and Tegal, with
MMIs of IV and III, respectively, which are over-predicted by the simulation. Since the
source depth is set at 12km, the earthquake shaking is mostly concentrated near the fault.
Further from the source, the intensity decreases. It should also be noted that amplification
effects due to soil properties may have occurred in places far from the source. It was
reported that the most affected areas include Jakarta, Bogor, Cianjur and Tjiandjawar
(Cihanjawar) where a number of palaces and regent houses partially collapsed and a mega-
landslide occurred. A minimum intensity of MMI VIII can be inferred to have caused such
damage. Simulated MMIs based on the Baribis scenario predicted intensities ranging from
VIIT and IX which agree well with reported intensity. However, the simulated intensity was
over-predicted for Banten, Karawang and Tegal for the crustal earthquake using scenario
B as shown in Fig. 3.5a.

The second scenario for the 1834 event (Scenario 1834B) was chosen to be the
same as the Baribis fault Scenario 1834A but with the sense of movement changed to
strike-slip (Fig. 3.5b). This simulation resulted in MMI VIII for Jakarta, Bogor and
Cianjur, while MMI VII is simulated at Cihanjawar (a slightly lower intensity than the
Baribis scenario). This scenario gives a better prediction for Tegal where the simulated
intensity is MMI V while the reported intensity was MII IV.

Although both results from the Baribis Thrust and strike-slip fault models
(1834A and 1834B, respectively) produced similar intensities as observed in historical
events, Scenario 1834A fits better with historical data especially at sites with less dam-
age like Banten and Karawang. The Mw 7.0 thrust earthquake (1834A) produced large
ground shaking concentrated around Jakarta, Bogor and Cianjur, which matched the ob-
served data much better.

The third scenario, as depicted in Fig. 3.5¢, MMI VII to VIII was estimated for
the north coast of West Java including Jakarta and Banten. The intensity in Jakarta,
Bogor, Cihanjawar and Cianjur is slightly under predicted compared to the intensity
inferred from historical data. On the other hand, the intensity in Banten and Karawang
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Figure 3.5: Intensity model of 5 October 1834 event resulted from scenarios Baribis thrust (a),
strike-slip crustal fault (textitb) and intraslab (¢). Black rectangles denote cities and colored circles
denote estimated historical MMI.
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is over predicted. In Tegal and Mt. Gede, simulated intensity was MMI VI, which is
over predicted in comparison with the historical data. As the magnitude increases, the
intensity increases by one level for the whole area except Bogor and Cianjur, which are
mountainous areas.

Although both results from the Baribis Thrust and crustal fault models produced
similar intensities as observed in historical events, scenario A fits better with historical
data especially in cites with less damage like Banten and Karawang. The Mw7.0 thrust
earthquake produced large ground shaking concentrated around Jakarta, Bogor and Cian-
jur, which matched the observed data much better.

The third scenario, 1834C, was a Mw 7.7 intraslab event at a depth of 180 km.
As depicted in Fig. 3.5¢, MMI VII to VIII was estimated for the north coast of West Java
including Jakarta and Banten. The intensity in Jakarta, Bogor, Cihanjawar and Cianjur
is slightly under predicted compared to the intensity inferred from historical data. On the
other hand, the intensity in Banten and Karawang is over predicted. In Tegal and Mt.
Gede, the simulated intensity was MMI VI, which is again over predicted in comparison
with the historical data. As the magnitude increases, the intensity increases by one level
for the whole area except Bogor and Cianjur, which are both mountainous areas

The ground shaking intensity in the Scenario 1834B ranges from MMI VII to VIII
in the north coast of West Java including Jakarta and Banten. The intensity in Jakarta is
slightly under predicted compared to the intensity defined from historical data. The same
goes for Bogor, Cihanjawar and Cianjur. On the other hand, intensities in Banten and
Karawang are over predicted. In Tegal and Gede Mountain, the simulated intensity was
VI which is over predicted in comparison with historical data.

3.6 Conclusion

Investigations of three historical earthquakes were performed to better understand which
sources of seismicity might pose a seismic hazard to Jakarta.

One of the historical events that significantly affected Java occurred on 5 January
1699. This event was felt over the whole of Java but was particularly intense in present-
day Banten, Jakarta and West Java provinces, resulting in building collapse and fatalities.
Modeled intensity results suggest that the event could have been generated by a Mw8.0
earthquake along the subducting slab at 160 km depth (Scenario 1699A).

Three scenarios were proposed for the 22 January 1780 earthquake. The event
was felt across all of Java but was particularly intense in the western part. Results from an
intraslab Mw8.0 earthquake at 160 km depth (Scenario 1780C) produced higher intensities
than the observed. For the two alternative crustal fault scenarios (1780A and 1780B), both
crustal earthquakes of Mw7.0, results closely matched the observations. The Baribis thrust
scenario (1780A) fits the data slightly better, but an active but currently unknown fault
(1780B) is also a possible source for this event.

Three scenarios were proposed for the 5 October 1834 earthquake. The earth-
quake was strongly felt along the northern coast of West Java with a maximum estimated
intensity of MMI VIII in Jakarta, Bogor and Cianjur. The Baribis Thrust (Scenario
1834A) most likely is responsible for this earthquake, however we cannot rule out an
intraslab event (Scenarion 1834C) as a potential source.
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Chapter 4

Seismic Velocity Structure of the
Jakarta Basin, Indonesia, using
Trans-dimensional Bayesian
Inversion of Horizontal-to-Vertical
Spectral Ratios

Abstract: Characterizing the interior structure of the Jakarta Basin, Indone-
sia, is important for the improvement of seismic hazard assessment there. A
dense portable seismic broadband network, comprising 96 stations, has been
operated between October 2013 and February 2014 covering the city of Jakarta.
The seismic network sampled broadband seismic noise mostly originating from
ocean waves and anthropogenic activity. We used Horizontal-to-Vertical Spec-
tral Ratio (HVSR) measurements of the ambient seismic noise to estimate
fundamental-mode Rayleigh wave ellipticity curves, which were used to infer
the seismic velocity structure of the Jakarta Basin. By mapping and modeling
the spatial variation of low-frequency (0.124-0.249 Hz) HVSR peaks, this study
reveals variations in the depth to the Miocene basement. These variations in-
clude a sudden change of basement depth from 500 to 1000 m along N-S profile
through the center of the city, with an otherwise gentle increase in basin depth
from south to north. Higher-frequency (2-4 Hz) HVSR peaks appear to reflect
complicated structure in the top 100 m of the soil profile, possibly related to the
sediment compaction and transitions among different sedimentary sequences.
In order to map these velocity profiles of unknown complexity, we employ a
Transdimensional Bayesian framework for the inversion of HVSR curves for
1D profiles of velocity and density beneath each station. Results show that
very low-velocity sediments (<240 m/s) up to 100 m in depth cover the city in
the northern to central part, where alluvial fan material is deposited. These
low seismic velocities and the very thick sediments in the Jakarta Basin will
potentially contribute to seismic amplification and basin resonance, especially
during giant megathrust earthquakes or large earthquakes with epicenters close
to Jakarta. Results have shown good correlation with previous ambient seismic
noise tomography and microtremor studies. We use the 1D profiles to create
a pseudo 3D model of the basin structure which can be used for earthquake
hazard analyses of Jakarta, a megacity in which highly variable construction
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practices may give rise to high vulnerability. The methodology discussed can
be applied to any other populated city situated in a thick sedimentary basin.

4.1 Introduction

This study aims to develop a model for the basin structure of Jakarta, the capital city of
Indonesia. Jakarta is one of the world’s megacities, with at least 10 million inhabitants
in Jakarta itself and over 30 million people living in the greater Jakarta area. Jakarta’s
average population density of about 14,000/km? indicates it is an area of high potential
risk, and therefore it is important to carefully assess its seismic hazard. In terms of
geotectonic and demographic conditions, Jakarta is similar to Mexico City, with both cities
sitting on deep sedimentary basins and 250-350 km distant from the Java and Mexican
Subduction zones, respectively. Therefore, it seems reasonable to expect that to first order
the cities might experience similar impacts from a major subduction zone earthquake.

The 1985 Mw 8.1 Michoacan earthquake occurred at the Mexican subduction
zone more than 300 km away from Mexico City. Despite the relatively large distance, this
event resulted in about 10,000 deaths and extensive damage of more than 2000 structures
[Esteva, 1988; Padilla y Sanchez, 1989]. Poorly consolidated lake sediments and the
geometry of the Mexico City Valley acted to amplify and increase the duration of shaking,
the combined effect of which had a critical influence the extent of damage [Furumura &
Kennett, 1998; Kawase & Aki, 1989; Padilla y Sanchez, 1989).

At any given site, the dynamic soil properties and basin geometry are the prin-
cipal components that account for site amplification and prolonged duration of ground
motion. Understanding the seismic shear velocity profile is important for reliable forecasts
of ground response for earthquake scenarios and seismic hazard evaluation. In Europe,
America and Japan, models for sedimentary basins are available such as the Mygdonian
Basin in Greece [Manakou et al., 2010], the Lower Rhine Embayment in Germany [Ewald
et al., 2006], the Santiago de Chile Basin in Chile [Pilz et al., 2010], the Osaka Basin in
Japan [Kagawa et al., 2004; Iwaki & Iwata, 2011], the Tagus Basin in Portugal [Borges
et al., 2016], the Mexico Valley Basin in Central Mexico [Cruz-Atienza et al., 2016] and
the Po Plain in Northern Italy [Berbellini et al., 2017]. For the case of the Jakarta Basin,
however, very few geophysical studies are available (see e.g. Saygin et al. [2016, 2017];
Ridwan et al. [2016]; Ridwan [2016]). Furthermore, only a few measured boreholes have
reached the geological bedrock deemed as the Pliocene-Pleistocene boundary Delinom et
al. [2009].

Jakarta’s sedimentary basin is undergoing rapid subsidence, with a maximum rate
of about 26 cm per year, mainly due to groundwater extraction [Ng et al., 2012; Abidin
et al., 2011]. From this fact alone it can be deduced that Jakarta Basin is filled with
highly saturated poorly consolidated sediments which can accommodate a huge volume
of groundwater. This suggests that, in addition to increasing the intensity and duration
of seismic wave motion, Jakarta Basin may also be prone to liquefaction if it were to
experience earthquake-generated strong ground motion.

Hence, in order to ascertain the extent to which future earthquakes may affect
the megacity of Jakarta, it is vital to develop a robust model for the geometry and physical
properties of the Jakarta Basin. Since the basin is a densely populated urban area, passive
seismic methods are the most viable approach to determining basin structure. Amongst
passive seismic methods, spatial auto-correlation (SPAC, see e.g. Aki [1957]; Okada [2003];
Asten [2006]), ambient seismic noise tomography (ANT, see e.g. Shapiro & Campillo
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Figure 4.1: (a) Simplified tectonic setting of the Indonesian region and (b) western Java, detail
of inset area indicated in (a). The subduction boundary is shown as toothed curve while the study
area is the orange shaded area in (b). Motion of the Australian and Eurasian Plates are indicatd by
back arrows, with relative movement at the Java Trench resolving to nearly normal convergnece at
a rate of 7 cm per year. Major faults are indicated by blue lines, while black toothed, red and green
dashed lines denoted subduction, microcontinent boundaries, and Benioff counturs, respectively.
The blue dashed-line is the continuation of the Baribis fault to the west and east as described in
Simandjuntak €& Barber [1996].

[2004]; Shapiro et al. [2005]) and horizontal-to-vertical spectral ratio (HVSR, see below) are
the most common techniques applied in urban areas. While SPAC and ANT utilize inter-
station cross correlation of ambient seismic noise as estimates of surface wave dispersion
curves, HVSR makes use of single-station horizontal-to-vertical spectral ratios as estimates
of the Rayleigh wave ellipticity. In this study, a Transdimensional Bayesian approach is
applied for the ellipticity curve inversion to obtain 1D velocity profiles at each station.
Subsequently, a 3D basin model is constructed by interpolating these 1D profiles.

4.2 Geotectonic Setting and Historical Earthquakes

Two major tectonic components comprise the Indonesian archipelago: the Sundaland
or Sunda block in the west and microblocks in the east. The former is composed of
Java, Sumatra, Kalimantan, Sulawesi and Nusa Tenggara Islands. Jakarta is located on
northwest Java as highlighted in Fig. 5.2. Estimates of the northward motion of Australia
with respect to Java range from 67 mm/yr Simons et al. [1997] to 70 mm/yr Hall [2009],
with direction almost normal to the Java Trench. This megathrust plate boundary located
approximately 250 km south of Jakarta and the subducting slab beneath Java pose a high
seismic hazard that may seriously affect the city when large earthquakes occur. In addition,
crustal faults including the Cimandiri, Lembang and Baribis Faults, located within the
vicinity of Jakarta, also contribute to the high hazard level in the city.

Using borehole and geohydrological data, Lubis et al. [2008] described Jakarta
Basin as separated from Depok in the south by normal faults, and underlain by geological
bedrock composed of Tertiary rock. The depth of the bedrock near Depok was estimated
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at 50 m, undergoing an abrupt change 3 km from the basin’s southern rim, up to a depth of
250 m. The basin depth gradually deepens from that point to central Jakarta to a depth of
at least 350 m, and the basin floor was thought to flatten from central Jakarta to Jakarta
Bay in the north. However, a recent ambient seismic noise tomography study suggested
a basin depth of more than 1000 m Saygin et al. [2016] while a microtremor array study
estimated a maximum depth to engineering bedrock (where shear-wave velocity Vg >900
m/s) of 725 m Ridwan et al. [2016]; Ridwan [2016].

The surface geology of Jakarta is composed of Quaternary sedimentary units
like alluvium, alluvial fan and beach ridge deposits Turkandi et al. [1992]. Alluvium
is exposed from the coastline to 6 km southward in the city center, which covers 35% of
Jakarta. Further southward, the surface geology is dominated by alluvial fan deposits with
a patch of Tertiary volcanic material deposited in the west. The alluvial fan sediments
are deposited from elevated areas in the south of Jakarta, piling up at the center with up
to 300 m thickness. These Plio-Pleistocene sediments, mostly composed of clayey-sand,
unconformably overlie the Miocene formations which are cropping out and encircling the
basin in the west, south and east. These uplifted Tertiary formations are known as the
Tangerang High in the west, Depok High in the south and Rengasdengklok High in the
east Delinom [2008].

Throughout Jakarta’s history, at least three large earthquakes have devastated
the city. The 1699 earthquake caused 28 casualties Reid [2012] and triggered a number
of landslides within the vicinity of Bogor Nata & Witsen [1700], a city located about 50
km south of Jakarta. The largest earthquake to impact the city had a magnitude of Mw
8.5 and occurred on 22"? of January, 1780 Albini et al. [2013]. Ground shaking caused 27
sheds and houses to collapse in Zandsee and Moorish gracht (canal), located in present-
day Central Jakarta where Jakarta Cultural Centre is now standing [Wichmann [1918]
translated by Harris & Major [2016]]. Half a century later, on 10 October 1834, a Mw
7.0 earthquake was associated with seismic intensity considered to be the highest to strike
the region Musson [2012]. With 30 M people inhabiting Greater Jakarta, the fatality
count could be very high should any of these historical events re-occur today Nguyen et
al. [2015].

4.3 HVSR Measurements

Microtremor survey methods to evaluate shear-wave velocity profile are gaining in pop-
ularity because of their applicability in urban areas. These methods are non-invasive,
utilizing continuous energy produced by both natural phenomena and human activity.
Kanai [1957] observed that the amplitude-frequency relation of earthquake motion ex-
hibited peaks whose period depended on ”each kind of ground” - short period (0.1-0.4
s) on hard ground and longer period (0.4-0.8 s) on softer ground - and noted that the
same peak periods were observed in ambient seismic noise (microtremors). Aki [1957],
using microtremors recorded at night (18-22 PM), also observed that dispersion was site
dependent, and appeared to be characteristic of the underlying medium. Although the
HVSR method was first applied for seismic microzonation by Nogoshi € Igarashi [1971],
Nakamura [1989] is more widely cited for his promotion of the method and for proposing
that the fundamental resonance frequency be defined as the peak of the HVSR curve,
defined as:
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HVSR(w) = \/HEW(CQ(:;) Hys(w) (4.1)

where Hpw (w) and Hpyg(w) denote Fourier amplitude spectra in east-west and north-

south directions, respectively, while V' (w) is the Fourier amplitude spectrum for the vertical
component. The two horizontal components are combined using the geometric average,
then divided by V(w) to obtain the measured HVSR curve [Harutoonian et al., 2013].

Since this early work, the HVSR technique has been widely used to characterize
site response in seismic microzonation studies. The method as proposed by Nakamura
[1989] equated both the HVSR peak amplitude and period with those of the S-wave transfer
function. Subsequent studies found that, while the period of the HVSR peak coincides with
the resonant period of S-waves in the sediment column, the amplitude of the peak often
does not match that of the S-wave transfer function Lunedei & Albarello [2010]; Bonilla et
al. [1997]; Lachet & Bard [1994]; Lermo & Chavez-Garcia [1993]. Several studies have used
HVSR to measure this resonant period in the range 0.1-2.0 s to infer site class Ghofrani
& Atkinson [2014]; Zhao et al. [2006] and to explain the spatial patterns of earthquake
damage Gosar [2010]. HVSR measurements of resonant period have also been used to infer
depth of sediments when velocity is known from e.g. surface wave dispersion D’Amico et
al. [2008]; Ibst-von Seht € Wohlenberg [1999] or average velocity when depth is known
from geophysical surveys Bodin et al. [2001].

Other studies have confirmed the original result of Nogoshi & Igarashi [1971]
that, although the peak in the HVSR curve coincides with the S-wave resonant period,
the HVSR curve itself is closely related to the ellipticity of Rayleigh waves Konno &
Ohmachi [1998]; Arai & Tokimatsu [2000]. This is true not only when the ambient seismic
noise was confirmed to be dominated by Rayleigh waves Scherbaum et al. [2003], but also
in numerical studies that used full wavefield modeling of the ambient seismic noise Field &
Jacob [1993]; Lachet & Bard [1994]; Lunedei € Albarello [2010]. This has led to a number
of studies that used the relationship between HVSR and Rayleigh wave ellipticity to invert
for S-wave velocity profiles Fih et al. [2003]; Scherbaum et al. [2003]; Arai & Tokimatsu
[2004]; Parolai et al. [2005], and this is the approach we adopt in this study.

The Jakarta Basin is thought to have a relatively long resonant period, with the
results of Saygin et al. [2016]indicating an average S-wave velocity of 500 m/s extending
to an average depth of 500 m. This suggests an S-wave resonant period of about 4 x h/Vg
= 4 g, with even longer periods possible in the deepest part of the basin beneath northern
Jakarta. Although most of the aforementioned studies have involved S-wave resonant peak
periods in the range of 0.1 to 1.0 s, typically associated with S-wave velocity structure at
100 m depth or less, a few involved situations similar to the Jakarta Basin. Yamanaka
et al. [1994Jused HVSR measurements with peak periods of 2-8 s to infer basin depths
in the Kanto Plain of 1550 m. Bodin et al. [2001] used HVSR measurements with peaks
in the range 2-5 s to infer average basin velocities of 600-1000 m/s in the Mississippi
Embayment, for which previous studies had established a maximum depth of about 1000
m.

In order to make HVSR measurements covering long resonant periods, passive
seismic measurements have been carried out using 3-component Trillium Compact sensors,
with sensitivity to velocity flat in the frequency range 0.05-100 Hz. These sensors recorded
background noise at 96 sites distributed over the Jakarta Basin (Fig. 4.2a). Ambient
seismic noise was recorded for at least 1 month at each site, and processed according to
the details given below.



56

HVSR-Seismic Velocity Structure of the Jakarta Basin

106.7 106.8

10 Elllptlc1tvyJKA07
[
8l
2
2 st/
= |
g i
> 4
z 0\
2 \_’/\\/\
\\ A
0 .
10 10°
frequency (Hz)
1 Ellipticity JKAO7
window length e
8l —— 100s
- — 250s
_E —— 500s
S S 750's
a — 1000s
9 4
2
I

107 16“
frequency (Hz)

H/V ellipticity

H/V ellipticity

10

Ellipticity JKAO7

frequency (Hz)

10 EIIipticiFyJKA54

window length

8l — 100
— 250s
— 500s
6 750 s
—— 1000 s
4l
21
d
° .
107 10° 10"

frequency (Hz)

Figure 4.2: (a) Distribution of stations indicated as black dots while blue dots indicate stations

mentioned in the text and red diamonds are stations which profiles are shown in Fig. S4 in Supple-

mentary Material. The horizontal (WE) and vertical (SN) lines indicate the transect lines used in

Fig. 4.5. (b) The variation in peak frequency over 24 hours, the longer the bar, the higher the peak

frequency (in range 0.0 to 0.145 Hz), and numbers 023 indicate hours. (c, d) Comparison between

elipticity curves recorded at quiet (10 pm—4 am) and busy (4 am - 10 pm) times, respectively, at

JKAOQ7. Dashed-line indicates average peak frequency computed from quiet times in a week. Each

color represents the time of measurement. (e, f) For most cases, in order to measure reliable HVSR

curves at about 0.1 Hz, a window-length of 100 s as suggested by SESAME is enough. However,

for a few cases, window-lengths of 750 s or longer are needed. Color represents window-length used

in the analyses.
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4.3.1 Assumptions

Foremost among our assumptions is that the HVSR curves we estimate are determined
by the ellipticity of the fundamental mode Rayleigh wave. It is important to note that
in general the ambient seismic noise wave field consists of body waves (P and S) and
surface waves (Rayleigh and Love) (e.g. [Bonnefoy-Claudet et al., 2006]). Indeed, the
original explanation of the HVSR method as proposed by Nakamura [1989] was that it is
determined solely by the SH-wave resonance. However, subsequent studies showed that
the HVSR curve is closely linked with Rayleigh wave ellipticity (e.g. Lermo & Chavez-
Garcia [1994]; Lachet & Bard [1994]; Fih et al. [2001, 2003]). Failing to account for other,
non-Rayliegh wave components of the ambient seismic noise can lead to an overestimation
of the Rayleigh wave ellipticity [Poggi et al., 2012; Hobiger et al., 2013]. Following the
conclusions of the comprehensive review of the nature of the seismic ambient seismic noise
wavefield by Bonnefoy-Claudet et al. [2006], our assumption that the ambient seismic
noise wavefield is dominated by the fundamental mode Rayleigh wave is supported by the
proximity of the ocean, both the Java Sea to the north and the Indian Ocean to the south.
This suggests that the dominant sources of seismic noise will be associated with Rayleigh
waves excited by ocean swell [Yamanaka et al., 1993; Longuet-Higgins, 1950]. The long
period, 5-7 s, of the main peak in our HSVR curves (see below), and even the higher
frequency peaks at 2-4 Hz are likely associated with this natural source of Rayleigh-wave
energy, especially since we used measurements made at night and verified their stability.

Our assumption that the fundamental mode is dominant is supported by the
ANT study of Saygin et al. [2016]), who used this same dataset and noted that possible
higher order Rayleigh wave modes arriving before the dominant fundamental mode had
a much lower signal to noise ratio. While several studies that use HVSR to invert for Vg
profiles have obtained satisfactory results using only the fundamental mode Rayleigh wave
[Yamanaka et al., 1994; Konno & Ohmachi, 1998; Scherbaum et al., 2003], other studies
have found that higher modes can make an important contribution to the HVSR curve,
particularly when low-velocity zones are present [Arai € Tokimatsu, 2004; Parolai et al.,
2005; Savage et al., 2013; Rivet et al., 2015]. The emergent higher mode Rayleigh waves
are usually related to peaks above the S-wave resonance frequency, hence the secondary
and later peaks should be treated carefully because they may be contaminated with higher
mode energy [Asten et al., 2004].

Finally, we note that we assume the velocity structure beneath the station can be
approximated by a set of horizontal layers, each uniform in seismic velocities and density.
Previous studies (see, e.g. Ridwan et al. [2016]; Saygin et al. [2016, 2017], although these
studies themselves assumed a locally 1D approximation) suggested that the seismic velocity
structure in the Jakarta Basin is slowly varying, except for a possible sharp increase in
depth from about 300 to 500 m in central Jakarta along the South-North profile (see
Fig. 13.1 of Saygin et al. [2016]). The influence of 3D structure on HVSR curves has
been studied by Uebayashi et al. [2012a,b] for Osaka Basin and Guéguen [2007] for the
Grenoble Basin, who have noted that the 3D structure can lead to peaks in HVSR curves
that are broader than those predicted from the 1D velocity profile beneath the station,
and can also shift the peak HVSR frequencies by 10-20% or more. Thus, care should be
taken in interpreting our HVSR curves both at the edges of the Jakarta Basin and in at
the putative sharp increase in depth near central Jakarta.
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4.3.2 Data

Prior to the seismometer deployment whose data are used here, the only previous seis-
mographic study covering the Jakarta Basin was that of Ridwan et al. [2016] and Ridwan
[2016], who used short-period sensors to estimate surface wave dispersion curves in the
frequency range 0.2-3.0 Hz using the SPAC method [Aki, 1957]. The considerable depth
to basement (>700 m) and the low velocities of the sediments comprising the basin (/=500
m/s) found by Ridwan et al. [2016] and Ridwan [2016] suggested that the seismic records
from broadband seismometers may be more useful in modeling its interior geometry. To
this end, 52 3-component, broadband sensors were deployed at various sites throughout
Jakarta from October 2013 to January 2014 [Saygin et al., 2016]. In order to cover the
basin at an average inter-station spacing of about 2 km, 26 seismometers were re-deployed
successively at 44 locations every three months. In total, 96 seismic stations were installed,
with seismic ambient seismic noise recorded over intervals ranging from 1 to 3 months.

The data from this broadband experiment was used in an ambient seismic noise
tomography (ANT) study to image the shear-wave velocity structure of the Jakarta Basin
[Saygin et al., 2016], as well as in a study of P-wave reflectivity from autocorrelation of
seismic noise [Saygin et al., 2017]. However, both of these studies have limiting resolving
power for the basement: the long wavelengths of the ANT study precluded imaging of
sharp discontinuities, and the P-wave reflectivity P-wave reflectivity method lacked an
advanced modeling framework. In this study, these same ambient seismic noise recordings
are used to compute HVSR curves, and an inversion is applied to these curves to obtain
a velocity profile at each station.

Since both the ANT study of Saygin et al. [2016] and the SPAC study of Ridwan
et al. [2016] suggest that slow shear-wave velocities extend to a basin depth of 500-700
m or more, it was important for the data processing to resolve the HVSR at periods of 5
s or longer. While HVSR studies typically use a time window of around 100 s duration
(see e.g. SESAME [2004]), we tried to ensure stability of our long-period H/V curves by
using time windows of 1000 s duration (see Fig. 4.2a—f). We note that Langston & Horton
[2004] suggested a 600 s window to retrieve fundamental frequencies near 0.1 Hz in the
Mississippi Embayment. We used the Geopsy software [GEOPSY', 2006] to compute the
HVSR curves in the frequency range from 0.1 to 10 Hz as shown in Fig. 4.2. In general, the
observed peak frequencies and amplitudes at each station changed slightly with time, but
using measurements at quiet times (i.e. from 10 pm to 4 am, see Fig. 4.2) resulted in very
stable curves, for peak frequency as well as amplitude. For most stations, a 100-second
time series window resulted in reliable HVSR curves. However, for stations JKA54 and
JKA42, a window-length of 750 s or higher was needed. Therefore, for consistency, a 1000
s window-length was applied for all stations.

Raw spectra often show narrow modulations and spikes that lead to extreme
values of HVSR. To mitigate this effect, the smoothing operator proposed by Konno
& Ohmachi [1998] was introduced. Also, the ratio between the average level of signal
amplitude over a short period of time (STA) and long term average (LTA) is used as
a parameter to exclude transient signals. The STA and LTA are set to 1 s and 30 s,
respectively, and only windows with STA/LTA ratio between 0.2 and 2.5 were used for
the HVSR computation.
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4.4 HVSR Curves

HVSR curves show peaks for certain dominant periods that are diagnostic of the impedance
contrasts in the underlying velocity structure. Peaks in the HVSR curve are typically
associated with zeros in the vertical component Rayleigh wave, at frequencies where the
sense of motion switches from prograde to retrograde or vice versa, and the Rayleigh wave
is horizontally polarized (see e.g. Konno & Ohmachi [1998]; Berbellini et al. [2016]). Such
peaks typically coincide with the fundamental resonant frequency fy of S-waves in the
sedimentary column, given by period fo= !/4 Vis/h, where h is the depth to to a strong
impedance contrast and Vg is the shear velocity of basin sediments.

In this study, we found that the HVSR curves were typically characterized by
two peaks, one a low-frequency peak in the range 0.1-0.3 Hz which we denote fé and a
high-frequency peak above 1 Hz, which we denote féb. We found that our observations
could be broadly classified into four groups: (1) the absence of any peak (i.e. a flat
HVSR curve, or no peak with amplitude > 2) which may reflect the absence of a strong
impedance contrast due to gradual compaction of the rock during self-loading, as observed
at site JKC13 (Fig. 4.3a); (2) a sharp and high peak at a fJ, followed by another sharp
and quite high peak at f(? between 1 and 2 Hz, as observed at site JKA49 (Fig. 4.3b)
recorded in the northern basin where the Holocene alluvium overlies older alluvial sand;
(3) a sharp and high peak at a f(l), followed by a second peak at fé‘ higher than 2 Hz
(Fig. 4.3c), observed in stations near alluvial fan deposits or along an alluvium boundary
where river channel deposits slice through alluvial fan, or where beach ridges are deposited
over alluvium; and (4) a single peak at f(l), as observed at alluvial fan sites such as JKCO01
as shown in Fig. 4.3d.

Types 2-3 are all characterized by sharp f(l) peaks, while Type 4 includes both
sharp and broad fé peaks. We distinguish between these sharp and broad f(l) peaks in the
following section. Overall, most of the stations having lowest f(l) (0.12-0.13 Hz) are located
in areas predominantly composed by recent alluvium, however, a less clear correlation
between f(l) and surface geology is shown in Fig. 4.3e.

4.4.1 Sharp f} peaks

Almost all the stations recorded sharp HVSR peaks in the frequency range 0.1-0.2 Hz,
except for the southernmost stations. These sharp f(l] peaks suggest a strong and deep
impedance contrast. A high and narrow peak indicates a strong and sharp impedance
contrast [Gosar, 2010]. The greater the magnitude and sharpness of the contrast in
lithology, the higher and sharper the peak in the HVSR curve is expected to be [Tarabusi
& Caputo, 2016].

While observed fé range from 0.124 to 0.249 Hz, the frequencies of the f(})‘ peaks
range between 1 and 6 Hz or are absent. Generally, the stations in the south have f(l)
peaks that are lower and broader, and centered at higher frequencies than the fé peaks for
stations in the north. The broad peak amplitude may reflect the irregular structure of the
basin floor, the stratigraphic complexity at depth or the unconformity between younger
volcanic and older marine formations. At JKC18 where the Plio-Pleistocene volcanic rocks
and alluvial fan are underlain by Tertiary marine formations, a broad HVSR curve was
recorded.

In the north, the absence of Pleistocene volcanic rocks should result in a signifi-
cant impedance contrast between the Tertiary basement and overlying soft sediment. Near
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the surface, the broad variability of f? indicates a corresponding variability of surficial
sediment thickness. This also suggests variability in short-period amplification level. On
the other hand, the absence of an HVSR peak as shown in Fig. 4.3a may be related to
a shallow stratigraphic horizon, or compaction that is gradual with depth and results in
weak basement impedance contrast (it might also be due to bedrock outcrop, but little or
no such outcrop exists in our study area). This implies that little or no amplification will
occur [Castellaro & Mulargia, 2009a,b].

Cipta et al. [2018] have used 2D waveform modeling along a NS cross-section of
the Jakarta Basin model developed here to show that very large amplification of ground
motion (up to 1500% PGV) can occur for a large scenario earthquake on the Java Trench,
with the thicker sediments in the north experiencing the largest amplification. However,
the wedged shape of the basin edge as it shallows to the south also plays an important role
in amplifying seismic waves (up to 1200% PGV), particularly for the intraslab earthquake
scenario considered by Cipta et al. [2018]. For both the megathrust and intralsab scenarios,
the spectral amplifications were most prominent in the period range 5-7 s, similar to that
of the observed f(l) HVSR peaks.

4.4.2 Broad f} peaks

Lower amplitude and broader peak could reflect a weaker contrast or a more gradual
discontinuity. A high variability of surface lithology may also cause a lower peak amplitude.
A broad peak is also indicative of irregularity of subsurface structure Uebayashi [2003] and
a broad asymmetric peak indicates variability in rock formation Gosar [2010].

Broad HVSR peaks at f} as observed at stations JKA55 and JKC02 (Fig. 4.4)
may be related to steeply dipping bedrock underlying shallow sediments [Ozalaybey et al.,
2011] or variability of bedrock formation [Uebayashi, 2003; Bonnefoy-Claudet et al., 2009;
Gosar, 2010]. Broad HVSR peaks may also correspond to meaningful 2D or 3D variation
in the bedrock-sediment interface. In such a situation, diffracted waves including body
and surface waves, including Love and higher order Rayleigh waves may be present, so
that our intrepretation of the HVSR curves in terms of fundamental mode Rayleigh waves
in a 1D structure may not be reliable [Bonnefoy-Claudet et al., 2009]. In any case, the
study of such small-scale 3D structure is beyond our scope.

Broad HVSR peaks at f§ are recorded at the southernmost stations where the
bedrock depth is expected to be shallow. The slightly bumpy topography decorated by low
hills reflects the variation of underlying bedrock structure. In accordance to its proximity
to the stream heads, this area is relatively closer to the basin rim, and as a consequence the
bedrock depth is shallow. This geographic condition may lead to the emergence of broad
fb peaks at stations JKA55 and JKC02, as shown in Fig. 4.4. Similarly, broad HVSR
curves are observed at stations in elevated areas in southwest Izmit Bay basin where the
basin depth is about 200 m based on a gravimetric study [Ozalaybey et al., 2011].

4.5 HVSR peak frequencies and amplitudes

The HVSR technique is able to furnish estimates of the frequencies fé and the corre-
sponding HVSR peak amplitudes at each site. Both of these can potentially be used as
proxies to map basement depth, and in Fig. 4.5a and b we have mapped the interpolated
values of f(l) and peak amplitudes, respectively. These both suggest a pattern of deepening
basement from south to north that is very similar to the results of Saygin et al. [2016]. It
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Figure 4.3: Ellipticity curves measured in Jakarta: (a) flat, (b) sharp peak at low frequency
(<0.25 Hz) and another at a frequency between 1-2 Hz, (c) peak at low frequency (<0.25 Hz) and
at frequency above 2 Hz and (d) peak only at low frequency (<0.25 Hz). Variability of the second
peak (or absence of this high-frequency HVSR peak) roughly reflects surface geology. Fig. 4.3e
and f show the distribution of low (f}) and high-frequency (f%) peaks, respectively, plotted on a
geological map. Thin blue lines indicate Cisadane, Ciliwung and Kali Bekasi faults as mentioned
by Moechtar [2015] and Putra et al. [2016]. Location of stations is shown in Fig. 4.2a.
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Figure 4.4: Curves showing broad peaks at f} at stations JKA55 and JKCO02, both located in the
southernmost of the city where basin depth is shallow. Location of stations is shown in Fig. 4.2a.

is important to note, the simple kriging method is used to interpolate datasets and pro-
duce those maps. The kriging method considers the distance and the degree of variation
between known data points when estimating values in unknown areas. However, at the
data points themselves it may produce values that are slightly different from the observed
data.

Maps of fé and corresponding peak amplitudes (Fig. 4.5a, b, respectively) show
two areas that exhibit both pronounced lows in peak frequency f(l) and high peak amplitude:
(1) the deepest part of the basin located in the northeast; and (2) the high peak amplitude
passage crossing the city from the northwest to the southeast. The former coincides with
high rates of subsidence [Abidin et al., 2011] while the latter may reflect a fault or anticline
axis.

Supplementary to f(l), higher-frequency peaks at fél emerge at 33 stations. Sta-
tions that exhibit fél peaks are distributed mostly in northern Jakarta where thin marine
and terrestrial sediments overlie the stiffer and older alluvium. Recently deposited and
intercalated marine and terrestrial sediments may form a relatively thin sediment layer
which may be responsible for the fJ in the frequency ranges 1-2 Hz (Fig. 4.2f). We
surmise that the high amplitude of these fél peaks indicates a high impedance contrast
between relatively young sediments and underlying stiffer alluvium in Fig. 4.3b—f, and
Fig. 4.6a—d.

Higher-frequency ( f(]}) peaks also emerge at stations in the SN cross section in-
dicated in Fig. 4.2a where alluvial fan deposits dominate the surface geology. In these
stations, f(’f appears at higher frequency (4-6 Hz) than those that emerge at northern
stations. We speculate that self-compaction and near-surface weathering are the cause
of the emergence of higher-frequency f(’f peaks. Low amplitude (less than or equal to 3)
at fl! (4-6 Hz) implies this geological phenomenon, where thin degraded alluvial fan is
overlying the firmer soil (Fig. 4.4b, Fig. 4.3f, 4.6a—d).

In Fig. 4.6a—b, two-dimensional transects have been constructed which show
the correlation of fé and fél HVSR peaks between adjacent stations, and illustrate how
they vary in SN and WE directions. A sudden decrease of fj is clearly visible in the
south-north (SN) transect. In particular, f} decreases from 0.223 Hz (JKC02) to 0.146
Hz (JKA12), indicating an abrupt change in basin depth over a distance of only 2.6 km.
At the northernmost stations (e.g. JKA24), f} has increased slightly to 0.154 Hz, over a
distance from JKA12 of around 14.6 km. This suggests an abrupt increase in basement
depth northward between JKCO02 and JKA12, the basement then flattening up to the
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Figure 4.5: (a) Map of interpolated f(l) frequencies, showing two prominent low-frequency areas
(colored red) in the northeast corner and along a northwest-southeast passage. Colored circles
indicate stations at which the corresponding peak frequencies were observed. (b) Map of interpo-
lated f} amplitudes, with colored circles indicting the stations where the corresponding amplitudes
were observed.

central part of Jakarta and becoming slightly shallower to the north.

The West-East (WE) transect shows a complexity of near-surface layering, as
reflected by the f peaks. Sites JKA44 and JKB14, located near and on Plio-Pleistocene
tuff deposits, respectively, do not show clear fél (Fig. 4.6c—d). The absence of fél peaks
suggest there are no strong impedance contrasts in the near-surface layering. Further to
the east, as the surface geology changes from tuff to alluvial fan and alluvium with locally
intercalated beach deposits, the fél peaks are more pronounced. These féL peaks appear
at a frequency of 4 Hz except for stations JKA32 and JKAO7 where they appear near
2 Hz. In addition, a smooth decrease of f is shown in the WE transect. The f at the
westernmost station decreases towards the center, fluctuates and then decreases eastward.
This pattern indicates a shallower basement in the west, undulating in the center and
deeper in the east (Fig. 4.6c—d).

The peak frequency data from 93 stations covering Jakarta have indicated sig-
nificantly low f(l) in the northeast corner of the city, high fé in the west and south and
fluctuating values of f(l) at the center. A low f(l) patch along the NW-SE portion of central
Jakarta is sandwiched within the 3 narrow patches of high f(l) in the west, south and east.
This gully-like feature is situated at high peak HVSR, with surrounding low peak HVSR
within the vicinity. In general, the low f(l) values in Jakarta corresponds to high peak
HVSR and vice versa as depicted in Fig. 4.5.

4.6 Inversion of HVSR curve

Quantitative estimates of depth profiles of elastic properties such as shear-wave velocity Vg
can be obtained through HSVR curve inversion, wherein it is typically assumed that the
shape is determined by the Rayleigh-wave ellipticity. However, the nonlinear dependence of
the HVSR curve on the depth profile of elastic parameters makes the inversion challenging.
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Figure 4.6: Comparison of HVSR spectra along the SN (a-b) and WE (c-d) transects indicated
in Fig. 4.2a. The SN transect (a-b) shows that the frequency f} of the low-frequency HVSR peak
abruptly decreases at JKA12, then gradually increases at JKA47. This graph also illustrates the
effect of the impedance contrast at shallower depth on the high-frequency peak amplitude in the
ellipticity curve. The WE transect (c-d) shows highest f(l) at the western end, lowest f(l) at the
eastern end, and variable f} in the middle. Blue and red dashed lines are the highest and lowest
peak frequencies (peak fé ), respectively, at corresponding cross-sections. The green solid lines
show lineation of peak frequency and blue dots are stations indicated in Fig. 4.2a. The X-axis is
the relative location of stations in the SN (b) and WE (d) directions, as indicated by blue dots in
a and c.
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Scherbaum et al. [2003] used a simple model in which Vg having a power-law dependence
on depth overlies a half-space to invert HVSR curves for model parameters using a grid
search. Arai & Tokimatsu [2004] developed a nonlinear least squares approach in inverting
HVSR curves using multi-model Rayleigh wave ellipticity to resolve Vg profiles including
low velocity zones. More recently sampling methods, with a fixed number of layers, are
becoming widely used [Fdh et al., 2003; Wathelet et al., 2004; Parolai et al., 2005; Hobiger
et al., 2013]. All of these methods use simplifying assumptions on the model, e.g. power-
law depth dependence [Scherbaum et al., 2003], fixed number of layers [Fdh et al., 2003;
Parolai et al., 2005; Hobiger et al., 2013], fixed Vp and/or density [Scherbaum et al., 2003],
restricted Poisson’s ratio [Hobiger et al., 2013] or fixed bedrock velocity [Parolai et al.,
2005].

A priori constraints on the complexity of velocity profiles in the Jakarta Basin
present a problem, because we don’t know how complicated they might be. The surface
geology is dominated by poorly consolidated, water-saturated sediments with a basement
at hundreds of meters depth. Thus, we expect the velocity profile to be complicated in the
topmost 100 m of the profile, where water saturation will lead to a high Poisson’s ratio
that will decrease rapidly with depth along with an increase in seismic velocity due to
compaction. Deeper than 100 m, there may be intervening layers of marine Pliocene and
Quaternary sand and deltaic sediments until the basement is reached at several hundred
meters depth or more. We would like to find the simplest model that can fit the data, but
we do not know what minimum complexity is required, nor what the uncertainty is in our

HVSR curves.

Bayesian inversion provides a framework to combine information on model pa-
rameters we have before making an observation with a probabilistic expression of data
information to obtain an a posteriori probability density function (PDF) for the model
parameters. To define the posterior distribution, Bayes’ theorem [Bayes, 1763; Sivia &
Skilling, 2006] is used, which is expressed as:

. likelihood x prior
posterior =

evidence

More specifically, if we consider a model space consisting of a fixed number & of horizontal
layers, each having a uniform distribution of S-wave velocity Vé“, ratio of P- to S-wave
velocity (Vp/Vs)¥, and density p¥, Bayes’ theorem can be expressed for a data vector d
and model vector my, as:

P(d|my)P(my)
S P(djmy,)dmj,

P(myd) = (4.2)
where P(my|d) is the conditional probability of the model given the data (the ”posterior”),
P(d|my) is the conditional probability of the data given the model (the “likelihood”),
P(my) is the a prior probability of the model (the “prior”), and [, P(d|m’y)dm), is the
probability of the data (the "evidence”). We note that in Bayesian inversion the evidence
integral is typically regarded as a normalization constant and ignored, and the numerator
of the posterior PDF can be explored using a Markov chain [Mosegaard & Tarantola.,
1995], which would sample over the space of models with k uniform layers. While it
might be possible to perform multiple inversions for different values of k, and test the
hypothesis that a model with &’ layers is more plausible than one with k layers using the
ratio of evidence values (Bayes’ Factor), in practice computation of the evidence integral
/ M P(d|m’y)dm)j, is very time consuming, and this would not address the problem of
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assessing how our lack of knowledge of an appropriate value for k& contributes to model
uncertainty.
Green [1995] showed that Bayes’ rule can be written for a Bayesian hierarchical
model to include a hyperparameter k:
P(k) P(d]k, my) P(my )

Pk d) = 4.3
) = 5 e f PP, ), -

where k can be interpreted as indexing possible choices of models, in our case models with

different numbers of layers. As with Eq. (4.2), the denominator Eq. (4.3) can be regarded
as a normalizing constant and ignored, and the posterior P(k,my|d) can be explored
by using a Markov chain Monte Carlo approach to sample the numerator, as described
in Malinverno [2002]; Sambridge et al. [2006]; Dettmer et al. [2010], and elsewhere. This
”Trans-dimensional” approach allows a group of model parametrizations, in our case mod-
els with varying number of layers, to be considered simultaneously for analysis. Because
all models are considered in the analysis, the Trans-dimensional approach allows us to
account for how limited knowledge about the number of layers affects the parameter and
uncertainty estimates based on the posterior. Inferences obtained in this manner avoid
the inherent biases involved in selecting a single fixed number of layers and are hence more
realistic and reflective of the state of knowledge about model parameters.

We invert our HVSR curves for depth profiles of elastic parameters using Trans-
dimensional Bayesian inversion Malinverno [2002]; Sambridge et al. [2006]; Dettmer et al.
[2010]. Since this statistical sampling method requires very rapid forward computations,
we make use of the highly optimized forward computations of Wathelet et al. [2004], which
parameterize the velocity structure as a stack of homogeneous layers overlying a half-space.
We invert for the number of layers k as well as for Vg, Vp/Vg, p and thickness h in each
layer. In addition, we use a hierarchical approach [e.g. Bodin et al. [2012]; Dettmer et al.
[2012]] to estimate the noise (i.e., the value of o) as part of the inversion.

Following Dettmer et al. [2012]’s Eq. 6, we use the likelihood function:

1
1 _
exp (= (k)€ - (k) )
where C; = o2 % I, with I the identity matrix and o the noise

standard deviation (the magnitude of the noise), and the data vector d =
[HVSR(wo), HVSR(w1), ..., HVSR(wy)]. The modelled data vector d(k, my) is the value
of HV SR calculated at frequencies wg, w1, ..., w, for the model having number of layers k
and model vector m;y, consisting of the layer parameters h', Vé, (Vp/Vs), and p', where
i1 =1,...,k. These layer parameters, as well as the number of layers k£ and the standard
deviation o, are unknowns in the inversion.

As described in more detail by Dettmer et al. [2012], this Trans-dimensional ap-
proach to model selection lets the data infer its own noise magnitude and model complex-
ity. Although it involves no regularization such as model smoothing, Malinverno [2002]
has shown that Bayesian model selection tends to ”parsimony” in the sense that models
with more complexity than is required to fit the data tend to be assigned low posteriori
probability.

Besides the advantages of applying Trans-dimensional Bayesian approach, inher-
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ent disadvantages are also embodied in this method. Trans-dimensional Bayesian does not
tell us how to select the prior, since the results are heavily influenced by prior, less correct
prior will lead to misleading results. In addition, it comes with expensive computational
cost.

4.6.1 Synthetic tests

The importance of model selection with trans-D models on uncertainty quantification is
illustrated with a simulation example in Fig. 4.7 and 4.8. Data were simulated for a 10-layer
model which is representative of the expected complexity in the Jakarta Basin. In addition,
Gaussian-distributed random noise with ¢ = 0.07 was added to the HVSR curve. In the
true model, velocity rapidly increases with depth in the top 100 m due to compaction,
after which there is little variation until a basement is reached at 900-m depth (white
curve in Fig. 4.7c). This structure results in two peaks in the fundamental-mode Rayleigh
wave ellipticity spectrum at 3.0 and 0.16 Hz, corresponding to the velocity increase in the
top 100 m and the 900-m basin depth, respectively. Three inversions were carried out: (1)
Figure 4.7 shows the results for trans-D inversion, where the number of layers in the model
is treated as unknown. The prior for the number of layers was set as uniform between 3 and
20 layers. (2) Figure 4.8, shows results for an inversion were the number of layers was fixed
at 3, which would generally be accepted as a reasonable choice and represents an under-
parametrized inversion. (3) Figure 4.9 shows results for an inversion were the number of
layers was fixed at 20, which represents an over-parametrized inversion and is expected
to cause spurious, unconstrained structure. In both cases eight Markov chains were run
in parallel and more than 100,000 posterior samples were recorded. The total number of
steps was much larger, since only every 100" step was recorded and half the initial steps
were discarded as ”burn-in”. The prior was uniform and is given by the plot boundaries
in Fig. 4.7. The bounds are wide so that data information predominantly constrains
the solution. Convergence for these inversions was judged based on examining the chain
history for all 8 chains. Since the chains are independent but sample the parameters in
highly similar manner, convergence is likely.

The trans-D results in Fig. 4.7 show excellent agreement with the true model. Im-
portantly, uncertainty estimates appear reasonable and increase substantially with depth,
which is commonly observed for diffusive wave fields, such as Rayleigh waves. The data
also appear to provide only limited information about selecting the number of layers for
this site which results in substantial uncertainty in k£ and models with 7 to 15 layers all fit
the data acceptably well. However, the posterior also shows clearly that the Vg marginal
profile is parsimonious in that it captures an appropriate level of complexity without in-
troducing spurious layers. The trans-D result also provides an excellent data fit and the
noise standard deviation estimated by the inversion is close to the true value with some
uncertainty from 0.06 to 0.10.

In the 3-layer case (Fig. 4.8), an apparently reasonable and well-constrained
model is obtained. However, the estimated posterior bears little resemblance to the true
model and uncertainties are estimated to be low and increase only slightly with depth. In
addition, the estimated noise standard deviation is 4 times larger than the true value, a
known issue for inversions with under-parametrized models [Dettmer et al., 2009]. The
large noise standard deviation is also reflected in the poor data fit.

In the 20-layer case (Fig. 4.9), the data fit is excellent and the noise standard
deviation is estimated close to the true value. Such good data fits commonly boost con-
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fidence in the inversion results. However, the posterior estimate does not represent the
true model well. Rather, the results are plagued by very large uncertainties and erro-
neous, unconstrained structure. In conclusion, the trans-D results are far superior and
this parametrization is appropriate for HVSR data. Importantly, the ability of HVSR
curve inversion to resolve multiple Vg layers is encouraging for our application. The reso-
lution of Vp/Vg and p is poor and we include these parameters in the inversion as nuisance
parameters but will not interpret them further.

4.6.2 Inversion of Jakarta’s HVSR curves

Out of the 96 stations with data, 93 stations were deemed useful in mapping the geometry
of the Jakarta Basin. The trans-D inversion is applied to HVSR curves from these stations
to obtain estimates of Vg profiles in this deep basin with an irregular bedrock-sediment
interface. The HVSR curves are assumed to be a representation of fundamental-mode
Rayleigh wave ellipticity over the frequency band of 0.1 to 10 Hz.

To assign the prior, we choose upper and lower limits for parameter values (k
and Vg), based on existing geological knowledge (thickness and age of rock formations),
boreholes, and hydrogeological investigations (depth and thickness of aquifers). The hy-
drogelogical study of Delinom et al. [2009] found that underneath the Jakarta Basin, there
are 3 groundwater aquifers at depths of 0—40 m, 40-140 m and 140-250 m, respectively.
This may indicate that there are at least 3 distinguishable layers in the top 250 m of soil.
The series of volcanic products and by-products, such as alluvial fans, that were deposited
after the Plio-Pleistocene thrusting [Kloosterman, 1989], marked the early Quaternary
sedimentation and likely have different density from underlying Late Miocene formations.
In addition, an interface due to the Oligocene-Miocene tectonic period [Turkandi et al.,
1992] is expected. Therefore, we set a uniform prior on k between 3 and 20 layers, en-
suring that the expected structure fits well within this prior specification. The prior for
interfaces to occur is chosen to be uniform from 0 to 3000-m depth. The prior on Vg
is chosen uniform between 100 and 4000 m/s to include a wide variety of sediment and
rock types. Both density and Vp/Vg are treated as unknown nuisance parameters in the
inversion. For density, the prior is set uniform between 1.5 and 4.0. Finally, the Vp/Vg
prior is set uniform from v/2 to 8, to include the potential of poorly consolidated, highly
water-saturated sediments.

Figure 4.10 shows an example of inverted Vg profiles and observed and computed
HVSR curves for station JKB18. Log likelihood, optimum number of layers and standard
deviation are also presented. Figure 4.11 shows Vg results and HVSR curves for stations
JKB20 and JKA12. The slim colored bands indicate the posterior probability (normalized
at each depth level) and show that the prior information was substantially updated with
data information which resulted in a narrow range of acceptable velocity-depth profiles.
The data fits for these stations are also shown and show good fits to both the low- and
high-frequency HVSR peaks.

The inversion procedure was repeated for the remaining 93 stations in identical
manner. The maximum a posteriori Vg profiles from each station were then gridded with
linear interpolation in 3D-space. Since all models featured an abrupt change in Vg from a
value of 700-900 to 1500-2100 m/s at some depth that we interpret as basement, an iso-
surface at Vg 1500 m/s was used to construct a basin depth model. On average, the depth
of this iso-surface ranges from 700 to 900 m, although some western and eastern parts
of the Jakarta Basin are significantly deeper than 1250 m, while more shallow basement
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Figure 4.7: Results of a synthetic trans-dimensional inversion in which random noise with stan-
dard deviation of 0.07 has been added to forward calculations of an HVSR curve calculated using
a 10-layer model (white curve). The top left panels (a), indicate log likelihood (top), number of
layers (middle) and standard deviaton (bottom), for individual steps of the Markov Chain used to
sample the posterior PDF. Each of the eight parallel Markov Chains is assigned a distinct color, so
it can be seen that each chain is sampling a consistent distribution. (only every 100" step in each
chain was saved, and half the initial steps were discarded as ”burn-in”, leaving about 70,00-100,00
steps in each chain which are displayed). In (b), the synthetic data used as the observed (black
curve) HVSR is displayed along with the HVSR curve for the model associated with the maximum
sampled posterior PDF (magenta curve). The lower panels display histograms of the sampled
models for Vg, Vp/Vs and density p in (c), (d), and (e), respectively. The inset of (c¢) shows detail
for the shallowmost 200 m of the Vg profile. The white curve indicates the Vg used to produce the
synthetic HVSR curve.
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Figure 4.8: As for Fig. 4.7, but the number of layers in the inversion is fixed to three. This results
in velocity profile far from the initial model and the inversion cannot recover the ellipticity curve,
hence the noise level is overestimated (~0.27 compared with the true value of 0.07).
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depths of ~300 m or less are estimated in the south. In general, the southern part of the
basin is shallower than the northern part.

A South-North (SN) transect of basin structure constructed by interpolating
inversion results along the line indicated in Fig. 4.2a shows the variation in basement
geometry (Fig. 4.14a). A zone of very low velocity (300 m/s or less) dominates the
top ~100 m, while the shear-wave velocity above the basement is less than 900 m/s,
abruptly increasing to 1500-2100 m/s in the basement. Taking this as the basement-
sediment boundary, in the the southern half of the city it is significantly shallower than
the northern, with an abrupt increase in depth at around 6.24°S as depicted in Fig. 4.14a.
These velocity profiles are in good agreement with the distribution of low-frequency HVSR
peaks. The stations in the south, including JKC18, JKC14 and JKC02 recorded higher f[l)
(0.191-0.224 Hz), while the central stations, such as JKA12, JKC16 and JKCO01, recorded
significantly lower f[l) (0.138-0.146 Hz), The northern stations, including JKA38, JKB16,
JKA47, JKB20 and JKA24, recorded higher f} (0.154 Hz) compared to the stations at
the center, as shown in the same figure.

A shallow basin depth in the south has also been inferred from the surface geolog-
ical data. At the head of the alluvial fan, the deposits are thinner with coarser grain-size
components. Further from the head, along the gentle slope, thicker and finer grain-size
sediments were deposited. This may explain the basement depth reaching a maximum
depth in central Jakarta. The accumulation of younger marine sediments overlies the
alluvial fan on the northern part of the city, which together with the alluvial fan and
Pliocene-Pleistocene tuff fill the basin up to a thickness of 1300 m. The tectonic high
known as Thousand Islands High in the north of the bay of Jakarta limits the sedimenta-
tion rates along the coastal plain. Consequently, sediment deposits are gradually thinning
northward. Prograde depositions, both from the south and north, caused thick sedimen-
tation in the center while thinning southward and northward as indicated in the basin
depth map in Fig. 5.3.

4.7 Shallow-depth velocity profile

We have tested the ability of our HVSR inversions to recover details of shallow (<100
m) structure by comparing our HVSR-~derived Vg profiles with those obtained by Ridwan
[2016]. Of the 9 sites studied by Ridwan et al. [2017] at which both spatial autocorrelation
of surface waves (SPAC) and Standard Penetration Tests (SPT, Fig. 4.13) were used to
infer Vg profiles for the shallowmost 40 m of the soil profile, 7 (SKPR, PLGD, CLCG,
ROTN, MLKS, RADJ and BMKG) are close (within 0.2 to 1.0 km) to 8 sites at which
HVSR estimates of VS profiles have been made in this study. As shown in Fig. 4.13, the
three methods resulted in comparable shallow velocity profiles at these sites. These com-
parisons indicate that a simple measurement like HVSR is able to produce reliable velocity
profiles even within the top 40 m of the soil profile. However, due to the limited number
of SPAC-NSPT-HVSR co-located stations, comparison among these three methods could
not be made for whole city.

4.8 Discussion

Our study has shown that the Jakarta Basin, a Miocene basin filled with Pliocene-Holocene
sediments, has thickness ranging from 300 m up to 1350 m. It is located approximately
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200 km from the Java subduction zone. The similarity in geology and tectonics suggests
that Jakarta may experience significant building damage analogous to Mexico City if a
high-magnitude subduction-zone or intraslab earthquake occurs. Further complicating the
situation for Jakarta are 69 tall buildings (404 storeys) that are currently in use, ranking
Jakarta as 14th among the cities with the greatest number of buildings of at least 150 m
height [CTBUH, 2017; Emporis, 2017]. Such high-rise buildings are prone to high shaking
at 3 s or longer periods as was observed in Mexico City during the Michoacan Earthquake
[Flores-FEstrella et al., 2007; Padilla y Sanchez, 1989].

Previous studies in the basins of southern California [Magistrale et al., 2000] and
the Lower Rhine Embayment [Ewald et al., 2006] showed the importance of 3D basin
geometry in modeling the characteristic basin propagation of seismic waves. Data from
the 3D simulations of wave propagation are available including wave front focusing due to
low velocity zones or edge-diffracted waves [Fwald et al., 2006], basin resonance [Castellaro
et al., 2014], and local-scale multi-scattering and prolonged ground-motion [Olsen et al.,
2006; Furumura & Hayakawa, 2007; Denolle et al., 2014,b; Cruz-Atienza et al., 2016; Viens
et al., 2016]. Interesting research of Roten et al. [2014] found that non-cohessive shallow
low-velocity sediments of Los Angeles Basin may may reduce seismic shaking generated
by San Andreas Fault. Accordingly, a rigorous quantification of seismic properties and
geometry of the Jakarta Basin is a prerequisite to generating a robust seismic hazard map
for the city.

Given the basin model presented in Fig. 5.3, it is clear that there are some re-
gions flanked by deeper depressions. A ridge-like structure (light-green: shallower depth),
extending from the central-north coast to the southwest, is sandwiched by two deeper
bedrock regions (yellow—red) on its northwest and southeast sides (dashed-lines). The
southern basin is shallower but also exhibits significant topography, including a shallow
"bump” in the basement that is surrounded by deeper sediment. In the case of the Lower
Rhine Embayment, prolonged shaking is recorded in an area situated between 2 deep de-
pressions. The dependence of seismic wave amplitude on basin depth was also observed in
the Lower Rhine Embayment [Fwald et al., 2006]. In Jakarta, this phenomena may occur
in the northwest and northeast where the basin is very deep.

Profiling of velocity structure, sediment thickness and basin topography can also
be accomplished via the joint inversion of HVSR and the surface wave dispersion curves,
where the latter can be generated using auto-correlation [Claprood et al., 2012] or multi-
channel analysis [Gorstein € Ezersky, 2015; Pandey et al., 2016]. As shown in Fig. 4.14a,
our direct inversion of the ellipticity curve resulted in a velocity profile that is comparable
with the results obtained using ambient seismic noise tomography (ANT) conducted by
Saygin et al. [2016]. The advantage of ANT is its treatment of lateral variability, while in
our HVSR analysis we have assumed locally 1D structure. However, the vertical resolution
of our results is higher than the results presented by Saygin et al. [2016].

4.9 Conclusion

We have shown that the Horizontal-to-Vertical Spectral Ratio (HVSR) of seismic ambient
seismic noise in the Jakarta Basin can be used to make robust estimates of the HVSR
peak periods, which has been shown to coincide with the S-wave resonant period in many
studies [Lermo & Chavez-Garcia, 1993; Lachet & Bard, 1994; Bonilla et al., 1997; Lunedei
€ Albarello, 2010]. In Jakarta, these peak periods are in the range 4-8 s, with generally
shorter periods in the south and longer periods in the north, in agreement with previous
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Figure 4.14: A drastic velocity change is apparent as velocity reaches about 1100 m/s. We
consider this boundary to be the basement (white strip). Considering this white stripe as basement,
it can be concluded that in southern Jakarta the sediment thickness reach 700 m and the thickest
sediment accumulated in the center of Jakarta. A normal fault-like structure delimits the thinner
sediment in the south from the thicker sediment in the north. Comparison between (a) HVSR and
(b) ANT, in general, both methods resulted similar patterns, with the southern half of the city
having significantly shallower basement than the northern half. An abrupt topographic change in
basement depth is appears in the center of the cross-section. ANT and HVSR results were gridded
using the simple krigging interpolation method. The location of the cross-section line (and its S-N
direction) and measurement points are presented in Fig. 4.2a.

studies suggesting very low velocities extending to a basement at several hundred meters
depth that deepens northward [Saygin et al., 2016; Ridwan et al., 2016; Ridwan, 2016].
S-wave resonant periods in this range are potentially a concern for very tall (40-80 storey)
buildings, which are prevalent in Jakarta currently and whose number is expected to
increase in the next decade.

Assuming the HVSR curve measured from ambient seismic noise in the Jakarta
Basin is dominated by the fundamental mode Rayleigh wave, and is therefore an expression
of its ellipticity [Arai & Tokimatsu, 2004; Scherbaum et al., 2003; Lachet € Bard, 1994] we
have also inverted this curve to estimate the S-wave velocity structure of the basin. In order
to resolve both shallow velocity structure due to compaction of unconsolidated sediments
as well as the deep basin architecture, we used Transdimesnional Bayesian inference, which
not only allows the complexity of the model (in our case the number of layers) to adapt to
fit the data, but also accounts for uncertainty in the model due to the unknown number
of layers. At the same time the ”Bayesian parsimony” feature of Bayesian model selection
[Malinverno, 2002] assigns low a posteriori probabilities to models whose complexity is not
required by the data. The dense seismic network we deployed in the Jakarta Basin enabled
the mapping of basement topography, whose depth varies within the range 300-1400 m in
a pattern similar to that obtained in previous studies using Ambient Noise Tomography
[Saygin et al., 2016] and SPAC [Ridwan et al., 2016], respectively.

Previous studies using HVSR to infer basin structure have noted limitations
of the type of HVSR analysis presented here. Several have noted the importance of
using higher-order Rayleigh modes in fitting observed HVSR curves, particularly when
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low velocity zones may present [Arai € Tokimatsu, 2004; Asten et al., 2004; Parolai et
al., 2005; Poggi et al., 2012; Rivet et al., 2015]. Others have discussed the importance of
also taking into account Love and body wave energy when interpreting the HVSR curve
[Arai € Tokimatsu, 2004; Sanchez-Sesma et al., 2011; Salinas et al., 2014], as well as
the importance of jointly inverting HVSR data with other datasets such as surface-wave
dispersion curves to avoid some of the strong trade-offs in thickness vs. velocity model
layers [Scherbaum et al., 2003; Parolai et al., 2005; Hobiger et al., 2013]. Finally, Guéguen
[2007] have discussed the difficulty in applying HVSR to basins with small aspect ratio.
We agree that all of these are potential shortcomings of the approach we have taken in the
present study, and for this reason regard our model of the Jakarta Basin as preliminary
pending further investigation of these limitations. However, we believe that we have shown
that the Transdimesnional Bayesian approach to inversion of HVSR data is an effective
approach to this highly nonlinear inverse problem that is worthy of further study, especially
in deep sedimentary basins like Jakarta.
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Chapter 5

Basin Resonance and Seismic
Hazard in Jakarta, Indonesia

Abstract: We use earthquake ground motion modelling via Ground Motion
Prediction Equations (GMPEs) and numerical simulation of seismic waves to
consider the effects of site amplification and basin resonance in Jakarta, the
capital city of Indonesia. While spectral accelerations at short periods are
sensitive to near-surface conditions (i.e., Vg3p, average shear-wave velocity at
topmost 30 m of soil), our results suggest that, for basins as deep as Jakarta’s,
available GMPEs cannot be relied on to accurately estimate the effect of basin
depth on ground motions at long periods (>3 s). Amplitudes at such long peri-
ods are influenced by trapping of seismic waves in the basin, resulting in longer
duration of strong ground motion, and interference between incoming and re-
flected waves as well as focusing at basin edges may amplify seismic waves.
In order to simulate such phenomena in detail, a basin model derived from a
previous study is used as a computational domain for deterministic earthquake
scenario modeling in a 2-dimensional cross-section. A M, 9.0 megathrust, a
M,, 6.5 crustal thrust and a M,, 7.0 intraslab earthquake are chosen as sce-
nario events that pose credible threats to Jakarta, and the interactions with the
basin of seismic waves generated by these events were simulated. The highest
long-period PGVs amplifications are recorded at sites near the middle of the
basin and near its southern edge, with maximum amplifications of PGV in the
horizontal component of 726% for the crustal, 1500% for the megathrust and
1125% for the deep intraslab earthquake scenario, respectively. Amplification
here is the ratio of ground motion in the soil to bedrock. We find that the
levels of response spectral acceleration fall below those of the 2012 Indonesian
building Codes’s design response spectra for short periods (j1 s), but closely
approach or may even exceed these levels for longer periods.

5.1 Introduction

A number of methods are used to parameterize basin geometry for ground motion studies.
These methods can be simply divided into 2 main approaches. The first approach uses
basin depth as a function of a certain reference shear-wave velocity (Z) and the second
approach is source-site specific. Recent Ground Motion Prediction Equations (GMPEs)
describe basin depth as the depth to where shear-wave velocity reaches 1.0 km/s, denoted
Z1o (e.g. Chiou & Youngs [2008, 2014]), while Campbell & Bozorgnia [2014] uses Za 5,

81



82 Basin Resonance and Seismic Hazard in Jakarta, Indonesia

which corresponds to the depth to a shear-wave velocity of 2.5 km/s to parametrize basin
depth. The latter is thought to be a better description of basin depth [Marafi et al., 2017).
In this study, the GMPEs from [Chiou & Youngs, 2008, 2014] and Campbell & Bozorgnia
[2014] are used to compute ground motions triggered by a crustal earthquake while for
the megathrust Abrahamson et al. [2016] and Ghofrani & Atkinson [2014] are used, and
for intraslab events Abrahamson et al. [2016] and Garcia et al. [2005], respectively, are
used. In this chapter, these GMPEs are referred as CY2008, CY2014, CB2014, AEA2015,
GA2014, AEA2015S and GEA2005, respectively.

The HVSR analysis of the previous chapter provides the model for the ge-
ometry of the Jakarta Basin that we use in this chapter to simulate more real-
istic seismic wave propagation. Long period ground motion modeling was carried
out by means of 2D deterministic wave propagation with the SPECFEM2D software
(http://geodynamics.orq/cig/software/specfem2d/; Komatitsch & Vilotte [1998]), which
uses the spectral element method. These simulations are conducted to evaluate the effect
of Jakarta basin structure on long period (>4s) ground-shaking in the city of Jakarta.
Scenario modeling includes a megathrust, a medium-depth intraslab and shallow crustal
earthquakes. The main objective of this chapter is to analyse the effect of the deep sedi-
mentary basin on amplification of long period ground motion spectra in the city of Jakarta.
Long duration ground shaking is expected to build up due to seismic wave entrapment
inside the basin [Graves, 1998] and the conversion of incident shear waves at the basin
edge and/or walls [Bard & Bouchon, 1985].

The deep Jakarta basin is filled with alluvial fan and alluvium deposited continu-
ously during the early Quaternary to the present day. Rapid subsidence of Jakarta soil due
to water extraction — up to 26 cm per year [Ng et al., 2012; Abidin et al., 2011] shows the
high extent of water saturation of sediment fill. Underneath these Quaternary sediments
lie volcaniclastic deposits of Pliocene-Pleistocene age that are mainly composed of tuff and
locally tuffaceous breccia, lava and lahar. Volcanic material has ben shown to strongly
amplify seismic ground motion — as high as 50 times compared to bedrock sites — in Mex-
ico City during the event of 1985 Michoacan Earthquake [Cruz-Atienza et al., 2016]. In
Jakarta, a combination of volcanic, alluvial fan and alluvium deposits as thick as 300-1400
m overlie Tertiary bedrock. By numerical modelling of multiple earthquake scenarios, we
can assess the variability of ground motion and amplification effects caused by the com-
bination of basin geometry and soft sediment with the different scenarios. Amplification
here is described as the ratio of ground motion in the soil and bedrock.

The final basin model is established by using a paleo-topographic approach to
identify the basin edges and extend the basin model derived from the HVSR method.
This final basin model will be used in the computational domain for the SPECFEM2D
code (http://geodynamics.org/cig/software/specfem2d/; Komatitsch € Vilotte [1998]). is
a powerful software package for 2-dimensional modelling of seismic wave propagation at
local or regional scales. It facilitates simulations of acoustic, elastic, anelastic and pore-
elastic seismic wave propagation. The spectral element method used by SPECFEM2D
combines the flexibility of the finite element method (FEM) with the high accuracy of high-
order basis functions. A diagonal mass matrix can be obtained due to the combination
of discretisation and integration, which will greatly simplify the algorithm and reduce
computing time. In this study, waves originating from a megathrust event (M, 9.0)
propagate from 1002 source points through 5-layer domain model. The other scenarios, a
shallow M,, 6.5 crustal and a medium-depth M, 7.0 intraslab earthquake, use a smaller
number of source points and elements..
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Figure 5.1: Location of Jakarta and earthquake scenarios used in the seismic waveform simula-
tions. The black polygon, large grey rectangle, small grey rectangle and pink toothed line indicate
Jakarta city, megathrust, crustal fault sources and Java Trench, respectively. Intraslab scenario
source is located beneath Jakarta city with strike 90o0.

5.2 Tectonic Setting of Jakarta and Surroundings

Java island, where Jakarta is located, is part of the Sunda Arc that extends from the
Andaman Sea in the northwest to the Banda Sea in the east. The Australian Plate
is moving northward at a rate of 67 [Simons et al., 1997] to 70 [Hall, 2009] mm/year
and subducting beneath the Eurasian Plate. Pusgen [2017] estimated that the Sunda
Strait and West-Central Java segments of the Sunda Subduction Zone can accommodate
earthquakes as large as a M, 8.7. These are the closest segments to Jakarta and located
about 250 km from the city to the south. In the last decade, the West-Central segment
produced 2 destructive earthquakes, namely the M, 7.6 Pangandaran (2006) and the M,
7.0 Tasikmalaya (2009) Earthquakes [Pusgen, 2017].

The tectonics and seismicity of Jakarta and adjacent areas is highly influenced by
the the convergence of the Australian Plate toward the Eurasian Plate (Figure 5.2). Apart
from producing megathrust earthquakes, the northward motion of the Australian Plate
is also responsible for earthquake activity on shallow crustal faults, some of which are
located near Jakarta such as the Cimandiri, Lembang and Baribis Faults. The Cimandiri
Fault shows a dominant strike-slip movement with rake angle less than 15° and dip larger
than 70° [Dardji et al., 1994]. The same author also observed high-angle reverse move-
ment, and argued that permutation between strike-slip and dip-slip systems may happen
over relatively short intervals along the strike of an active fault. Despite a disagreement
regarding sense of movement, Dardji et al. [1994], Abidin et al. [2009], Supartoyo et al,
[2013], Marliyani & Arrowsmith [2014] and Handayani et al [2017], using paleostress, GPS,
morphometry, geomorphology and audio-magnetotelluric methods, respectively, conclude
that the Cimandiri Fault is active and its segmentation limits the maximum magnitude
of potential earthquakes.



84 Basin Resonance and Seismic Hazard in Jakarta, Indonesia

B 6°S

106°E 107°E 108°E

Figure 5.2: (a) Simplified tectonic setting of the Indonesian region and (b) western Java, with
more detail of the inset area indicated in (a). The study area is the orange shaded area in (b).
Motion of the Australian Plate at a rate of 7 cm a year toward the Eurasian Plate is indicated by
a black arrow. Major faults are indicated by blue lines, while black toothed, red and green dashed
lines denoted subduction, microcontinent boundaries, and Benioff countours, respectively. The
blue dashed-line indicates the continuation of the Baribis fault to the west and east as mentioned
in Simandjuntak & Barber [1996].

The 24 km length of the Lembang Fault with a slip rate of 2.0 mm/year is thought
capable of producing a M, 6.8 earthquake [Pusgen, 2017]. An earlier study by Meilano
et al. [2012] indicates a larger slip-rate (6 mm/year) with fault locking at 3-15 km and
this study also observed shallow creep at rate of 6 mm/year. During 2009-2015, there
were 4 earthquakes recorded along the Lembang Fault, three of which showed left-lateral
faulting, and an earthquake located at the eastern edge of the fault showed oblique slip
with a normal-dominant movement [Pusgen, 2017].

The Baribis or Baribis-Kendeng Fault has been proposed as a major thrust and
fold structure extending all the way across Java from the Sunda Strait in the west to
beyond East Java in the east, and it is suggested that some segments are still active
[Simandjuntak & Barber, 1996]. The strike-slip Cimandiri and Citanduy Faults cut across
the Baribis-Kendeng Thrust near the border of West-Central Java and therefore it is not
clear whether this is one single structure or is divided into the Baribis Thrust in the west
and the Kendeng Thrust in the east. Koulali et al. [2017] suggest that the Baribis Thrust
is accommodating convergence between Java and the Sunda Block at about 5 mm/year,
while Pusgen [2017] show the the Baribis-Kendeng Thrust as a highly segmented system
of faults starting from Subang in the west (north of the Lembang Fault) to Surabaya in the
east. Each segment can accommodate earthquakes in the magnitude range M, 6.0-M,,
6.5.

5.3 The Jakarta Basin

A model of the seismic velocity structure of the Jakarta Basin was constructed by Cipta
et al. [2018] using analysis of Horizontal-to-Vertical Spectral Ratios (HVSR) of ambient
seismic noise (Figure 5.3), but this model does not extend to the basin edges. The sediment
deposits along the city border are thick, from about 200 m in the south, to 800 m in the west
and more than 1000 m in the east. Because the model does not include the basin edges,
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it is necessary to extend the model beyond Jakarta itself to estimated plausible margins
of the basin, which are presumed to be the axes of low angle folds that will appear as
topographic highs. For this purpose, geological data namely, the lateral distribution of
lithology, drainage pattern and topographic information was utilized. A simple method
to reconstruct the paleo-topography called the arc-method is used (for detail see e.g.,
Allmendinger [2017]). By comparing geological data and sediment thickness as presented
in Figure 5.3, it is a reasonable guess to interpret the basement of the basin as the upper
Parigi formation deposited in the Late Miocene. To construct a paleotopography, i.e., a
topography before the more recent Cibuluh formation was deposited, we need to plot the
strike and dip of the Parigi formation layering in a 2D cross-section.

The topographic map shows that Jakarta in particular and the north coast of
West Java in general is an area of gentle slope (slope 1-10 %). The morphology and surface
lithology of this area is well illustrated in its drainage pattern, an excellent example of a
dendritic drainage pattern characteristic of gentle topography with homogeneous lithology.
Careful analysis of the drainage pattern discloses the faint topographic highs to the west
and east of the city. Most of the tributaries of the Cisadane River (1 In Figure 5.4) flow only
from the west, while further to the west the Cimanceuri River (4 in Figure 5.4) flows from
the south, veers westward then flows northward. These two rivers encircle a topographic
high that can be identified with the western rim of the Jakarta basin. The geological
map shows that near the Cimanceuri River (4 In Figure 5.4) the lithology is changing
from aluvial fan Qav to QT tuff (north) and Oligocene-Miocene formations (south). This
changing lithology confirms the hypothesis that the Cimanceuri River lies at the western
rim of the Jakarta basin, in the slightly elevated land that is known as the Tangerang High
as indicated in Fig. 5.5.

The Kali Bekasi River (3 in Figure 5.4) to the east of the city receives water
intake mostly from the east, and further to the east the Citarum River (5 in Figure 5.4)
flows from the south, turns to the east and circles back to the west, eventually flowing
into the Kali Bekasi River and the Java Sea. This drainage pattern is indicative of a
topographic high just east of the Kali Bekasi River, known as the Rengasdengklok High
as indicated in Fig. 5.5.

The Kali Bekasi River also marks the boundary between two alluvial fan bodies,
alluvial fan Qav to the west of the Kali Bekasi River, and alluvial fan Qav/Qos to the
east of the river. The changing lithology and topographic high to the east suggest that
the eastern rim of the basin is situated around the Kali Bekasi River.

Oil prospecting studies using the seismic reflection method have succesfully rec-
ognized five principal oil reservoir groups within the North West-Java Basin. These oil caps
are (1) Eocene-Oligocene fractured volcanics (Jatibarang Volcanics), (2) Oligocene—Lower
Miocene deltaic sandstones (Talang Akar Formation), (3) Lower Miocene reefs (Baturaja
Formation), (4) Lower—-Middle Miocene sandstones (Upper Cibulakan Formation), and (5)
Middle-Upper Miocene carbonates (Parigi Limestones and Upper Cibulakan Formation)
(Kingston [1988]). On the top of these reservoirs, the Parigi, Cibuluh and Quaternary
formations were deposited successively, with a hiatus due to decreasing sea level separat-
ing these formations (Fig. 5.5). From these data, it can be inferred that the Jakarta
Basin, also known as the Ciputat Basin, is part of the North West-Java Basin in which
the basement is composed of carbonates of the the upper Parigi formation deposited in
the Middle-Upper Miocene (Fig. 5.5)

The HVSR method imaged the velocity model within Jakarta Basin from surface
to basement. However, the actual basin is larger than the available model. Therefore, to
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Figure 5.6: Fold reconstruction using arc method (also known as Busk method, published by H.G.
Busk in 1929). Numbered line is dip representation, an auxiliary line (green) drawn perpendicular
to dip, from intersection of adjacent auxiliary lines (center of arc, denoted as C), an arc (black
lines) is drawn from point of measurement toward neighbor auxiliary line (i.e from point d1 to N2
using C12 as center of the arc). The colored strips represent rock layering.

create a full basin model a simple method called the Busk method or better known as the
arc method is used. By comparing geological data (Fig. 5.5) and sediment thickness as
presented in Fig. 5.3, it is a reasonable guess to interpret that the basement of the basin
as the upper Parigi formation deposited in the Late Miocene. To construct a paleotopog-
raphy, i.e. a topography before the Cibuluh formation was deposited, we need to plot the
strike and dip of the Parigi formation layering in a 2D cross-section plot, as is illustrated
schematically in Fig. 5.6. We draw dashed-line N1 perpendicular to d1 and dashed-line N2
perpendicular to d2, and let these 2 lines meet at C12. Using a compass, draw lines from
N1 to N2, by applying this method to all plotted dips, so that a paleo-fold and paleo-basin
can be reconstructed as seen in [Allmendinger, 2017]. The final basin model, which is the
composite of the HVSR~derived model (covering the city) and that derived using the arc
method (covering outside the city to the basin’s rim) is presented in Figure 5.7.

5.4 Ground Motion Prediction Equations (GMPEs)

A GMPE is a generic term for a mathematical relationship between a statistical estimate
of expected ground motion, and earthquake magnitude and some measure of distance to
the earthquake fault rupture. GMPESs can supply a probability density function of ground
motion values for a given earthquake scenario. These equations provide probabilistic
descriptions of the level of ground shaking as a function of the earthquake parameters,
accounting for path and site effects. Some Next Generation Attenuation (NGA) functions
take into account independent estimator variables such as earthquake magnitude (fnag),
geometric attenuation (fgs), style of faulting(fs), hanging-wall geometry (fhng), shallow
site response (fsite), basin response (fseq), hypocentral depth (fpyp), rupture dip (faip),
and (apparent) anelastic attenuation (fqr,) (Campbell & Bozorgnia [2013]). They model
a ground motion parameter Y, which could represent Peak Ground Acceleration (PGA),
Peak Ground Velocity (PGV) or spectral acceleration (SA) at specific periods as:
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Figure 5.7: The extended basin model presented here merges the basin model derived from the
HVSR technique that covered only the city of Jakarta with the result of the arc (Busk) method
that considered geological data to estimate the basin edges.
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InY = fmag + fdis + fflt + fhng + fsite + fsed + fhyp + fdip + fatn (5'1)

Out of these parameters, we are interested in investigating the fs.q parameter,
which is intended to parametrize basin depth. The preliminary ground motion simulations
are readily performed as the selected NGA GMPEs (CY2014 and CB2014) are incorpo-
rated in OpenQuake, a software platform developed by the Global Earthquake Model
(GEM) Foundation for seismic hazard and risk calculations [Pagani et al, 2004].

The three GMPEs mentioned above require site parameters that use Vgsg as a
proxy for near-surface geology (soil) classification, and Z; o or Z3 5 to describe basin depth
(Z1.,0 is the depth to a Vg of 1 km /s, while Z3 5 is depth to 2.5 km/s). Here, Vg3 is described
as the average shear wave velocity in the topmost 30 m of soil, based on travel time from
surface to the 30 m of depth. Using data from Japan and California, Chiou & Youngs
[2014] provide empirical equations relating Vgsg and Z; o and Campbell € Bozorgnia [2013]
provide empirical equations to estimate Z5 5. To asses whether the velocity structure of
the Jakarta Basin covers a similar parameter range to those in California and Japan that
are used for these GMPEs, we plotted the empirical equations of Chiou & Youngs [2014]
for Z; o as a function of Vg3p against data from the Cipta et al. [2018] model for the Jakarta
Basin, where Z7 g is taken directly from the model and Vgsg is either taken from the Cipta
et al. [2018] model or the NSPT data of Ridwan et al. [2016].

Regardless of which estimate of Vgsg is used, Figure 5.8a shows that 7 esti-
mated for the Jakarta Basin are always much greater than the Z; calculated from the
Chiou & Youngs [2014] empirical relations, either for California or Japan. Figure 5.8b
shows amplification of PSA as a function of period for Vgzp = 100 m/s, typical of the
Jakarta Basin, and values of Z; g ranging from 100 to 1500 m. The amplification curve
for Z1 9 = 100 m exhibits a pronounced peak at period 0.8 s, and this peak broadens
and its period increases to 1.5 s and 2.0-2.5 s for Z; 9 = 500 and 1000 m, respectively,
but changes little in amplitude or period range for Z; o = 1500 m. A typical HVSR curve
for the Jakarta Basin, on the other hand, exhibits a pronounced peak at around 6 s (some
curves such as this one also exhibit a secondary peak at shorter periods, see Clipta et al.
[2018]. While the HVSR curve does not necessarily represent the amplification of seismic
waves, its peak period is widely regarded as coinciding with that of S-wave amplifica-
tion [Nakamura, 1989], it has been used to explain spatial patterns of earthquake damage
[Gosar, 2010], and it agrees with the fundamental period of S-wave resonant oscillation
calculated form the Jakarta Basin velocity models of both Cipta et al. [2018] and Saygin
et al. [2016]. Thus, the basin parameters calculated for the Jakarta Basin model of Cipta
et al. [2018], appear to lie outside the range of values used for the development of the
deep sediment corrections of CY2014, and the period dependence of CY2014 predictions
for PSA using these corrections do not agree with the characteristics of ground motion
implied by observed HVSR curves. Therefore, Therefore, we are skeptical that the deep
sediment corrections of CY2014 will correctly account for seismic resonance in the Jakarta
Basin.

In addition to soil characterization, NGA GMPEs also require Z7 or Zss5 to
describe basin depth. Using data from Japan and California, Chiou & Youngs [2014]
provides empirical equations relating V30 and Z; 9 and Campbell € Bozorgnia [2013]
provide empirical equations to estimate Zs 5 as follow:
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Figure 5.8: The behaviour of the deep sediment terms in the CY2014 GMPE compared with
parameters for the Jakarta Basin. (a) Plot of Vg3g against Z; o and curves showing estimated Z7 o
as a function of measured and computed Vgsg derived by Chiou € Youngs [2014] from data taken
in California (black line) and Japan (brown line). The blue and green dots are plots of Z; ofrom
the Cipta et al. [2018] model for the Jakarta Basin plotted against Vg3 taken from the same model
and from the NSPT data of Ridwan et al. [2016], respectively. (b) Amplification of pseudo-spectral
acceleration as a function of period calculated for different values of Z; o, compared with a typical
HVSR curve for the Jakarta Basin measured by Cipta et al. [2018]. Locations of S2176 and JKB16
are showing in Figure 5.3.
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—7.15 Vs30)* 4 571*
In(Z19) = 1 l <<1§602 ++5714 > [California dataset] (5.2)
—5.23 (Vs30)* + 4124
In(Z19) = 1 ln( 1360 1 4121 [Japan dataset] (5.3)
In(Zy5) = 7.089 — 1.144inVs30 [California dataset] (5.4)
In(Za5) = 5.359 — 1.102inVs30 [Japan dataset] (5.5)
In(Zy5) = 6.510 — 1.181InVs30 [California and Japan datasets] (5.6)

However, these empirical relationship are not suitable for Jakarta. When we calculate Z; ¢
directly from our HVSR-derived velocity profiles and plot these against the corresponding
V30 derived from either NSPT or HVSR, the result is as indicated by the green and
blue dot, respectively, in Fig. 5.8. The Z; ¢ calculated from the Jakarta dataset is always
far above the curves from the [Chiou & Youngs, 2014] formulae, presumably because the
Jakarta Basin is much deeper than basins in California and Japan. In this study we use
Z10 and Zs 5 obtain from our HVSR study when we calculate ground motions using the

NGA GMPEs.

5.5 Numerical Simulation of Seismic Waves

Earthquake-generated ground shaking depends not only on the earthquake source parame-
ters, but also on the medium in which seismic waves propagate, especially near surface and
basin structure. In this study, seismic waves generated by synthetic ruptures on a crustal
fault, the Java Megathrust, and an intraslab fault are simulated using SPECFEM2D. This
software uses the Spectral Element Method (SEM), which combines the flexibility of the
finite element method (FEM) with the accuracy of high-order (trigonometric) element
basis functions. SEM is very effective at achieving high accuracy even for realistic earth
models, and is therefore applicable for a wide range of applications in seismology [Ko-
matitsch & Vilotte, 1998]. This approach to scenario ground modelling is similar to that
used by Molnar et al. [2014] and Molnar et al. [2014b] to study seismic wave interaction
with 3D structure of the Georgia Basin, British Columbia, Canada.

The seismic characteristics of the Jakarta Basin as obtained from the HVSR
analysis will be represented in our 2D domain as a SN cross section over which the earth-
quake simulation takes place. To avoid extremely small elements, the sediment inside the
basin is taken to be a homogeneous medium overlying bedrock, which is part of a 3-layer
lithosphere, with maximum domain area as large as 445 km in length by 150 km in depth
(Figure 5.10). The shear-wave velocity both in the sediment-filled basin and bedrock are
taken as averages from the corresponding depths of the HVSR model. Crustal P-wave
velocity (Vp) outside the basin is taken to be 1.8 times Vg as indicated in Cipta et al.
[2018].

The surface geology in the area of interest, from older to younger deposits, is
composed of Tertiary marine formations, Pliocene-Pleistocene volcanic rocks, alluvial fan
and recent alluvium. Alluvial fan deposits are the main component filling the basin,
overlaying the Tertiary-Quaternary volcanic rocks that are presumed to act as basement.
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Figure 5.9: Fault orientation in Cartesian coordinate system. The origin is in the epicenter O,
strike angle ¢ is measured clockwise from the north, dip angle § is measured from horizontal down
and rake or slip angle A is measured anticlockwise from horizontal. The @ and v are slip vector
and fault normal and A denotes rake angle [Aki & Richard, 1980]

It is also possible that Miocene marine deposits play a role as bedrock, especially in the
northern part of the basin. Heterogeneities both in vertical and horizontal directions
make it difficult to set the elastic properties of the basin, particularly since the very low
Vs(j100 m/s) near the surface will require extremely small elements to model accurately.
Instead of describing the detailed spatial variation of basin velocities, Vg is set to the
average velocity in the basin resulting from inversion of HVSR ellipticity curves, 582m/s.
Compressional-wave velocity (Vp) in the basin is set to 3—4 times Vg under the assumption
that as a groundwater basin, the sediments filling Jakarta Basin are highly saturated, as
also indicated by HVSR inversion that shows high (~ 4) Vp/Vgs [Cipta et al., 2018].

5.5.1 2D fault in Cartesian coordinate system

We assumed each earthquake rupture area as a planar surface along which seismic energy
is radiated by an propagating elastic dislocation. The fault geometry is described as the
orientation (strike ¢, dip d) and the direction of rake or slip direction () along the plane.
Alternatively, the fault plane can be characterised by direction of motion or slip vector @
andand fault normal vector v (see Fig. 5.9).

The moment M of a shear dislocation is uAu, where p is rigidity in the source
region, A is the area of rupture and @ is the average dislocation. The Cartesian components
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of the moment tensor M are:

Myx = —My (sin 6 cos X\ sin 2¢s + sin 2\ sin A sin? ®s)

My, = My (sin 0 cos X cos 2¢, + % 5in2 0sin A sin2 ¢5) = My,
M,, = —My (cos 0 cos ¢ cos ¢s + cos2dsin sin ¢s) = M, (5.7)
My, = My (sin § cos X sin2 ¢g — sin2d sin A cos? bs)
M,, = —Mj (cos 0 cos A sin ¢s — sin2 6 sin A cos ¢g) = My,
M., = My sin2 § sin A

where 6, § and A are strike, dip and rake angles respectively.

The simulation will be performed in a 2D domain oriented in the SN direction,
or the xz plane of Fig. 5.9, and the strike of megathrust, intraslab and crustal fault will
be perpendicular to this plane with 8 = -900 or 900 for the megathrust and crustal fault,
respectively, and A = 90°, so that (5.7) can be written as:

My, = — My sin(29)

Mgy = 0= My,
My, = My cos(26) = M, (5.8)
My, =0

M., = My sin(20)

And we need consider only the three moment tensor elements Mxz, Mzz, Mxx=-
Mzz in our 2D simulation.

5.5.2 Domain area and source parameters

The seismic characteristics of the Jakarta Basin as obtained from the HVSR analysis will be
represented in our 2D domain as a SN cross section over which the earthquake simulation
takes place. To avoid extremely small elements, the sediment inside the basin is taken to
be a homogeneous medium overlying bedrock, which is part of a 3-layer lithosphere, with
maximum domain area as large as 445 km in length by 150 km in depth (Figure 5.10). The
shear-wave velocity both in the sediment-filled basin and bedrock are taken as averages
from the corresponding depths of the HVSR model. Crustal P-wave velocity (Vp) outside
the basin is taken to be 1.8 times Vg as indicated in Cipta et al. [2018].

The surface geology in the area of interest, from older to younger deposits, is
composed of Tertiary marine formations, Pliocene-Pleistocene volcanic rocks, alluvial fan
and recent alluvium. Alluvial fan deposits are the main component filling the basin,
overlaying the Tertiary-Quaternary volcanic rocks that are presumed to act as basement.
It is also possible that Miocene marine deposits play a role as bedrock, especially in the
northern part of the basin. Heterogeneities both in vertical and horizontal directions
make it difficult to set the elastic properties of the basin, particularly since the very low
Vs(j100 m/s) near the surface will require extremely small elements to model accurately.
Instead of describing the detailed spatial variation of basin velocities, Vg is set to the
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Figure 5.10: (a) The SPECFEM2D computational domain consists of a 5-layered medium, with
the surface topography extracted from SRTM and the basin geometry resulting from the HVSR
inversion. The vertical axis is depth (km) and horizontal is latitude in km and degree. The thick
black line represents an inclined set of 1002 point sources along the subduction zone megathrust,
and the area of the rectangle basin inset shown in (b) is indicated. For the crustal fault and deep
intraslab scenarios, different dimensions of domain areas are used but the mesh-sizes for the first
4 top layers are the same.

average velocity in the basin resulting from inversion of HVSR ellipticity curves, 582m/s.
Compressional-wave velocity (Vp) in the basin is set to 3—4 times Vg under the assumption
that as a groundwater basin, the sediments filling Jakarta Basin are highly saturated, as
also indicated by HVSR inversion that shows high (~ 4) Vp/Vs (Cipta et al. [2018]).

The total length of the computational domain for the megathrust event ex-
tends from 6° to 10° south latitude, the maximum depth is 150 km and highest eleva-
tion is 1.5 km. The topographic surface is extracted from the Shuttle Radar Topog-
raphy Mission DEM (SRTM Digital Elevation Model, freely downloaded from: https:
//dds.cr.usgs.gov/srtm/version2_1/SRTM3/Eurasia/). The domain area accommo-
dates source locations and is divided into 5 zones including the basin, a 3-layer crust and
the mantle. Irregular quadrangle meshes are generated to fill the domain area, the coars-
est (maximum gridsize: 2000 m) meshes filling the lower layer while the finest meshes are
arranged in the basin (maximum gridsize: 12.5 m). The very small mesh size in the basin,
together with the large computational domain that includes the megathrust, results in a
very large mesh size, of 800,000 elements. This large mesh size is the main reason that
calculations in this study were limited to 2-D, as a 3-D mesh at this resolution would have
resulted in very long computation time. The topographic surface is set to be a free surface
while the other sides are set to be absorbent surfaces to avoid waves reflecting back into
the domain area (see Figure 5.10).


https://dds.cr.usgs.gov/srtm/ version2_1/SRTM3/Eurasia/
https://dds.cr.usgs.gov/srtm/ version2_1/SRTM3/Eurasia/
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While seismic attenuation in sedimentary basins like Jakarta can be high, we
found that the viscoelastic calculations of SPECFEM2D for our large computational mesh
were prohibitive (even the elastic calculations using 28 CPUs required a wall time of 18
hours; viscoelastic calculations took much longer). To our knowledge no studies of seismic
attenuation or seismic quality factor for the Jakarta region have been undertaken, but in
order to test the influence of attenuation we use Qp = 44 and Qs = 25, taken from a
study conducted Hauksson et al. [1987] in the Los Angeles Basin. Tests using these values
for Qp and Qs in the basin indicated that viscoelasticity had a small effect for periods ¢
1 s. Therefore, in the simulations described here we neglected attenuation in the basin

for reasons of computational efficiency. All parameters for simulations are presented in
Table 5.1.

Table 5.1: Domain parameters used in simulation

layer rho Vp Vs Qxappa Qmu max depth
(kgm=) (ms) (m)) (m)

Basin 1200 1600 582 44 25 1385
Layer 2 2200 4100 2300 283 150 3000
Layer 3 2900 5100 2800 450 450 13,467
Layer 4 3200 6500 3200 500 500 15,000
Layer 5 3800 8000 4000 600 700 120,000

* Parameter values were tested but not used in the simulations presented here.

In this study, we assume that seismic waves are generated outside the basin,
in the Java subduction zone for the megathrust scenario, in the shallow crust to the
south of the basin for the crustal earthquake scenario, and in the mantle for the intralsab
scenario. Seismic waves propagate from the source through a 5-layer mantle + crustal
model to the surface, as indicated in Table 5.1 On the surface, both inside and outside the
basin, seismic waves will be recorded at stations located at 2 km spacing along a south-
north cross-section. In order to account for 3-D geometrical spreading and attenuation in
the crust and upper mantle outside 2-D elastic simulation, we scaled the computational
results by matching the long-period (1-10 s) spectra of seismograms recorded just outside
the basin with results from suitable GMPEs for the appropriate magnitude and distance.
For the megathrust scenario, we scaled the seismograms by matching spectra with results
of the AEA2014 GMPE, for the crustal source we used CY2014, and for the intraslab
earthquake scenario we matched spectra to AEA2014S. Earthquake source parameters
used in the megathrust, crustal and intraslab scenarios are indicated (Table 5.2).

Table 5.2: Source parameters used in simulation of seismic waves propagation

Magnitude M,,9.0 (Megathrust)  M,,6.5 (crustal) M,,7.0 (slab)
Total energy released (Nm) 1.259e+21 7.079e+18 3.981e+19
dip 30° 45° 45°

rupture depth (km) 10-50 2-14 180-204

no. of point sources 1002 120 120

In order to compare characteristic of seismic waves in the basin and on bedrock,
we simulate seismic waves propagation to bedrock by changing all the parameters in the
basin into parameters of the underlying medium, so that parameters in the basin are the
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same as the parameters in layer 2.

5.6 Results

5.6.1 GMPE Modeling Results

GMPE simulations have been performed for the three earthquake scenarios described
above and results for the crustal earthquake scenario are displayed in Figure 5.11. Figure
5.11a—c show amplification of PGV, PGA and PSA(5 s) which vary between 200-500,
70-180 and 200-700%, respectively (note that we describe amplification following [Pilz et
al., 2011], as described below in Section 5.7, where 0% corresponds to hard rock ground
motion). The absolute values of these quantities are shown in Figure 5.11e—g, where it can
be seen that PGV, PGA and PSA(5 s) have values of about 6 cm/s, 5% g and 0.6-0.8% g
near the southern edge of the basin, about 60 km from the earthquake source. As distance
from the earthquake increases in the center and northern part of the basin, the absolute
level of ground motion (Figure 5.11e—f steadily decreases with increasing distance from
the earthquakes. The amplification (Figure 5.11a—c), on the other hand, increases in the
north of the basin, closely following the pattern of Vg3¢ decrease indicated in Figure 5.11d.

For the amplification at PSA (5.0 s), which is close to the apparent resonance
peak in most of the HVSR measured by Cipta et al. [2018], it might be expected that
variation in basin geometry would have a significant influence on the long period ground
motion, but there is very little correlation with the pattern of basin depth variations
(Figure 5.11h). We believe this is reflective of the “saturation” in peak ground motion
period depicted in Figure 5.8a as Zj ¢ reaches the value 1000 m that is typical of most
of the Jakarta Basin. For this reason, it seems clear that caution should be used when
trying to use the deep sediment terms of CY2014, and presumably othe GMPEs with
deep sediment correction developed using similar datasets, to describe basins elsewhere,
to estimate earthquake ground motion in the Jakarta Basin.
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5.6.2 Numerical Simulation Results

The crustal and megathrust events are situated south of Jakarta at distances 85 km and
200 km and with magnitudes M,, 6.5 and M,, 9.0, respectively. The megathrust is dipping
north while the crustal fault is dipping south. The third scenario simulates propagation of
seismic waves originating from a medium-depth intraslab earthquake located at the depth
of the subducting slab at 180-204 km (fault width = 34 km) directly beneath the city.
This fault is dipping south and the earthquake has magnitude M, 7.0.

Snapshots from the crustal fault scenario are presented in Figure 5.12. After 10
s, the P-wave is showing up in the lower left corner of the topmost panel and at 12 s,
both P-wave (dark) and S-wave (vermilion) are observed approaching the basin. At 50
s, seismic waves, both body and surface waves, have entered and are trapped inside the
basin. Surface waves are modulated inside the basin and at 90 s, while body waves are
attenuated and have faded away outside the basin, surface waves are still reverberating in
the basin.

Seismograms (horizontal component) resulting from these three scenarios are pre-
sented in Figure 5.13a—c. Two types of seismograms are plotted: (1) those calculated using
the elastic parameters indicated in Table 5.1, colored blue in Figure 5.13 and referred to
here as 'basin seismograms’, and those calculated using an identical computational mesh
but with the basin elastic parameters replaced by those of the basement (i.e., the Basin
parameters in Table 5.1 are replaced by those of Layer 2), colored orange in Figure 5.13
and referred to here as 'bedrock seismograms’. The three record sections in Figure 5.13a—
clearly show that seismic waves propagating through the soft sediment inside the basin are
amplified to different degrees. Outside the basin the orange colored curves (bedrock seis-
mograms) match the blue curves (basin seismograms) perfectly, meaning that outside the
basin, no amplification is observed. On the other hand, inside the basin, basin seismograms
have much higher amplitudes and prolonged durations in comparison to bedrock seismo-
grams. It is interesting to note that the basin-bedrock seismogram ratio is not uniform,
and basin depth is not the only factor contributing to the amplification. Basin geometry
and direction of incoming waves also appear to influence the degree of amplification.

For the crustal earthquake scenario, Figure 5.13a, seismic waves propagating
toward the north edge of the basin are reflected back into the basin and recorded at 200 s
at the southernmost station (S2117) and at progressively earlier times at more northerly
stations. However, at S2157 to S2176, reflected waves are not clearly seen because they
interfere with seismic waves propagate northward, producing high amplitude seismograms
at 5060 s (Figure 5.18). The megathrust earthquake also exhibits reflected waves that
are clearly observed at 52130 to S2169, again with reflected waves recorded earlier in the
north than in the south (Figure 5.13b).

In contrast to the other two scenarios, the intraslab earthquake scenario shows
reflected waves from both south and north edges. Near the south edge, high amplitude
seismic waves are observed at stations S2130-2135 at times 50-100 s. These high am-
plitudes are generated from interaction between incoming and reflected waves as well as
trapping at the basin’s edge. As time goes by, waves reflected by the northern edge of the
basin are recorded after 100 s in the southern stations and recorded earlier in the central
and northern stations.

Seismograms in Figure 5.14a,b record incoming P- and S-waves at 20 s and
36 s, respectively, for the crustal fault scenario. For the basin seismograms in Figure
5.14c,d, the direct S-wave is followed by a series of reverberations comprised of S-wave
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Pre-Miocene Formations Miocene Basement Jakarta Basin

90 s

Figure 5.12: Snapshots of wave propagation, showing waves approaching (10 and 12 s, top two
panels) and reverberating inside (50, 70 qnd 90 s, bottom three panels) the basin. The modeled
M, 6.5 earthquake is taken to have ruptured a southward dipping, shallow crustal thrust fault
85 km south of the city center. The Jakarta Basin is the light gray colored area, overlying the
dark grey medium, clearly shown in the top two pictures capturing snapshots at 10 and 12 s,
respectively.

and Rayleigh wave energy, that builds up over the following 15 s, with the highest vertical
component amplitude achieved 10 s after the direct S-wave arrival. It is observed that
S-wave/Rayleigh wave coda that builds up at about 37 s is still observed after more than
150 s. The bedrock seismograms (Figure 5.14e,f) are dominated by the direct S-wave and
have a very weak coda after only a few seconds.The long duration (>120 s) and very high
amplitude of basin seismic waves after 40 s is likely due to the constructive interference
between seismic body waves and surface waves.

The intraslab scenario produces similar results, at the same station, with surface
waves observed after 55 s and still trapped inside the basin after 240 s. In the case of
the megathrust event, the Rayleigh wave arrives about 25 s after the P-waves recorded
in the seismograms. The interference of reverberating surface waves leads to very high
amplitudes, compared to the crustal and intraslab scenario. Entrapment of seismic waves
inside the basin prolongs the duration of seismic waves, with high amplitude seismic waves
still observed 10 minutes after the earthquake. Interference between seismic body waves
and secondary surface waves was recognized as a main cause of building collapse in Kobe
during the 1995 Great Hanshin Earthquake (Zhao et al. [2010]).

The three scenarios indicate that the larger the magnitude, the longer the seismic
waves were observed inside the basin. The “red” (i.e., long-period dominant) spectra of
frequency content generated by the larger rupture area may be responsible for the very long
duration of long period ground motions generated by the megathrust scenario (Fig. 5.12).
Together with the maximum amplitude and duration of seismic waves, frequency content is
also a very important factor that is responsible for building damage. According to Shoji et
al. [2004], duration is more event-dependent than site-dependent while the site-dependency
for a given total power is greater than the event-dependency.
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Figure 5.13: Bedrock seismograms (orange traces) are plotted over basin seismograms (blue
traces) for (a) crustal, (b) megathrust and (c) intraslab events, respectively. Labelled points
indicate location of stations corresponding to the seismograms plotted directly above the points.
In the area between dotted lines (21-41 km from the basin’s rim) the basin structure is inferred
from Cipta et al. [2018], while the extension of the basin is estimated from geological data. The
basinal area in this figure is the same as the basinal area in Figure 5.12.
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Figure 5.14: Seismograms at stations 52169, both for vertical (a) and horizontal (b) components,
showing P-, S- and surface waves generated from the crustal fault scenario. Figure (c,d): the same
seismograms at time 10-50 second, showing the arrival of direct S followed by Rayleigh surface
waves at about 37 s. Similar to (c,d), (e,f) are seismograms recorded at bedrock sites.
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Figure 5.15: Design response spectra used for the 2012 Indonesian Building Code for soil sites
(classes D and E are brown and black curves, respectively) in Jakarta, compared with average,
1- and 2-0 (solid red, blue dashed and green dashed, respectively) results for simulated response
spectra (SRS) calculated in the Jakarta Basin for the (a) megathrust (GMPE:AEA2015); (b)
crustal (GMPE: CY2014) and (c) intraslab (GMPE:AEA2015S)earthquake scenarios. Each curve
represents the results of calculations at all sites for which Vg3g and Z; g, have been estimated, as
well as 1000 ground motion realizations that have sampled the aleatory variability in the respective
GMPEs.

5.7 Discussion

5.7.1 GMPE-Seismic Hazard

Using GMPE modelling, pseudo-spectral acceleration (PSA) for each spectral period can
be computed, and it’s variability can be accounted for by sampling the aleatory variability
in the GMPEs as well as computing ground motion over the range of site response infor-
mation (Vssg, Z1.0, and Zy5) available for the Jakarta Basin. Results for average and 1-
and 2-0 simulated response spectra (SRS) for the three earthquake scenarios considered
are shown in Figure 5.15, where they are compared with the design response spectra for
Jakarta. At short periods (< 1 s), the average and 1-o simulated response spectra (SRS)
curves lie well below the design spectra for all three scenarios, but the 2-0 curves exceed
the design spectra for the megathrust and intraslab scenarios. However, since GMPE sim-
ulations do not fully take the effects of basin geometry into account, longer period PSA
may be underestimated, and hence we need to be careful in interpreting the curves pre-
sented in Figure 5.15. For this reason, let us compare design seismic response and SRS at
the shorter periods (< 1 s) only, and note that shorter period response spectra correspond
to the natural resonance of most residential buildings (which, however, are not generally
required to conform to the Indonesian building code)

The current building code (2012 Indonesia’s National Standard-SNI 1726-2012)
adopted the updated seismic map of Irsyam et al. [2011] that estimated ground motions for
a 2% probability of exceedance in 50 years (2500 years return period) as the maximum con-
sidered earthquake (MCE) level. Figure 5.15 shows that the current seismic building code
in Indonesia that takes into account D and E soil classes performs well against the PSA
estimated from GMPEs for the crustal earthquake scenario, but has significant probability
of being exceeded (at the 2-o level) for the megathrust and intraslab earthquakes. In this
figure, the thick black and magenta curves represent designed ground motion produced by
the MCE in a 2500 years return period for D- and E-type soils, respectively.
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5.7.2 Numerical Simulations—Peak Ground Velocity (PGV)

The Mw 6.5 crustal fault scenario generates a maximum peak ground velocity of 13.45
cm/s and the maximum PGV amplification is about 726%. Figure 5.16a shows that
amplification is not uniform throughout the basin, while in S2147 basin depth gives small
effect to peak velocity, in other stations basin geometry amplify peak velocity significantly.
Most striking is the amplification observed at S2169 at the deepest part of the basin
(Figures 5.16 and 5.17a—c. Amplification here is describe in a manner similar to that used
by Pilz et al. [2011] in calculating estimated PGV amplification in Santiago Basin, Chile:
we subtract the PGV values for the bedrock seismograms from the value for the basin
seismograms, and divide this by the PGV value for the bedrock seismograms (multiplying
by 100 to convert to percentage amplification).

Different characteristic of simulated PGV and amplification are produced by
megathrust earthquake scenario. PGV and amplification tent to incerase as the basin
gets deeper. Prominent high PGV and amplification are simulated at stations 52153
and S2173. Simulated PGV at these stations are 149.67 cm/s and 153.37 cm/s while
amplifications are 1269% and 1504%, respectively (Figures 5.16a and 5.18a—c). While these
ground motion levels may seem very high, we note that the M,, 9.0 Tohoku Earthquake
resulted in 50 cm/s pseudo-velocity response at 7 s period observed in the Osaka Basin
at 770 km distance, along with 2.7 m peak-to-peak roof displacements at one high-rise
building (Sato et al. [2012] and Tsai et al [2017], respectively). The M,, 8.0 Michoacan
earthquake resulted in an observed PGV of 40 cm/s at 350 km distance (Singh & Ordaz
[1993]). In light of these observed basin effects observed at much greater distance and
smaller magnitud, our simulated result of ~150 cm/s for a M,, 9.0 earthquake at 250 km
distance from Jakarta Basin does not seem unreasonable.

The intraslab earthquake scenario results in very large amplification, especially
at S2131 (1134%), so that the estimated PGV in that station (17.24 cm/s) is significantly
higher than the other stations. The source of the intraslab scenario is very deep and
directly beneath the city, so that rupture-to-station distance is the same for all stations,
hence the variation of amplification with respect to rupture distance can be neglected.
Therefore, large amplification at this station is most probably due to focusing of seismic
waves by the basin edge, while trapping of seismic waves inside the basin may also affect
amplification at this station. High amplification is also recorded at S2165, where par-
ticulary thick basin fill is responsible for large amplification (Figures 5.16a and 5.19a—c).
Recorded PGVs (cm/s) and amplification (%) for all three scenarios are presented in Table
5.3. Minor amplification or deamplification recorded at stations 52117 and S2124 that are
located outside the basin may come from simulation noise.

5.7.3 Numerical Simulation-Response Spectral Acceleration

The megathrust scenario generated the highest peak ground velocity and amplification in
the basin, especially at station S2173. In this section, we will look at the response spectral
acceleration that is widely used to characterise ground motion in civil engineering, then
compare the design building code against spectral acceleration resulting from SPEFEM2D
modeling. At station S2169 and S2173, simulated horizontal acceleration at period 1 s
are about 0.45 g, which is higher than the design response spectra used by the building
code. At periods about 1 s very high accelerations are observed (Figure 5.20a,c), however,
these results may be inaccurate since neither near surface attenuation s nor crustal and
basin frequency-dependent attenuations for Vp and Vs (Qp and Qs) for Jakarta region are
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Table 5.3: PGVs and Amplification in % resulted from 3 scenarios.

Station PGV-C Ampli-C PGV-M Ampli-M PGV-S Ampli-S
Station  (cm/s) (%) (cm/s) (%) (cm/s) (%)

52117 1.98 1 26.44 8 3.68 2

S2124 1.77 0 24.39 -2 3 )

S2129 2.05 447 69.49 539 9.15 586
52130 5.21 437 85.07 646 13.52 930
52131 5.08 439 90.2 589 17.24 1125
52132 4.75 445 93.46 701 14.03 754
52133 4.07 385 105.82 906 11.74 604
52134 4.4 375 106.43 838 10.54 957
S2135 4.94 349 118.45 869 9.8 560
52136 5.98 453 111.16 824 8 525
52137 4.89 369 106.6 895 6.88 439
52138 5.44 372 107.74 731 7.56 481
52139 5.27 297 129.84 1079 7.6 465
52140 0.81 470 115.27 896 8.34 318
52141 5.62 233 116.89 795 7.56 271
52142 7.32 331 108.93 718 7.72 441
52143 7.08 242 127.94 939 8.15 488
S2144 7.27 205 112.59 697 6.74 534
52145 7.17 190 113.63 757 6.54 391
52147 6.34 69 114.33 723 6.87 409
52149 7.2 104 106.95 688 8.11 419
S2151 8.19 137 125.93 959 7.37 463
52153 9.19 181 149.67 1269 6.17 361
52155 9.67 202 99.34 657 6.01 461
52157 11.52 309 125.83 985 7.64 410
52159 8.97 173 132.54 1221 8.27 464
52161 8.23 153 133.4 1105 8.82 687
52163 10.81 330 120.44 1080 7.16 417
52165 9.36 284 135.84 1298 11.77 1005
52167 9.11 331 114.37 1007 9.59 655
52169 13.45 726 120.02 849 10.5 789
52173 7.7 339 156.37 1505 9.47 521
S2176 4.34 111 139.01 1162 10.53 640

Note: PGV-C, PGV-M, PGV-S, Ampli-C, Ampli-M, Ampli-S are peak ground velocity (PGV) and ampli-
fication (Amp) generated from crustal fault, megathrust and intraslab.
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Figure 5.19: Similar to Figures 5.17 and 5.18, but for medium-depth intraslab earthquake sce-
nario. Figure (a,b) are basin and bedrock seismograms (at S2131, located about 500 m north of
S2130) and Figure (c) shows PGV amplification along the S-N cross-section.

available.

Since long period (>3 s) ground motions are much less sensitive to x, Qp and
Qs, it seems reasonable to consider how these compare to the design response spectra.
At 52169, for all frequencies, mean ground motion predicted from GMPE fall below both
the 2012-SNI [Irsyam et al., 2011] in Figure 5.15 and the 2002-SNI proposed by Puskim
[2011] (see also Sukamta & Alexzander [2012]) design response spectra (Figure 5.20a-d).
On the other hand, ground motion predictions on soil inferred from the SPECFEM2D
modeling are much higher than design response spectra of 2002-SNI (since 2012-SNI pro-
vides response spectra from PGA to PSA 4 s, we compare PSA 4-10 s with 2002- SNI).
Figure 5.20a—d shows that ground motion on bedrock is lower than 2002-SNI and 2012-
SNI, therefore we believe that basin depth and surface condition is of great importance
for magnifying seismic motion, as shown in Figures 5.16b and 5.18a—c amplification factor
can reach 1200% for megathrust events. This amplification factor should be considered.

For the intraslab earthquake scenario, basin edge effects can be particularly pro-
nounced as observed in Figure 5.13c. Amplification of short period ground motions, par-
ticularly at periods of about 1.0 s, result in very high acceleration (>1 g) at S2131 (5.21).
At this point, the PGV amplification is 1125% (Figure 5.19 and Table 5.3), but this high
frequency content may not be realistic due to the lack of consideration of attenuation
effects as discussed above. On the other hand, large amplification at S2165 in the deep-
est part of the basin as can be seen in Figures 5.16¢ and 5.21 is experienced by ground
motion at period >4. The spectral amplification at this point is as high as 424%. There
is interesting characteristic of amplification at S2131 and S2165, while PSA ;4 s at S2131
fall below the 2002-SNI design response spectra (Figure b) at S2165 the scenario response
spectra at about 5.5 s is much higher the design response spectra (Figure b). An acceler-
ation of about 0.2 g and amplification of 335% (for period of 5.5 s) are estimated by the
simulation (Figure 5.21).
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Figure 5.20: Computed acceleration response spectra for the megathrust earthquake scenario,
plotted with the PSA using the AEA2015 GMPE and the Jakarta Building Code’s design response
spectra (for D-type soil, thick-black curve) at stations (a) S2169 and (c) S2173. (b,d) are zoomed
images of (a,c), respectively for the period band 4-10 s. Location of stations are indicated in
Figures 5.18 and 5.19.
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Figure 5.21: Computed acceleration response spectra for the intraslab earthquake scenario, plot-
ted with the PSA using the AEA2015S GMPE and the Jakarta Building Code’s design response
spectra (for D-type soil, thick-black curve) at stations S2131 (a) and S2165 (c). (b,d) are zoomed
images of (a,c), respectively, for the period band 4-10 s. Locations of S2165 are indicated in
Figure 5.16 while S2131 is 500 m north of S2130 in the same figures. Note, that the Y-axes have
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5.8 Conclusion

We have shown that GMPE modeling predicts significant influence of near-surface geology,
represented by Vssg, on short-period (<1 s) seismic waves. However, for a very deep basin
filled with soft sediment, available GMPEs are not capable of capturing the effects of
basin geometry on seismic waves, at least for basins the Jakarta Basin. Consequently,
more realistic approaches should be used to estimate ground motions. SPECFEM2D was
chosen to simulate earthquake scenario ground motions, and the results show how soft
sediment filling a deep basin amplifies seismic waves, generating high ground motion on
the basin surface.

The amplification of ground motion due to basin geometry and depth varies from
site to site, and depends upon depth of the basin, distance from the source, distance from
the basin edge and also magnitude of the earthquake. While the megathrust scenario
showed a close correspondence between PGV and spectral amplification, the crustal fault
and especially intraslab scenarios showed a more complex relationship. These latter sce-
narios show large amplification in the south and north parts of basin and low amplification
in the central part. The largest PGV are observed at the north stations, where the basin
is very deep (>1000 m), in the crustal fault and megathrust scenarios. In contrast, the
intraslab scenario triggered the highest long period PGVs near the basin edge.

The crustal fault scenario produced high spectral amplitudes at frequencies in the
range 0.4-0.6 Hz, while the megathrust event generated high ground motions at frequencies
of about 0.2 Hz and 0.5 Hz (5.20). Pronounced high ground motions at frequencies about
0.2 Hz are generated by the deep intraslab scenario (5.21). The high spectral amplitudes
in the period range of 1.6-10 s are approximately in accordance with natural periods of
16-100 story buildings, therefore, basin resonance may be a more important consideration
for high-rise buildings construction than previously realised.

Megathrust earthquakes may trigger high spectral accelerations in Jakarta. Es-
pecially at a period of 1 s, the simulated acceleration is higher than the design spectra
of the building code. At some stations (e.g., S2173), acceleration at about period 5 s is
also a bit higher than the building code’s design spectra. This high acceleration and long
duration of seismic waves inside the basin, as shown in Figure 5.18, should be of concern,
because these factors can be responsible for building collapse. The high spectral accelera-
tions (0.07-0.08 g) at periods between 5-7 s are estimated from the megathrust scenario,
but high spectral acceleration (0.06 g) at a period of about 5.5 s is also estimated due to
the intraslab earthquake scenario.

While results in this study should be regarded as preliminary in that they neglect
the effects of attenuation inside the basin and do not account for 3-D wave propagation,
overall they show the greatly enhanced seismic hazard in Jakarta due to its deep basin
structure. When this is combined with Jakarta’s proximity to earthquake sources (megath-
rust and active faults) and destructive earthquakes that have devastated Jakarta centuries
ago, the risk of catastrophic damage should one of these large historical events occur today
seems very real.
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Chapter 6

Summary and Future Works

Undertaking reliable, scenario-based hazard modeling is important for better understand-
ing the risk involved in a densely populated city like Jakarta tha lies in a seismically
active region like Indonesia. The core elements at risk are human lives and economic loss,
which are both critically dependent on building damage. Jakarta is a rapidly growing
city in a country experiencing rapid economic development, and high-rise buildings will
be a popular choice for residential accommodation for the foreseeable future. Fostering
resilience against earthquakes therefore necessitates proper evaluation of high-rise building
performance.

6.1 Summary

Despite many recent advances in the science of earthquakes and technology for earthquake
monitoring, the time and location of the next big earthquake cannot be predicted with any
precision. Even though the major plate boundaries were known and a number of active
fault zones were mapped, unpredicted earthquake behavior continues to surprise us. One
example is the 2011 Northeast Japan Earthquake, whose magnitude was much larger than
scientists had expected, despite the massive investment in cutting-edge earthquake science
and monitoring technology following the 1995 Kobe earthquake. Another is the Pidie Jaya,
Indonesia Earthquake on December 7, 2016, which occurred on a previously unknown fault.
Despite this confirmation of how poor our ability is to predict what types of earthquakes
will occur at any time and place, this uncertainty should not impede our attempts to
understand earthquakes and the hazard they pose, in an attempt to develop mitigation
measures to lessen their potential impacts. This research endeavoured to provide a better
understanding of seismic hazard in Jakarta and elsewhere, particularly by improving our
understanding of the influence of local geology on seismic waves, so that the potential
levels of future ground motion can be reliably estimated and appropriate measures taken
to minimize impacts.

6.1.1 Historical Earthquakes Impacting the Jakarta Area

In this thesis, an investigation of the three historical earthquakes known to have devas-
tated Jakarta (then Batavia) during the colonial era was undertaken to better understand
which sources of seismicity might pose a threat to modern-day Jakarta. The three his-
torical earthquakes known to have devastated Batavia, and which were generally felt and
sometimes caused damage throughout western Java, occurred on 5 January 1699, 22 Jan-
uary 1780 and 5 October 1834. Analysis of the felt reports from historical archives with
respect to the possible sources of seismicity in Java suggest that the 1699 event was a
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Mw 8 intraslab earthquake (Scenario 1699A of Chapter 2) while the 1780 and 1834 events
could have been Mw 7 crustal earthquakes on the Baribis Fault (Scenarios 1780A and
1834A, respectively, of Chapter 2).

The analysis of historical events in Chapter 2 thus suggests that the main earth-
quake threats to Jakarta are from intraslab earthquakes and earthquakes on the Baribis
Fault south of the city. Such events were accordingly chosen for the scenario earthquake
modeling undertaken in Chapter 5. However, given the fact that the Mw 9.0 11 March,
2011 Northeast Japan Earthquake was far greater than any in Japan’s historical experi-
ence, it seemed remiss not to consider giant earthquakes on the Java Subduction Zone
megathrust as a potential earthquake threat to Jakarta. For this reason the scenario mod-
eling of Chapter 5 also includes a Mw 9 megathrust earthquake, even though there is no
historical record of any such earthquake impacting Jakarta (such an event was considered
and rejected as a candidate for the 1699 earthquake, because it did not match the seismic
intensity pattern inferred from historical accounts).

6.1.2 PSHA with Site Response: Sulawesi Case Study

The first Probabilistic Seismic Hazard Analysis (PSHA) incorporating the effects of site
amplification for the island of Sulawesi in Indonesia has been conducted. Most of the
island, with the exception of South Sulawesi, is undergoing rapid deformation. This leads
to high hazard in most regions (such that PGA > 0.4 g at 500 year return period when
site effects are included) and extremely high hazard (e.g., PGA > 0.8 g at 500 year return
period) along fast-slipping crustal faults such as the Palu-Koro-Matano Fault System and
Lawanopo Fault. These high hazard levels are alarming when it is considered that among
the 4 largest population centers on Sulawesi, Makassar (pop. 1.47M), Manado (pop.
0.70M), Palu (pop. 0.34M) and Kendari (pop. 0.32M), Palu and Kendari lie astride the
Palu Koro and Lawanopo Fault, respectively. This means a total urban population of over
0.66M have a 10% chance of experiencing PGAs greater than 0.8 g (and 2.5g RSA at 0.2
s period) in the next 50 years. An even greater number of people in Manado have a 10%
chance of experiencing PGAs greater than 0.5 g (and 1.5g RSA at 0.2 s period) in the
next 50 years. Building design in these areas should combine bedrock hazard results with
locally measured site effects to determine appropriate design criteria.

The contribution of site effects to the hazard level on a regional scale was ac-
counted for by integrating the parameter VS30 into the seismic hazard calculation. This
seismic hazard study for Sulawesi confirmed that site condition represented by VS30 is
of great importance in quantifying the potential damage due to seismic ground shaking.
VS30 can be estimated in a number of different ways, and three ways were considered
here: The first Probabilistic Seismic Hazard Analysis (PSHA) incorporating the effects
of site amplification for the island of Sulawesi in Indonesia has been conducted. Most of
the island, with the exception of South Sulawesi, is undergoing rapid deformation. This
leads to high hazard in most regions (such that PGA ; 0.4 g at 500 year return period
when site effects are included) and extremely high hazard (e.g., PGA > 0.8 g at 500 year
return period) along fast-slipping crustal faults such as the Palu-Koro-Matano Fault Sys-
tem and Lawanopo Fault. These high hazard levels are alarming when it is considered
that among the 4 largest population centers on Sulawesi, Makassar (pop. 1.47M), Manado
(pop. 0.70M), Palu (pop. 0.34M) and Kendari (pop. 0.32M), Palu and Kendari lie astride
the Palu Koro and Lawanopo Fault, respectively. This means a total urban population of
over 0.66M have a 10% chance of experiencing PGAs greater than 0.8 g (and 2.5g RSA
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at 0.2 s period) in the next 50 years. An even greater number of people in Manado have
a 10% chance of experiencing PGAs greater than 0.5 g (and 1.5g RSA at 0.2 s period) in
the next 50 years. Building design in these areas should combine bedrock hazard results
with locally measured site effects to determine appropriate design criteria.

The V30 can be estimated in a number of different ways, and three ways were
considered here: (1) using topography as a proxy for Vs30 (flat topography suggests soft
soil, steep topography hard rock, see [Wald & Allen, 2007]); using topography combined
with surface geology and other geomorphic indicators, as a proxy for Vg30, as proposed
by [Matsuoka et al., 2006], and; (3) in situ measurement using the HVSR technique. The
first two proxy methods are much more cheap and easy to apply than the in situ HVSR
method, but they are probably less accurate. Assuming HVSR yields a more accurate
estimate of V30, we compared the two proxy methods to the HVSR estiamtes of Vg30
and found that the proxy methods yield systematically higher estimates than the HVSR
measurements. Even though both proxy methods appear biased to high Vg30 values, we
found that Matsuoka et al. [2006] resulted in the correct choice of the National Earthquake
Hazard Reduction Program (NHRP) site class often used in PSHA more frequently than
was the case for the Wald & Allen [2007] approach, so we used Matsuoka et al. [2006] in
the definition of surface seismic hazard for Sulawesi.

However, given the apparently poor performance of even the Matsuoka et al.
[2006] method for estimating Vs30, we stress the need for site specific and city scale
seismic hazard analyses to use in situ measurements of V30 whenever possible. Such in
situ measurements can be made using HVSR, Multichannel Analysis of Surface Waves
(MASW), Standard Penetrometer Tests (NSPT), or Vertical Seismic Profiling (VSP).

6.1.3 HVSR Analysis for Jakarta Basin Structure

We have shown that the Horizontal-to-Vertical Spectral Ratio (HVSR) of seismic ambient
seismic noise in the Jakarta Basin can be used to make robust estimates of the HVSR
peak periods, which has been shown to coincide with the S-wave resonant period in many
studies. In Jakarta, these peak periods are in the range 4-8s, with generally shorter periods
in the south and longer periods in the north, in agreement with previous studies suggesting
very low velocities (<200 m/s) extending to 100-150 meters depth [Ridwan et al., 2016;
Ridwan, 2016]. Our results show that the average S-wave velocity for whole basin, from
surface to the basement is appear to be 852 m/s. S-wave resonant periods in this range are
potentially a concern for very tall (40-80 storey) buildings, which are prevalent in Jakarta
currently and whose number is expected to increase in the next decade.

We have also inverted the HVSR curves obtained in Jakarta to estimate the S-
wave velocity structure of the basin. In order to resolve the deep basin architecture, we
used Trans-dimesional Bayesian inference, which not only allows the number of layers to
adapt to fit the data, but also accounts for uncertainty in the model due to the unknown
number of layers. While the shallow velocity structure due to compaction of unconsolidated
sediments can be constrained well as long as the inversion fitted the higher frequency
peak. The dense seismic network we deployed in the Jakarta Basin enabled the mapping
of basement topography, whose depth varies within the range 300-1400 m in a pattern
similar to that obtained in previous studies using Ambient Noise Tomography and SPAC
(Saygin et al. [2016] and Ridwan et al. [2016], respectively.)
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6.1.4 Earthquake Scenario Ground Motions for Jakarta

Modern Ground Motion Prediction Equations (GMPESs) generally include site parameters
such as Vg30 to account for site amplification effects. However, as suggestd by Huang et al.
[2009] study of the Taipei Basin, it seems likely that Vs30 is only useful for parameterizing
site class for ground motions at periods less than 1 second. Recent GMPEs, known as
New Generation Attenuation (NGA) models. attempt to account for deep basin effects
using parameters such as Z1.0, the depth to Vg=1.0 km/s. We find that, because these
GMPEs were developed using data from California and Japan, they do not appear to be
suitable for the much deeper basin depths encountered in Jakarta.

Instead of using GMPEs, more realistic approaches should be used to estimate
ground motions, such as the earthquake scenario simulations we presented in Chapter
5. These simulations using SPECFEM2D showed how the deep basin filled with low
Vs sediment amplifies seismic waves, leading to high amplitude ground motion of long
duration in the Jakarta Basin. Our results for scenario modeling suggest that in some
cases the long period (1-10 s) response spectral ground motion can reach or exceed the
design spectrum used in the current Building Code for Jakarta.

6.2 Future Work

HVSR is proven to be a reliable technique to determine deep basin geometry and this
method has high reproducibility and applicability. However, as noted in Chapter 4 our
approach suffers from a number of limitations. Foremost among these is the assumption
that the HVSR curve is dominated by the fundamental mode Rayleigh wave. This assump-
tion should be checked through 3-components analysis of the ambient noise data, and the
possible existence of Love waves or higher-mode Rayleigh waves should be accounted for.
In order to better constrain Vs30 estimates and avoid trade-offs between Vs and layer
thicknesses, HVSR curves should be jointly inverted with surface wave dispersion data.

If these limitations can be overcome, the HVSR method should be applied to
other sedimentary basins in Indonesia, such as the Bandung Basin. Bandung Basin is
a giant intra-montane basin surrounded by volcanic highlands in the north, south and
east while in the west karst is dominant. This basin covers an approximately 2300 km2
water catchment area, make the basin one of the largest watersheds in Java [Abidin et al.,
2013]. Bandung Basin is mostly filled with intercalation of lacustrine and volcanic deposits
[Dam, 1997]. This condition, to some extent, is similar to the Jakarta Basin. Its proximity
to the Lembang Fault, which has a measured geodetic slip rate of 6 mm/year [Meilano
et al., 2012], confirms an earthquake threat that may impact Bandung in the future.
Investigating the structure of the Bandung basin, where the second largest metropolitan
area in Indonesia lies, is an important challenge for the future.

Earthquake scenario modeling that incorporates basin geometry, although it has
here been undertaken only for a 2D SN cross-section, hints at potential ground motions
that may severely affect Jakarta. There are two approaches to map the effect of deep
basin on seismic waves propagating to Jakarta city. The first method is perform 2D
ground motion simulation for parallel cross-sections, spaced 1 km each other, either in SN
or WE direction. By rotating the strike of the fault in the anti-clockwise direction by the
same amount as the azimuth of the site with respect to the epicenter, the ground motion
in yz-axis can be calculated. The result will be a 2.5D ground motion model [Narayan,
2001, 2003]. This method consume computational time 12-15% more than required for 2D
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modeling [Narayan, 1999]. The second method is conduct 3D simulataion that consume
much longer computational time and creating 3D domain model.

However, our current modelling approach ignores: intrinsic attenuation (Q) along
the path from source to receiver, as well as in the basin itself; 3D spreading and scatter-
ing effects and; variation of VS in the basin, both laterally and as a function of depth.
Although modeling of these effects is computationally expensive, it has been achieved in
recent studies [Molnar et al., 2014; Furumura & Chen, 2005]. Given adequate computa-
tional resources, there is no reason why similar simulations could not be undertaken for
the Jakarta Basin in the near future, and this fully 3D approach would be the best way
to reliably model ground motions in the Jakarta Basin.

Finally, a new approach to the estimation of earthquake ground motion in sedi-
mentary basins avoids the need to estimate seismic velocity structure as an intermediate
step, by utilising both phase and amplitude information in the ambient noise Green’s
functions [Denolle et al., 2013, 2014b; Viens et al., 2016]. This Virtual Earthquake Ap-
proach (VEA) has been used to characterize basin amplification effects in the Los Angeles
[Denolle et al., 2013], Kanto Viens et al. [2017] and Nobi [Viens et al., 2015] Basins. The
study by (Viens et al., 2015) also showed that combined offshore-onshore noise recordings
can be used to accurately simulate the long-period ground motions generated by an off-
shore subduction zone earthquake. All of these studies have noted that the VEA is most
successful in the 4-10 s period range, so the 5-6 second resonant period of the Jakarta
Basin makes it an excellent candidate for the application of this technique.

This research shows that in the Jakarta’s seismic future has potential for catas-
trophic events, given Jakarta’s location on a thick, low Vs sedimentary basin, its proximity
to earthquake sources (megathrust and active faults), the historic occurrence of destructive
earthquakes that devastated Jakarta centuries ago, and the prevalence of non-engineered
masonry construction. It should be our concern to translate these results into simple,
powerful messages that are easily to understood by policy makers and the public.
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