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Introduction

Abstract: North Maluku Province, an eastern Indonesian region characterized by
complex geological features, has its capital city, Sofifi, experiencing rapid development.
However, Sofifi is a low-lying area with productive aquifers situated in an active seismic
zone, rendering it highly susceptible to liquefaction. Liquefaction, defined as the loss of
soil shear strength due to increased pore water pressure during an earthquake, frequently
occurs in water-saturated sediments with fine to medium grain sizes. This study assesses
liquefaction potential by correlating residual gravity anomalies, groundwater levels, and
liquefaction vulnerability maps. Gravity data were sourced from GGMplus satellite
imagery (200-meter resolution), and groundwater levels were directly measured at 367
well locations. Spatial analysis, conducted using ArcGIS 18.0 software, generated maps
of gravity anomaly distribution and groundwater levels. These maps were subsequently
validated against liquefaction susceptibility maps from BNPB (inaRISK). The results
indicate a strong correlation between zones of low gravity anomalies (—1.7 to —0.1 mGal)
and shallow groundwater levels (0-366 cm) in Sofifi City with high liquefaction
vulnerability, particularly in the northwestern and central areas. The integration of
geophysical and hydrogeological parameters proved effective in identifying liquefaction-
prone zones. These findings are anticipated to serve as a crucial basis for spatial planning
and disaster mitigation strategies in coastal urban areas like Sofifi.

Keywords: Disaster mitigation; GGMplus; Gravity anomaly; Groundwater level;
Liquefaction; Sofifi

and ultimately triggering liquefaction (Nurbani et al.,
2021; Setiawan et al., 2023).

Liquefaction is a natural phenomenon frequently
observed in earthquake-prone areas, where saturated
fine-grained soil loses its structural strength due to
seismic activity or additional loads (Ozener et al., 2020;
Yakin et al, 2023). This phenomenon can lead to
significant damage to infrastructure, especially in
densely populated urban areas. Groundwater levels are
a key factor influencing liquefaction potential (Baeruma
et al., 2020; Anar et al., 2024). When an earthquake
shakes water-saturated soil, pore water pressure
increases, consequently decreasing soil shear strength

How to Cite:

Soil saturation levels are primarily controlled by the
depth of the water table (Wasillah, 2017; Bleam et al.,
2017). Consequently, areas with high water tables are
generally more susceptible to liquefaction (Hidayah et
al., 2024). The rate of pore water pressure increase
during an earthquake is directly influenced by the
groundwater level (Kamura et al., 2024). As a result, the
propagation of seismic waves to the ground surface can
trigger soil liquefaction, leading to a decrease in soil
stiffness and stability (Beddu et al., 2022).

Effective  disaster mitigation planning in
earthquake-prone areas necessitates a comprehensive
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understanding of the relationship between saturated
loose sediments and liquefaction potential. Previous
studies consistently show that low-lying and coastal
regions frequently exhibit high levels of soil water
saturation, which significantly elevates liquefaction risk
(Syandi & Tampubolon, 2020; Babacan & Ceylan, 2021;
Silalahi et al., 2023; Meng et al., 2023; Zhang et al., 2023;
Fauzik et al., 2020; Darmawan, 2022). This research is
particularly crucial for areas undergoing rapid
infrastructure development and expansion.

Sofifi, the capital city of North Maluku Province, is
one such earthquake-prone area due to its location
within an active tectonic zone (Septiani et al., 2021;
Saifuddin et al., 2021). Furthermore, Sofifi is
characterized as a low-lying region possessing an
unconfined aquifer (Bakri et al., 2016). The absence of an
impermeable barrier in such aquifers allows
groundwater to move freely between the aquifer and the
atmosphere via soil pores. This condition critically
influences groundwater table dynamics, which, in turn,
plays a pivotal role in determining the region's
liquefaction susceptibility.

This study aims to measure and map the
groundwater table in Sofifi, the capital city, using direct
measurements from several wells. The collected data
will be utilized to generate a groundwater table map,
facilitating the identification of areas susceptible to
liquefaction (Hidayah et al., 2024). Additionally, gravity
measurements were performed using GGMplus satellite
imagery. Gravity anomaly values, particularly Bouguer
anomalies, indirectly indicate liquefaction potential by
depicting subsurface physical characteristics such as soil
density, rock type, and geological structure. Specifically,
negative anomalies suggest the presence of lightweight
or low-density loose sediments that are prone to
liquefaction, especially in water-saturated soils with fine
to medium grain sizes, which are commonly found in
alluvial plains, deltas, and coastal areas (Mandalika et
al, 2023; Fauzik et al, 2020). Given the critical
importance of disaster risk management in this region, a
comprehensive study of water-saturated loose
sediments and their correlation with liquefaction
potential is urgently needed.

The main objective of this study is to analyze
liquefaction potential in Sofifi City, North Maluku. This
is achieved by correlating residual anomaly data,
groundwater levels, and liquefaction vulnerability
maps. Specifically, the research integrates gravity
anomaly data to identify variations in rock density,
analyzes groundwater levels to wunderstand soil
saturation, and investigates their relationship with
existing liquefaction vulnerability maps. This study is
expected to provide valuable insights, serving as a basis
for infrastructure development planning and the
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implementation of disaster risk mitigation strategies in
Sofifi.

Method

This study was conducted in the capital city of
Sofifi, North Maluku (Figure 1), employing the gravity
method with GGMplus (Global Gravity Model Plus)
satellite imagery. GGMplus offers a comprehensive
representation of Earth's gravity, featuring global
coverage and a 200m data resolution (Hirt et al., 2013).
This method was utilized to measure gravity variations
and identify subsurface density differences. High-
resolution GGMplus data for the 5 x 5 km research area
was accessed via http:/ /murray-
lab.caltech.edu/ GGMplus/index.html.

GGMplus integrates satellite gravity data from
GRACE (ITG2010), GOCE (TIM-4), and EGM2008,
further enhanced by topographic gravity information.
This model offers five key gravity field functions:
gravitational acceleration, gravity disturbance, north-
south and east-west vertical deflection, and quasigeoid
height (Hirt et al., 2013). Input parameters for GGMplus
include the maximum and minimum coordinates
(latitude and longitude) of the study area. The outputs
comprise coordinates (longitude and latitude), Free Air
Anomaly (FAA) values, and topography, all essential for
subsequent Bouguer anomaly analysis. Subsequently, a
Moving Average operation is applied to the Bouguer
anomaly to derive residual anomalies. These residual
anomalies are crucial for interpreting rock density,
understanding the underlying geological characteristics,
and identifying potentially liquefaction-susceptible
layers.

Groundwater level measurements were conducted
through field surveys involving existing wells. At each
resident's well, the water level was measured from the
well water surface to the well flange (in cm), and the
height of the well flange (in cm) was also recorded using
a cylinder measuring device, following Formula 1 (Amri
et al, 2021). The collected data was subsequently
processed using ArcGIS 18.0 and Microsoft Excel.

GLD= Water table to well- Heigh of well lip 1)

Coordinate points and groundwater level
elevations from each well in the study area using GPS
will be collected and plotted on a topographic map to
form a groundwater level distribution map (GLD). The
contouring of the groundwater table is done using the
Tree Point method approach, which is based on the
groundwater level information obtained from the
analysis of groundwater depth information. By
connecting locations with the same GLD value through

a line, known as an equipotential line or contour line.
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Figure 1. Research area design
Result and Discussion

Geologically, the study area within the capital city
of Sofifi is dominated by Quaternary (Qa) deposits,
specifically alluvial deposits composed of sand, gravel,
and clay. These deposits lack discernible sedimentary
rock structures. The presence of sand and gravel as
alluvial components is characteristic of coastal and
riverine environments (Abdul et al., 2020). Seismic
activity in North Maluku Province, based on data
visualization, recorded 852 earthquake epicenters with
11 distribution points in 2021, decreasing to 498
epicenters with the same distribution in 2022 (Saleh et
al., 2023). Primary (P) and secondary (S) seismic waves
generated by earthquakes induce ground vibrations.
These vibrations elevate pore pressure within the soil,
particularly in water-saturated strata such as loose sand
or alluvial soil. Hydrologically, the Sofifi region is also
characterized by the presence of moderately productive
aquifers (Rahman et al., 2022). Collectively, these
geological and hydrological attributes indicate a notable
potential for liquefaction within the capital city of Sofifi.

The community in the capital city of Sofifi still
heavily relies on groundwater wells. A field survey
within the study area identified 367 active community
wells (Figure 1). This dependency suggests that when
productive aquifers are close to the ground surface, the
saturation level of the overlying soil can increase.
Consequently, this elevates the potential for liquefaction
if the soil contains fine-grained components (e.g., fine
sand) and is triggered by an earthquake event (Hidayah
et al., 2024).

This study compares the groundwater level,
residual anomaly, and liquefaction vulnerability maps.
For reference, we utilized liquefaction vulnerability map
data published by BNPB via the inaRISK website. The
liquefaction vulnerability data obtained from inaRISK
was subsequently mapped using ArcGIS 18.0 software.
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Complete Bouguer Anomaly (CBA)

The Complete Bouguer Anomaly (CBA) represents
a gravity anomaly value that has been fully corrected for
gravitational effects attributed to the Earth's shape,
elevation, and the density of materials above a reference
surface. Variations in subsurface density directly reflect
differences in the underlying geological layers or
materials (De Ritis et al., 2023).

In the Sofifi capital region, CBA values range from
-169.0 to 191.6 mGal, as depicted by color variations
from dark blue to purple (Figure 2). Notably, significant
differences in CBA distribution are observed between
the northwestern and eastern portions of the study area.

Figure 2. Complete bouguer anomaly (CBA)

Low gravity anomalies, ranging from -169.0 mGal
to -170.7 mGal (indicated by blue to dark blue colors),
were observed along the northwest coastline,
encompassing both marine and coastal areas. These
relatively low anomaly values suggest the presence of
looser, water-saturated sediment layers, attributed to the
dominance of alluvial formations and fluvial sediment
elements in this region (Rustam, 2012; Bakri, 2016).

Conversely, high gravity anomalies, ranging from
171.1 mGal to 191.6 mGal (indicated by yellow to orange
colors), were identified in the eastern and southeastern
parts of the study area. Specifically, in the eastern
portion extending from north to south, anomaly values
reached 173.6 mGal to 191.6 mGal (depicted with color
variations from red to purple). These elevated anomaly
values signify the presence of denser and more compact
rocks, potentially indicating igneous intrusions or other
solid rock formations. This distinct contrast highlights
significant geological differences between the solid rock
zone and the sedimentary deposit areas. To acquire
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more accurate and in-depth geological data and to
comprehend the various elements influencing
subsurface density distribution, the Complete Bouguer
Anomaly (CBA) was subjected to separation using an
upward continuation filter within Oasis Montaj software
(Kurniawan et al., 2021). This separation process
specifically aims to delineate regional and residual
anomalies from the raw CBA data.

Regional Anomaly

Similarities observed between the regional anomaly
results and the Complete Bouguer Anomaly (CBA) can
arise from several factors, particularly in study areas
characterized by homogeneous geology. It is plausible
that deep geological structures, which primarily
influence regional anomalies, exhibit resemblances to
the shallower structures affecting residual anomalies,
thus yielding relatively similar anomaly maps.
Furthermore, the overall homogeneous geological
conditions within the region can also contribute to the
observed similarity in these results (Ayala et al., 2016;
Bezék et al., 2023).
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Figure 3. Regional anomaly

Sharp changes in anomaly values (high gradients)
typically indicate a geological contact between rocks of
differing densities, such as the boundary between
igneous rocks and sedimentary deposits. Higher
regional gravity anomaly values, ranging from 173.6
mGal to 191.3 mGal (indicated by color variations from
red to purple), signify the presence of denser geological
structures in the area.

Conversely, areas exhibiting low anomaly values
(shown in shades of blue to green) point to lower
densities, suggesting the presence of sedimentary
basins, weathering zones, or aquifers. This aligns with
the potential formation of extensive sedimentary basins
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resulting from depositional processes within alluvial
areas. Geologically, this study area is indeed dominated
by Quaternary alluvial sediment deposits (Qa) (Rustam,
2012; Bakri, 2016). These low anomalies are likely
associated with alluvial deposits in coastal zones or
basins formed by crustal deformation processes.
Furthermore, the presence of the large Kali Oba river in
the region potentially contributes significantly to the
local sedimentation process.

Residual Anomaly

Residual anomalies reflect variations in subsurface
mass density at shallow to medium depths. This analysis
is highly beneficial for identifying local geological
features relevant to secondary structures.

»
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Figure 4. Residual anomaly

The positive anomaly zone, ranging from 0.0 mGal
to 1.1 mGal (represented by yellow, red, and purple
colors), indicates the presence of high-density masses.
Geological interpretations for this zone include
intrusions of igneous rock, uplifted tectonic structures
(horsts), or dense and hard rock layers (Abiyudo et al.,
2021). Conversely, the negative anomaly zone, ranging
from -1.7 mGal to -0.1 mGal (shown in blue to green),
reflects the presence of lower-density masses. This low
anomaly zone may indicate shallow basins filled with
sedimentary material, which is highly consistent with
the alluvial geological characteristics surrounding the
study area. Furthermore, these basins may also signify
the potential for aquifers (Mickus et al., 2022).
Correlation between Residual Gravity Anomaly Data,
Groundwater Level, and Liquefaction Susceptibility Map
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Figure 7. Liquefaction vulnerability map based oninaRISK
Data, BNPB

Residual Anomaly Map
Analysis of the residual gravity anomaly map
shows anomalies ranging from -1.7 to 1.1 mGal overlaid
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on a thematic map of the study area. This map
specifically illustrates subsurface density variations in
densely populated and developed areas of the study
area, using color gradients to show the distribution of
gravity anomalies in specific locations (Figure 5).

The central and southwestern regions, represented
by yellow, red, and purple colors (positive gravity
anomalies, 0.0 mGal to 1.1 mGal), reflect the presence of
dense materials, such as bedrock or denser sediments
(Sutasoma et al., 2022). Conversely, concentrations of
lower-density material are located in the northeast and
southwest, indicated by blue and green zones with
negative anomalies (negative gravity anomalies, -1.7 to -
0.1 mGal). This condition may indicate the presence of
water-saturated material or loose sediment deposits
(Mickus et al., 2022). Given the higher water saturation
in low-density, looser soils at depth, this zone requires
monitoring for potential liquefaction. The presence of
river and stream networks in this area also correlates
with the distribution of loose sediments that influence
anomalies in the study area, as shown by the
groundwater table map (Figure 5).

Groundwater Distribution Map (GLD)

Groundwater level (GWL) mapping in Sofifi City
reveals variations ranging from 29 to 366 cm. This data
was derived from well point measurements, processed
using Microsoft Excel, and subsequently visualized with
ArcGIS 18.0 software to generate a groundwater level
distribution map (Figure 6). Specifically, shallow
groundwater levels, ranging from 29 to 104 cm, are
indicated by the blue to green zones. These areas are
predominantly distributed in the northwestern part of
Sofifi and at several specific locations within residential
zones. Conversely, the eastern and southeastern regions
are characterized by deeper groundwater levels,
spanning 216 to 366 cm, depicted by pink to red areas.
Based on this distribution, a significant portion of the
Sofifi area exhibits a high potential for water saturation,
particularly in regions adjacent to rivers and the sea.

Shallow groundwater depths, especially when
situated above fine-grained alluvial soil, can
considerably increase the potential for liquefaction
(Zeffitni et al., 2023). The groundwater level in Sofifi's
capital city remains relatively shallow, which is a critical
factor for liquefaction susceptibility, considering that
groundwater depths prone to liquefaction typically
range from 0 to 4 meters (Baeruma et al., 2020; Beddu et
al., 2022; Zeffitni et al., 2023).

Liquefaction Vulnerability Map
The capital city of Sofifi exhibits varying levels of
liquefaction vulnerability, categorized into low,
moderate, and high, as depicted in the liquefaction
vulnerability map (Figure 7). High liquefaction
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vulnerability zones are indicated in orange to red,
encompassing most of Sofifi City and several coastal
districts. These zones are predominantly composed of
alluvial sedimentary material, specifically mud and fine
sand (Febriandri, 2014). Conversely, the northwestern
and southern parts of Sofifi show low vulnerability
zones, represented by green colors. This can be
attributed to the denser soil conditions or the presence
of coarser soil particles in these areas, which
consequently reduces the likelihood of liquefaction.

Zones exhibiting high liquefaction vulnerability
(marked in red on the liquefaction vulnerability map,
Figure 7) show a clear correlation with areas possessing
shallow groundwater depths (0-366 cm), which are still
categorized as shallow for liquefaction potential (Figure
6). An overlay analysis comparing the groundwater
table map, residual anomaly map, and liquefaction
susceptibility map indicates that the high-potential
liquefaction zones, particularly prevalent in Sofifi City,
demonstrate a significant likelihood of liquefaction
(Figure 7).

The Sofifi capital city area is paradoxically classified
as a safe groundwater conservation zone. This is
attributed to its status as a groundwater recharge zone,
characterized by high aquifer productivity (>3 1/s) and
a shallow groundwater depth (0-5 m), with dominant
rock types being sand and gravel derived from the Oba
River and coastal deposits (Febriandri, 2014).
Nevertheless, the prevalence of alluvial soil sediments
with high water content renders locations within the

Sofifi capital region significantly vulnerable to
liquefaction.
Conversely, zones with low to moderate

liquefaction vulnerability (Figure 7) are generally found
in areas where groundwater levels range from 216-366
cm (Figure 6). This observation strongly suggests that
the level of liquefaction vulnerability in Sofifi is
profoundly influenced by groundwater saturation and
the  presence of  water-saturated sediments.
Furthermore, areas with shallow groundwater levels,
among other contributing factors, provide a direct
indication of liquefaction potential (Musa Sjahrain et al.,
2021; Hidayah et al., 2024).

Conclusion

This study consistently demonstrates that the Sofifi
area possesses significant liquefaction potential,
substantiated by the integrated analysis of gravity
anomalies, groundwater levels, and liquefaction
vulnerability maps. Low gravity anomaly values
indicate the presence of loose soil, a condition
exacerbated by shallow groundwater levels, thereby
increasing pore water pressure during seismic events.
Liquefaction vulnerability maps further corroborate
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these high-risk zones around Sofifi and North Oba.
Overlay results and spatial analysis affirm the strong
correlation between hydrogeological and geophysical
parameters and liquefaction potential. Overall, the
western and central regions of Sofifi, including parts of
Oba Utara District, are identified as priority mitigation
zones. These areas collectively meet all three primary
indicators of liquefaction risk: low groundwater table
depth, negative gravity anomaly values, and a high
vulnerability classification, a finding further reinforced
by the presence of rivers and floodplains that facilitate
the accumulation of loose sediments and groundwater
saturation.
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