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Abstract

Graphical Abstract

Seismic activity in the eastern region of Indonesia, particularly in Ambon, has been a
matter of great concern because of its high tectonic activity. The devastating
magnitude 6.5 earthquake in September 2019, which resulted in fatalities and
significant damage, highlighted the region’s vulnerability and emphasized the
importance of understanding the area’s seismic hazards. Although previous studies
have been conducted, this study aims to fill critical gaps in the literature by using the
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considered earthquake (MCEg) conditions, the study results show a peak ground
acceleration of 0.444 g, with spectral acceleration at 0.2 s reaching 1.093 g, which
decreases to 0.350 g at 1.0 s. Notably, background earthquake sources play a dominant
role in contributing to the region’s high seismic hazard potential. The results of this
study highlight the urgency of updating Indonesia’s national seismic hazard map. The
study also recommends future studies to explore additional parameters of newly
discovered faults to enhance understanding of fault movements and their impacts in
the study area.
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earthquakes with magnitudes of 6.4 M, or higher [2]. In
addition, the 34 km long Ambon Fault could cause a major
earthquake affecting the central city of Maluku Province, Ambon
at any time. Furthermore, this fault also allows the northern part
of the Banda Arc and Papua New Guinea to move east—northeast
[2]. Therefore, more recent seismic studies are required to gain
a better understanding of the tectonic activities in this region.
Irsyam et al. (2007) [3] conducted a seismic hazard analysis

1.0 INTRODUCTION

The eastern region of Indonesia is a highly active tectonic zone,
that requires additional seismic data to understand this
phenomenon. On September 26, 2019, a 6.5 magnitude
earthquake occurred in the Ambon region at a depth of 10 km,
causing several fatalities and damages [1]. According to the
Meteorology, Climatology, and Geophysics Agency’s Disaster

Mitigation Earthquake and Tsunami Division, this event was
influenced by the newly discovered Kawa Strike-Slip Fault Belt,
also known as the “Kawa Fault,” as the epicenter of the
earthquake was located directly on this fault line. Many active
faults cross the high terrace sea in Amahai, Ambon, and the
surrounding islands, thereby creating complex tectonic events in
the Ambon Coastal Area. Active faults in Ambon can cause

for all provinces in Indonesia using outdated attenuation
equations, focusing only on disaggregation analysis for Jakarta.
In a subsequent study published by Asrurifak et al. (2010) [4],
more recent seismic data were utilized, revealing an increased
PGA for a 2,500-year return period, ranging from 1.2 to 3.0 times
higher than that estimated previously. Subsequently, the
National Earthquake Study Center (PUSGEN) [5] conducted
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research using attenuation equations and new seismic data from
2017.In 2021, PUSGEN created a disaggregation map; however,
it still used pre-2017 earthquake data and excluded the
September 2019 earthquake in the analysis [6]. To address this
issue, the current study uses the latest seismic data up to 2022
and updated attenuation equations to provide a more accurate
assessment of the seismic hazards in Ambon.

The city of Ambon requires earthquake-resistant construction
planning because of its susceptibility to seismic activities.
Analyzing disaggregation is crucial in this regard because it helps
identify the characteristics of ground motion, which are required
to calculate synthetic soil movement velocities in the area. The
availability of ground motion records in Ambon, Indonesia, has
become increasingly important, particularly after the M, 6.5
earthquake in 2019, which highlighted the seismic hazards
posed by the Ambon Fault [7]. The refinement of regional
earthquake catalogs and seismic load designs for infrastructure
projects in the surrounding area also emphasizes the importance
of understanding the seismic hazards in Ambon [8].

Therefore, conducting disaggregation analyses in Ambon is
crucial for accurate and effective earthquake-resistant
construction planning. For this reason, the current study aims to
establish a relationship between the findings of seismic risk
analysis and specific earthquake records by determining the
magnitude (M) and distance (R) that dominate several calculated
seismic sources. The magnitude and distance data are then used
as inputs for scaling the amplitude or spectral matching to
identify historical records that demonstrate characteristics
similar to the desired conditions.

2.0 METHODOLOGY

Seismic disaggregation is used to decompose the seismic hazard
contributions from various sources into different parameters,
such as magnitude, source mechanism, and epicenter distance
[9]. The analysis of seismic disaggregation involves identifying
seismic sources, creating seismic activity models, determining
attenuation functions, and using logic trees to address
parameter uncertainties [10]. In the current study, a seismic
hazard map and a uniform hazard spectrum were created to
represent seismic hazard distributions. The mechanism of
seismic disaggregation analysis used in this study is shown in
Figure 1.

2.1 Identification of Earthquake Sources

2.1.1 Earthquake Catalog

According to Ambraseys (2002) [11], certain areas that are
currently experiencing seismic activity may also have
experienced seismic activity 2,500 years ago. Therefore, a
comprehensive and standardized earthquake inventory must be
used to conduct seismic hazard analyses at each location. Teguh
(2011) [12] used the United States Geological Survey (USGS) [13]
earthquake database, which had a magnitude range of 5, depth
of 250 km, and distance to the epicenter of 500 km. Makrup et
al. (2010) [10] utilized the earthquake catalog of the Bulletin of
the International Seismological Center (ISC) [14] to generate
earthquake maps for Indonesia in 2010, with magnitude ranges
of 5.20-9.20 for all earthquake source zones. Sunardi (2015) [15]

used the USGS earthquake catalog to produce synthetic ground
acceleration in Yogyakarta with a radius of 500 km for five
earthquakes with a maximum depth of 300 km.
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Figure 1 Study flowchart

This study generated a new inventory of instrumentally
recorded earthquakes by integrating the USGS and ISC catalogs
(Figure 2). The foundational concept of seismic risk lies in that
fact that earthquakes occur as independent events; hence, the
catalog should notinclude dependent events, such as foreshocks
and aftershocks, to forecast future seismic activity [16]. Before
clustering earthquakes, earthquake magnitudes must first be
standardized, because there are multiple magnitude scales for
earthquake data. In this study, the magnitude scale was
standardized using the equation in Table 1 to convert it into a
moment magnitude scale (My,).

One of the most effective ways to identify the main
earthquake sources is to remove foreshocks and aftershocks, a
process commonly known as declustering. In this study, the
delustering process was performed using the ZMAP v.7
software. We removed the foreshocks and aftershocks from the
catalog using the method employed by Gardner and Knopoff
(1974) [17], as shown in Figures 3 and 4. Based on the 2017
earthquake map of Indonesia [5], the method of Gardner and
Knopoff (1974) works well for carrying out declustering
processes.

Table 1. Correlation of magnitude scale conversion [5]

Conversion Magnitude Consistency (R?)
Mw=1.0107 M, + 0.0801 3.7<Ms<8.2 0.6975
Mw=0.6016 M;s + 2.476 2.8<Ms<6.1 0.8013
Mw=0.9239 M; + 0.5671 6.2 <Ms< 8.7 0.8013

Moreover, insufficient earthquake data can lead to an
inaccurate assessment of earthquake risk because the
parameters may be either too high or too low. Therefore,
analysis must be conducted to ensure the comprehensiveness of
earthquake recording data [4]. Furthermore, to establish the
duration for which a seismic catalog is deemed sufficiently
comprehensive, the rate of occurrence of individual earthquakes
across different magnitude ranges over time must be charted,
extending from the most recent observation time to the past.
This process is often referred to as the magnitude of
completeness (M.).
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Figure 2 Modified earthquake catalog from the USGS [13] and ISC
Bulletin [14]

M. is a crucial parameter in determining the a-value and b-
value, as it reflects the level of completeness of the data, which
in turn, influences the extent to which the data can be
considered complete [18]. In this study, we obtained the M., a-
value, and b-value from the seismic catalog using ZMAP v.7 and
the Gardner and Knopoff (1974) method. ZMAP v.7 is a valuable
tool for studying seismic data, because it can be used to perform
both traditional and advanced seismological analyses, making
the process more accessible and informative for researchers
[19].

2.1.2 Seismic Model And Seismic Parameter

Identifying and characterizing seismic source zones are of
paramount importance in the evaluation of earthquake hazards.
In this study, seismic zones were determined by examining
tectonic, geological, and seismological factors. Considering all
earthquake sources is important when conducting seismic
analysis. Thus, this study employs an approach incorporating a
model that includes various seismic sources, such as shallow
crustal, background, and subduction.

2.1.2.1 Shallow Crustal

In the domain of seismic source modeling, the present
investigation focuses on using fault geometry for identification.
The 2017 earthquake map of Indonesia [5] shows a line of
probabilistic analysis variables, including fault tracing, slip rate,
focal mechanism, dip, length, width, and depth (Table 2).
However, several fault parameters remain unidentified, thus
requiring the use of empirical correlations to establish the
relationship between the magnitude (M), fault area (A), fault
width (W), and fault length (L) [20], as presented in Equations 1—
3. According to Hanks and Kanamori (1979) [21], the long-term
slip rate is regulated by the recurrence intervals of significant
earthquakes along the fault. These are shown in Equations 4-6:

Log (A) =M - 4;04=0 (1)
Log (W) = 0.5*M - 2.15:01, =0 (2)
Log (L) = 0.5 *M - 1.85;0, =0 (3)
2
M, = §log M, — 16.05 “)
M, (5)
A(M) =
(M) uLWs

Log (Mp) = 1.5M + 16.05 (6)

where A(M) represents the annual number of earthquakes with
magnitude M, My represents the seismic moment, p is equal to
3.0 x 101! dyne/cm? and represents the shear modulus, L is the
length of the fault, W is the width of the fault in kilometers, and
s is the slip rate in centimeters per year. In addition, from the b-
value obtained using the ZMAP v.7 program, we derived the
parameters B, M., and Mp,qx by identifying seismic sources up to
30 km from the fault epicenter. Table 3 lists the input
parameters of the linear earthquake source zone.
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Figure 3 Earthquake catalog before declustering
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Figure 4 Earthquake catalog after declustering according to the Gardner
and Knopoff (1974) method [17]

2.1.2.2 Background

A series of earthquakes have occurred in the vicinity of the city
of Ambon, but the cause of the seismic activities remains
undetermined (unidentified fault rupture). The components of
the background earthquake sources are shown in Table 4. The
background earthquake source model encompasses two distinct
regions: a shallow background zone (depth <50 km) and a deep
background zone (depth > 50 km) according to Makrup et al.
(2010) [10]. We were able to distinguish these zones using the a-
value, b-value, M., and Mmq parameters of ZMAP v.7.
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Table 2 Seismic parameters of the fault zone [5]

Zone Mechanism Mmax Slip rate (mm/year) Dip (°) Top (km) W (km) L (km)
North Buru SS 7.40 0.50 90 3.00 18.00 100.00
Buru 2 SS 7.00 0.50 90 3.00 18.00 91.00
South Buru SS 7.40 0.50 90 3.00 18.00 152.00
Manipa SS 7.40 0.50 90 3.00 18.00 100.00
Taluti Strike-Slip SS 7.10 0.50 90 3.00 18.00 54.00
Taluti Thrust SS 6.80 0.50 45S 3.00 18.00 28.00
Gorong 1 SS 7.00 0.50 90 3.00 18.00 92.00
Gorong 2 SS 6.90 0.50 90 3.00 18.00 73.00
Bobot SS 7.50 0.50 90 3.00 18.00 115.00
Seram Ftb1l-west TF 8.20 15.00 45SW 3.00 18.00 514.00
Seram ft2-east TF-SS 7.40 10.00 60SW 3.00 18.00 81.00
North Wahai SS 7.40 5.00 90 3.00 18.00 100.00
North Kobi SS 6.80 1.00 90 3.00 18.00 30.00
North Hote SS 7.30 5.00 90 3.00 18.00 84.00
East Bula SS 7.10 5.00 90 3.00 18.00 51.00
West Gorom SS 6.80 5.00 90 3.00 18.00 31.00
East Gorom SS 7.60 5.00 90 3.00 18.00 149.00

Table 3 Seismic input R-CRISIS for the linear zone
Zone M. b-value Ob ( dan:’/ocmz) (kﬁz) B [ A (M)

North Buru 7.30 0.91 0.12 1.00E+27 1.80E+13 2.10 0.27 0.000270
Buru 2 6.90 0.76 0.09 2.51E+26 1.64E+13 1.75 0.21 0.000978
South Buru 7.30 0.76 0.09 1.00E+27 2.74E+13 1.75 0.21 0.000410
Manipa 7.30 0.80 0.11 1.00E+27 1.80E+13 1.85 0.25 0.000270
Taluti Strike Slip 7.00 1.34 0.16 3.55E+26 9.72E+12 3.09 0.36 0.000411
Taluti Thrust 6.70 1.20 0.14 1.26E+26 5.04E+12 2.75 0.32 0.000601
Gorong 1 6.90 1.23 0.14 2.51E+26 1.66E+13 2.84 0.31 0.000989
Gorong 2 6.80 1.23 0.14 1.78E+26 1.31E+13 2.84 0.31 0.001108
Bobot 7.40 1.17 0.13 1.41E+27 2.07E+13 2.70 0.30 0.000220
Seram Ftb1l-west 7.90 1.15 0.13 7.94E+27 9.25E+13 2.64 0.29 0.005241
Seram ft2-east 7.30 1.18 0.13 1.00E+27 1.46E+13 2.71 0.31 0.004374
North Wahai 7.30 1.18 0.13 1.00E+27 1.80E+13 2.71 0.31 0.002700
North Kobi 6.70 1.18 0.13 1.26E+26 5.40E+12 2.71 0.31 0.001287
North Hote 7.20 1.18 0.13 7.08E+26 1.51E+13 2.71 0.31 0.003204
East Bula 7.00 1.18 0.13 3.55E+26 9.18E+12 2.71 0.31 0.003881
West Gorom 6.70 1.18 0.13 1.26E+26 5.58E+12 2.71 0.31 0.006649
East Gorom 7.50 1.18 0.13 2.00E+27 2.68E+13 2.71 0.31 0.002016

Note: A (M) is the annual occurrence rate; parameters M., b-value, and o, are from ZMAP v.7; parameter B is b log (10); og is 0, x log (10); A is the rupture area (L x W); and My is

the shear modulus (3.0 x 10! dyne/cm?).

Table 4 Seismic input R-CRISIS for the areal zone

Zona Mmax OMmax M. a b op B op N (M,) T(Year) Ao Amy

7.25 0.95 5.52 6.51 0.86 0.11 1.97 0.26 1,204.01 122 9.87 0.48

Shallow background (0-50 km) 7.30 0.74 5.09 7.72 1.15 0.14 2.65 0.32 1,293.92 122 10.61 0.58
7.47 0.73 5.41 5.78 0.73 0.09 1.68 0.20 708.43 122 5.81 0.53

Deep background (50-100 km) 7.27 0.93 5.48 6.54 0.86 0.12 1.99 0.27 1,209.97 122 9.92 0.50
Deep background (100-300 km) 7.19 0.21 5.57 6.70 0.89 0.11 2.04 0.25 1,417.83 122 11.62 0.46
Subduction 7.40 0.00 5.59 5.88 0.72 0.10 1.65 0.23 1,011.40 122 8.29 0.57

7.07 0.33 5.42 5.93 0.79 0.08 1.81 0.18 612.77 122 5.02 0.36

Note: A (M) is the annual occurrence rate; parameters Mmay, Ommax, Mc, b-value, and o, are from ZMAP v.7; 8 is b x log (10); and ogis 0, x log (10).

Subsequently, we segregated the data based on prior
grouping using ArcGIS Pro. The maximum likelihood method
elucidates the relationship between the frequency and
magnitude of earthquakes. According to Pasau and Tanauma
(2011) [22], the maximum likelihood statistical analysis of
earthquake parameters provides more reliable results because
it incorporates the slope of the average Gaussian distribution
function rather than a minor square fitting of the magnitude:

Log N (Mo)=a - b.M, (7)

_ o) (8)

Ao T
where N(Mp) is the number of earthquakes with a magnitude of
M or greater, and M is the moment magnitude with M, = 4 as
the lowest moment magnitude (My,). In addition, the a- and b-
values are constants, T is the recording time in the earthquake
catalog, and A, is the annual frequency of earthquakes with
magnitudes equal to M,. The earthquake magnitude was
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calculated on the basis of the modified Gutenberg—Richter
model described by Cornell and Vanmarcke (1969)[23]:

exp(—,BM) — €xp (_ﬁMmax)
exp(—BM,) — exp (—fMmax)

AM) = 2 My <M< M, (9)

where B is b x log (10), Mmnax is the highest magnitude, and
A(M) is the annual number of earthquakes equal to M.

2.1.2.3 Subduction

A seismic activity zone known as a “subduction zone” emerges
in a region where oceanic plates converge with continental
plates. In this study, we delineate and analyze this zone using the
a-value, b-value, M., and Mpuax parameters derived from the
ZMAP v.7 software. Two specific subduction zones, Megathrust
Philippine and Megathrust Papua, served as earthquake sources
for this investigation. The optimal depth for earthquake sources
is generally considered to be 50 km [4]. Table 4 presents a list of
the input parameters necessary for subduction earthquake
sources. In this study, we used R-CRISIS, a software that can
import source geometry and seismicity parameters using ESRI
shape files to facilitate the importation of earthquake sources
[24].

2.2 Selection Ground Motion Prediction Equations

Ground-motion prediction equations (GMPEs) are critical tools
for estimating the intensity of ground motions during
earthquakes. These equations consider various factors, such as
earthquake magnitude, soil properties, and distance from the
earthquake source to the site. In this study, we used empirically
developed GMPEs using specific regression methods to calculate
the probability distribution of the ground motion intensity. Table
5 lists the GMPEs used in this study. The GMPEs for the faults
and shallow backgrounds are the same as those used in the
Indonesian earthquake map. In contrast, we used Parker (2020)-
NGA 2 [25] for subduction and deep backgrounds as it
incorporates more data sources than NGA subduction. This
equation is applicable to subduction earthquakes at interfaces
and intralabs in various regions, including Japan, Taiwan,
Cascadia, Mexico and the rest of Central America, South
America, the Aleutian Islands, and Alaska [25].

Table 5 Ground motion prediction equations (GMPEs)

Source GMPEs Weight
Fault and Boore et al. (2014) 0.33
Shallow Campbell and Bozorgnia (2014) 0.33
background Chiou and Youngs (2014) 0.34
. Parker (2020)-NGA 2 model interface 0.33
Subduction
Youngs (1997)-Interface 0.33
(Interface)
Zhao (2006)-Interface 0.34
Benioff (deep Parker (2020)-NGA 2 model interslabs 0.33
background) Youngs (1997)-Interslabs 0.33
Zhao (2006)-Interslabs 0.34

2.3 Logic Trees

Logic trees are commonly used to represent and quantify
epistemic uncertainty in each element of seismic sources and
ground motion prediction models [26]. Several approaches or
models can be employed in the analysis using logic trees, each
with a weight factor that demonstrates how to prioritize it over
others. Here, the sum of the weight factors of each parameter
must equal one. Owing to the limitations of the observational
data, we weighed four types of seismogenic source models and
three sets of GMPEs, as shown in Figure 5.

SEISMIC MODEL

SEISMIC SOURCE GROUND MOTION MODEL

Boore et al (2014)
0.33

Fault (linier Source) Campbell & Bozorgnia (2014)
0.25 \ 0.33
Chiou & Youngs (2014)
0.34
Boore et al (2014)
0.33
Shallow Background (areal som‘ce)‘.“ Campbell & Bozorgnia (2014)
025 033

Chiou & Youngs (2014)
0.34

MGR

Parker NGA 2 (2020) -Interslab
0.33

Deep Background (areal source) | Youngs (1997) Modified-Interslab
025 \ 0.33

Zhao (2006)-Tnterslab
0.34

Parker NGA 2 (2020)-Interface
033

| Subduction (areal source) | Youngs (1997) Modified-Interface
025 0.33

Zhao (2006)-Interface
0.34

Figure 5 Modified logic trees for all source models [21]
2.4 Seismic Hazard Map and Uniform Hazard Spectrum

This study used a grid system with a resolution of 0.1° x 0.1° to
assess earthquake hazards. Then, to determine the peak ground
acceleration (PGA) and spectrum acceleration, calculations were
conducted at the center of each grid by employing the
parameters of the entire area of interest. By analyzing these
values, scientists can estimate the likelihood of an earthquake
occurring in a specific region. The use of smaller grid sizes allows
for a more refined evaluation of earthquake danger.
Furthermore, this study sought to identify the contribution of
each potential source within a 300 km radius of the center of
each grid cell to the overall risk value.

The R-CRISIS program is a powerful tool used in the current
study to generate a uniform hazard spectrum. This was
accomplished by inputting the parameters of the various seismic
sources. The software boasts exceptional computational
efficiency and the ability to select from a range of models [27].
Meanwhile, we also used the Cornell (1968) [28] method to
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analyze seismic hazards in the region and for the lines of seismic
sources. We also assumed that earthquakes would occur
uniformly within each unit area of the initial region and that all
points were considered as potential sources of seismic activity.
Furthermore, we used R-CRISIS to perform spatial integration by
dividing the seismic sources and calculating accurate hazard
estimates.

2.5 Seismic Hazard Disaggregation

Disaggregation of seismic hazards is a crucial means for
identifying factors causing seismic hazards at a specific location
[29]. Such an analysis provides deep insights into the types of
earthquakes with the highest potential hazards based on the
location and time of occurrence [30]. By detailing seismic hazard
characteristics (e.g., ground movement) or earthquake
parameters (e.g., magnitude and distance), this technique allows
for the identification of earthquakes that contribute the most to
the probability or occurrence of certain ground motion
intensities [31].

Seismic hazard disaggregation involves calculating the
percentage contributions of various seismic sources to the
hazard for a particular time interval [32]. This method is
commonly used to select ground motions for structural analyses
[33]. Reliable source calculations, such as the USGS National
Seismic Hazard Model, enhance accuracy in this field [34].
Furthermore, seismic hazard disaggregation plays a vital role in
mapping earthquake design, understanding the characteristics
of a specific region, identifying significant events, and
determining the appropriate specifications for ground motion
selection and scaling procedures [35].

In this study, we conducted disaggregation analysis using the
R-CRISIS software with magnitudes ranging from 4 to 8 and
distances ranging from 0 to 400 km. First, we collected data on
seismic hazards, including earthquake records, seismic
occurrence parameters, and specific location information [36].
Subsequently, we identified the parameters for disaggregation,
including the magnitude, proximity to the location, and intensity
of the ground motion [29]. Next, we used the R-CRISIS software
for disaggregation—a process that involved executing specific
scripts or functions within the software [37]. Once the
disaggregation is completed, the results can be used to analyze
and understand the contributions of different seismic sources to
the overall hazard at the study location [30]. At this point, the
results must be validated to ensure consistency with existing
methodologies and expected patterns [38].

3.0 RESULTS AND DISCUSSION

3.1 Seismic Hazard Map

In this study, we produced newer seismic hazard maps for peak
ground accelerations at periods of 0.2 s and 1.0 s, with a critical
damping factor of 5% and a 2% probability of exceedance for 50
years. The spectral acceleration values obtained from Figures 6
to 8 are summarized in Table 6. The spectral acceleration
generated by All Source were 0.42 g at PGA, 0.97 gat 0.2 s, and
0.28 g at 1 s. These values are all lower than those in the
Indonesian National Standard map (SNI 03-1726-2019) [39],
which shows 1.084 g at 0.2 sand 0.39 g at 1.0 s. Such a difference

is due to the fact that the earthquake map in SNI 03-1726-2019
[39] was already under risk-targeted maximum considered
earthquake (MCEg) conditions, whereas the spectral
acceleration generated in this study did not consider this.
Therefore, to reach the MCEg condition, the Uniform Hazard
Spectrum (UHS) must be multiplied by the directivity factor (Dy)
and risk coefficient (C,).

In addition, as shown in Table 6, the spectral acceleration
values for the peak ground acceleration (PGA) or period 0 s were
similar for the shallow and deep backgrounds, with a value of
0.31 g. However, for the short (0.2 s) and long (1.0 s) periods,
the spectral acceleration values in the deep background were
larger than those in the shallow background, with values of 0.74
gand 0.62 g, respectively. These results indicate that Ambon City
is affected by the two most dominant earthquake types, namely,
deep background and shallow background.

Table 6 Results of spectral acceleration (SA)
Spectral Acceleration (g)

Source PGA 0.2s 1.0s

All Source 0.42 0.97 0.28
Fault 0.13 0.26 0.12
Shallow Background 0.31 0.62 0.17
Deep Background 0.31 0.74 0.21
Subduction 0.01 0.01 0.01

3.2 Uniform Hazard Spectrum

This study used the R-CRISIS program to create a UHS based on
input parameters from earthquake sources at a return period of
2500 vyears. This study assumes that earthquakes occur
uniformly in each unit area within the initial region and that all
points are considered potential earthquake sources. We also
used R-CRISIS in this study to perform spatial integration by
dividing earthquake sources to produce an accurate hazard
estimation. As shown in Figure 9, the background earthquake
source was the largest contributor in this study, with a PGA value
0of 0.31 g, a period of 0.2 s of 0.74 g, and a period of 1.0 s of 0.21
g. Meanwhile, the subduction earthquake source showed the
smallest spectral acceleration value (0.01 g for all periods). This
can be attributed to the location of the earthquake source being
very far from the study site; therefore, the study area is not
affected.

The results also showed that the background earthquake
source was the most dominant source at the study location. This
is because this area experiences earthquakes that are large in
magnitude and with relatively high frequencies, but the source
of the earthquakes remain unknown. Similarly, Tasikmalaya,
Indonesia, has the most dominant background earthquake
source [40], indicating that studies identifying earthquake
sources in the Indonesian region have not been widely
conducted. Therefore, it is necessary to conduct studies in other
Indonesian cities to update the national seismic hazard maps.
Meanwhile, to compare the UHS with the MCEg determined by
SNI 03-1726-2019 [30], the UHS generated in this study must
consider the directivity factor (Df at a probability level
exceeding 2% over 50 years with 5% attenuation. The value of Dy
is equal to 1.0 when period (T) =05, 1.1 when T=0.2 s, and 1.3
when T =1 s. Dfcan be calculated linearly between T=0sand T
=0.2sand betweenT=0.2sand T=1.0s. WhenT>1.0s, Ds=
then 1.3 applies [41].
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Figure 6 Peak ground acceleration map on bedrock with a return period of 2500 years (all sources)
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Figure 9 Uniform hazard spectrum

Aside from the importance of the directivity factor, it should
be noted that building collapse with a 50-year maximum
considered earthquake (MCE) level cannot be assumed to be
uniform. Thus, we also considered the target risk coefficient (Cg)
to distribute the risk evenly and obtain the spectral acceleration
corresponding to the MCEg condition [39]. We then calculated
the risk coefficient (Cg) using Cgs and Cg; values. For periods less
than or equal to 0.2 s, Cz should be equal to Cgs, whereas for
periods greater than 1 s, Cg should be equal to Cg;. The Cg value
is determined using the linear interpolation of the Cgzs and Cp:
values for spectral acceleration periods greater than 0.2 s but
less than 1.0 s. The results of the UHS-to-MCEgconversion in this

study are presented in Table 7. As can be seen, the calculated
peak ground acceleration is 0.444 g, the spectral acceleration at
a period of 0.2 s is 1.093 g, and the spectral accelerationat 1.0 s
is 0.350 g. Furthermore, the results reveal that the spectral
acceleration values increased at periods close to 0.2 s but
decreased thereafter (Figure 10). Finally, the results show that
the site-specific hazard curve for short-period spectral
acceleration in Ambon City is greater than that of SNI 03-1726-
2019 [39].
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Figure 10 Comparison between the study results and modified MCEg-
based SNI 03-1726-2019 [39]
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Table 7 Calculated MCEg from the UHS

Period, T (s) SA (g) Cr Dy MCER
0.00 0.43 1.025 1.005 0.444
0.02 0.45 1.025 1.010 0.469
0.05 0.71 1.025 1.025 0.742
0.20 0.97 1.025 1.100 1.093
0.50 0.57 1.006 1.175 0.670
0.75 0.39 0.991 1.238 0.474
1.00 0.28 0.975 1.300 0.350
2.00 0.11 0.975 1.300 0.143
3.00 0.07 0.975 1.300 0.084
3.50 0.05 0.975 1.300 0.066
4.00 0.04 0.975 1.300 0.050
5.00 0.03 0.975 1.300 0.035

3.3 Disaggregation Analysis

In this study, we used the R-CRISIS software to determine the
contribution of the disaggregation process to earthquake
hazards in the city of Ambon, as shown in Figures 11-13. In
addition, Table 8 shows that during the 0.2 s period, the
dominant magnitude (Mp) of shallow background earthquake
sources ranged from 5.67 to 5.96, with a dominant distance (Rp)
of 0-30 km. For deep background earthquake sources, the Mp
was also in the same range of 5.67 to 5.96, but with an Rp of 60—
90 km. In the 1.0 s period, the Mp of shallow background
earthquake sources ranged from 6.25 to 6.55, with an Rp of 0—
30 km. For deep background earthquake sources, the Mp also
ranged from 7.42 to 7.71, but with an Rp of 90-120 km. The
results obtained in this study differ from the disaggregation map
produced by PUSGEN [6], particularly for the 0.2 s period, where
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the dominant magnitude for shallow faults is between 6 and 6.2
with a dominant distance of 40-50 km. Meanwhile, for beniof or
intraplate earthquakes, the dominant magnitude ranged
between 7.2 and 7.4, with a dominant distance of 100-120 km.

The disaggregation results showed that the earthquake that
occurred in September 2019 with magnitudes of 6.5 and 28.1 km
from the study site was the dominant earthquake over a long
period. Therefore, the earthquake had a significant impact on
tall buildings [42]. The significant impact of the September 2019
Ambon earthquake on buildings caused severe damage to
residential buildings and public facilities. The National Disaster
Management Agency reported that more than 6,000 buildings
were damaged, with 41 fatalities and 1,578 injuries [43].
Therefore, this analysis is relevant to recent conditions, because
the findings can be used as a reference in building design,
especially for high-rise buildings in Ambon city.

In this study, the megathrust in the Philippines and Papua
was identified as a source of subduction earthquakes. However,
the R-CRISIS software cannot display the Mp and Rp for
subduction earthquakes because the resulting spectral
acceleration is negligible. Due to their distance from the source,
the impact of subduction earthquakes at the study site is
considered negligible, even though they generally have potential
magnitudes above M,, > 8. [24]. Furthermore, although large
earthquakes can also spread far and wide, their wave energy
tends to weaken with increasing distance from the source.
Therefore, its impact on areas far from the subduction zone is
negligible compared with its impact on areas close to the
subduction zone.
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Figure 11 Disaggregation at the PGA
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Table 8 Dominant magnitude (Mp) and dominant distance (Rp)

PGA SAO0.2s SA1.0s
Sources
M R (km) M R (km) M R (km)
All Source 5.38-5.67 0-30 5.67-5.96 0-30 5.96-6.25 0-30
Fault 6.84-7.13 240-270 6.84-7.13 240-270 6.84-7.13 240-270
Shallow Background 5.38-5.67 0-30 5.67-5.96 0-30 6.25-6.55 0-30
Deep Background 6.84-7.13 30-60 7.42-7.71 60-90 7.42-7.71 90-120

The results also showed that the contribution of faults to the
potential earthquake hazard in Ambon City was relatively small
for all periods. This is because the previously studied faults are
located approximately 60 km from the study area. Thus, we were
unable to consider the finding of a new potential fault by Patria
(2021) [2] in Amahai, Ambon City, which could have produced an
earthquake of magnitude M, 6.9. Information on the
parameters of these potential faults remains limited. Further
studies are needed to obtain more complete parameters,
including width, area, and annual slip rate, thus gaining a better
understanding of the fault’s potential seismic hazard. Moreover,
to obtain information on fault movement, direct global
positioning system (GPS) measurements and morphological
analyses must also be conducted to understand the shape and
pattern of the land surface surrounding the fault.

4.0 CONCLUSION

In this study, the UHS shows higher values for shorter durations
and lower values for longer durations under MCEr conditions
compared with the spectral response outlined in SNI 03-1726-
2019. Background earthquakes significantly affect the seismic
activity in Ambon City, in which shallow background earthquakes
causing higher spectral acceleration for short periods, whereas
deep background earthquakes produce larger spectral
acceleration for long periods. This study identified two
earthquake catalogues, one from the USGS and one from the ISC,
covering the period of 1900-2022. We also determined
earthquake source parameters, including those from faulting
and subduction, on the basis of SNI 03-1726-2019 and the
findings of more recent studies. Furthermore, the R-CRISIS tool
was used to generate seismic hazard maps, uniform hazard
spectra, and site-specific disaggregation of the Ambon data.

The spectral acceleration values generated by the all source
were 0.42 gat PGA,0.97 gat0.2s,and 0.28 gat 1 s. These values
are lower than those specified in the SNI 03-1726-2019 map, i.e.,
1.084 g at 0.2 s and 0.39 g at 1.0 s. However, under the MCEx
condition, the peak ground acceleration was 0.444 g, and the
spectral acceleration rates at 0.2 and 1.0 s were 1.093 and 0.35
g, respectively. These results indicate increased spectral
acceleration at 1s, as well as increased spectral acceleration for
short periods and a decrease for long periods.

The results of this study demonstrate that background
earthquake sources have the most dominant contribution in
generating earthquake hazards at the study site. The fact that
this region has experienced large magnitude and high-frequency
earthquakes while the source remains unknown highlights the
need for further studies to update Indonesia’s national seismic
hazard map. In addition, the impact of the September 2019
earthquake in Ambon can provide empirical validation of the
analysis, indicating that the hazard curves obtained in this
analysis are consistent with recent events.

The results underscore the urgent need to build structures
capable of withstanding high spectral acceleration during long
periods caused by background earthquakes. The findings also
provide a basis for the selection of ground motion for
performance-based analysis in Ambon. Furthermore, the results
emphasize the importance of updating seismic hazard maps and
national building design codes to reflect updated data on current
seismic activities. To expand the findings of this study, future
research should identify additional parameters of the potential
new faults discovered by Patria (2021), such as area, extent, and
annual slip rate, to aid better hazard evaluation. Finally, further
GPS measurements and morphological analyses are required to
obtain more accurate information on the fault movement and its
impact on the study area.
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