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Abstract The Gamalama volcano slopes and coastal regions, inhabited by 90% of Ternate 

City's 200,000 residents have been designated as strategically vital for housing North 

Maluku's administrative, economic, and cultural core, creating compounded risks during 

volcanic activity. To quantify these risks, the volcanic subsurface was systematically profiled 

using passive seismic methods, with microtremor-derived Horizontal to Vertical Signal Ratio 

(HVSR)inversions being utilized to detect (1) sediment-basement interfaces and (2) 

concealed fault systems relevant for mitigation measures in Ternate's urban sector. The 

sediment thickness variations revealed the presence of previously unidentified fault 

structures, designated as H, I, J, K, and L, which were detected beneath densely populated 

urban areas.  
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Introduction 
 

Mount Gamalama, located on Ternate Island, has been identified as a stratovolcano with an elevation of 
1,715 meters above sea level and surrounded by areas of high population density. The hazards 
associated with this volcano have been recognized as not only arising from primary volcanic products 
such as lava flows, pyroclastic material, and ballistic projectiles, but also from secondary hazards such 
as lahars, landslides, and debris flows. The vulnerability of Ternate’s population has been further 
exacerbated by the limited accessibility of evacuation routes, insufficient transportation infrastructure, 
and restricted emergency response capacity Syiko, T. A [9]. Consequently, an understanding of the 
subsurface condition of the volcanic edifice has been regarded as essential for the development of 
disaster mitigation strategies. 
 
The formation of Gamalama has been attributed to the convergence of the Halmahera continental Plate 
with the subduction of the Molucca Sea oceanic Plate, which has resulted in the creation of the 
Halmahera subduction zone and its associated volcanic arc [1], [2], [3]. Within the documented historical 
record, 66 eruptions since 1510 have been reported, and a shift in eruptive style from magmatic to 
phreatic has been observed since 2003 [2], [4]. The magma composition has been classified as basaltic-
dominated Kunrat[2] as well as andesitic–basaltic in character [5], indicating the potential for both effusive 
and explosive eruptions. Hydrothermal systems produced through magmatic gas–groundwater 
interaction have been linked to phreatic activity [6], [7], while the permeability of summit fracture networks 
has been identified as a critical factor controlling eruptive thresholds [2]. 
 
The importance of subsurface conditions in influencing hazard impact has been highlighted by earlier 
research. A proportional relationship between sediment thickness and earthquake damage intensity has 
been established in affected regions [8]. Geological structures such as faults and strike-slip zones have 
been shown to enhance permeability by creating interconnected fracture systems, which in turn facilitate 
magma ascent, fluid circulation, and volcanic gas emission [9], [10], [11]. In this regard, subsurface 
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characterization has been widely conducted through the Horizontal-to-Vertical Spectral Ratio (HVSR) 
method and its inversion, which have been validated for mapping sedimentary thickness, resonant 
frequencies, and seismic vulnerability [12]. The accuracy of these methods has been further confirmed 
by consistency with one-dimensional soil model amplification peaks, borehole measurements, and 
shear-wave surveys, with applicability demonstrated for sedimentary and soil layers up to approximately 
100 meters deep [13], [14], [15]. As such, HVSR and HVSR inversion have been acknowledged as 
reliable techniques for subsurface investigations in complex geological environments [12], [16], [17], [18]. 
 
Although Mount Gamalama has exhibited frequent eruptive activity, comprehensive subsurface 
investigations have remained scarce. In particular, studies addressing the characterization of shear-wave 
velocity (Vs) structures have not been sufficiently conducted. To date, no detailed application of HVSR 
inversion techniques has been reported for this volcano. This absence is considered a critical research 
gap, since Vs characterization is essential for estimating site resonance, evaluating local seismic 
vulnerability, and assessing the structural stability of the volcanic edifice. Therefore, the present study 
has been designed to address this deficiency by investigating the subsurface structure of Mount 
Gamalama through the application of HVSR and HVSR inversion methods. By filling this gap, geological 
risk assessment can be enhanced, urban development planning in Ternate City can be better informed, 
and disaster mitigation strategies can be reinforced to reduce potential losses in both human lives and 
infrastructure. 

 
Materials and Methods 
 

HVSR (Horizontal to Vertical Spectral Ratio) 

The dominant resonance frequency is extracted from the maximum observed H/V spectral ratio, where 
site amplification effects are quantified through spectral peak analysis. For visualization purposes, the 
Geopsy software package is employed to plot the horizontal-to-vertical spectral ratio as a function of 
frequency (HVSR diagram). The relationship between the microtremor H/V spectral ratio at frequency 
and wave motion components is expressed by the following empirical equation: 

 

𝐻/𝑉(𝑓)  = √
|𝐻𝑁𝑆(𝑓)|2 + |𝐻𝐸𝑊(𝑓)|2

|𝑉𝑈𝐷(𝑓)|2                  … (1) 

 

Where 𝐻𝑁𝑆(𝑓) and 𝐻𝐸𝑊(𝑓) represent a fourier transform horizontal component frequencies, while  

𝑉_𝑈𝐷 (𝑓) denotes a fourier transform vertical component frequency [12]. The obtained H/V spectral ratio 
is then processed through HVSR inversion. 

 

The extraction of subsurface structural information is achieved through H/V spectrum inversion applied 
to dispersive waves (e.g., Rayleigh waves), with the H/V curves being derived from microtremor data 

 

HVSR Inversion 
The application of the Neighbourhood Algorithm (NA) in HVSR inversion is acknowledged not only as a 
means of global search but also as a Bayesian inference framework, in which ensembles are utilized to 
more effectively assess solution uncertainty plays a decisive role in interpretation. The primary process 
in this algorithm is the creation of new samples through uniform resampling within selected Voronoi cells. 
The underlying rationale is that the misfit value of a model is regarded as reflective of the entire area 
within its corresponding Voronoi cell. Consequently, during each iteration, new sample points are 
concentrated around models demonstrating the best data-fitting performance. In this manner, insights 
accumulated from prior models are utilized to adapt and guide the algorithmic search process [19]. 
 

This study was conducted at Mount Gamalama, encompassing 123 measurement points randomly 
distributed across urban and residential areas, each measurement point is separated 200 - 500 meters 
apart from the others. Ambient noise signals derived from natural sources (e.g., ocean waves, wind, and 
industrial machinery), were collected as microtremor data with horizontal and vertical components below 
20Hz [15]. The 3-component Seismograph (0.01 – 100 Hz frequency range) was utilized for data 
acquisition, with each point measured for 30-45 minutes [20] 
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Figure 1. The 3-component Seismograph (Lunitex) 
 

 
 

Figure 2. Research measurement point 

 

 

The data processing procedure is executed in sequential phases: 

1. The HVSR analysis comprises 

• Extraction of horizontal/vertical component signals 

• Application of <25 Hz low-pass filtering 

• Utilization of ≥20 times windows 

• Implementation of Konno-Ohmachi smoothing [20], [21], [22]. 
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Figure 3. Microtremor signal at point D07 
 
 

2.  H/V Spectrum Inversion 

The H/V Spectral Ratio data are then inverted using Dinver Surface Wave Inversion software with 
Ellipticity curve [22] to obtain the shear wave velocity (𝑉𝑆) model and subsurface layer thickness at each 
measurement point. The methodological approach adopted in this work is based on the Neighbourhood 
Algorithm. 

 

The initial model parameters consist of Compressional wave velocities (𝑉𝑃0, 𝑉𝑃1, 𝑉𝑃2, 𝑉𝑃3) ranging from 

200 m/s to 5000 m/s, Poisson's ratio between 0.2 and 0.5, Shear wave velocities (𝑉𝑆0, 𝑉𝑆1, 𝑉𝑆2, 𝑉𝑆3) from 
50 m/s to 3500 m/s, Minimum bulk density in sedimentary rocks (sandstone) of 2000 kg/m³ (Baker Atlas 
Log Interpretation Charts, 1985) [23]. 

 

Site classification by  𝑉𝑆30 [24]: 

 

Table 1. Site Classification based on 𝑉𝑆30 

 

 

 

 

 

 

 

 

 

The HVSR inversion is performed to derive shear wave velocity profiles for each subsurface layer within 
a 30-meter depth limit, where all layers are assumed to be dense, homogeneous, and isotropic (Figure 
4). Through this process, consistency between the soil layer model and observational data is maximized 
by systematically minimizing the misfit value, following established inversion methodologies that optimize 
the match between theoretical and measured spectral ratios [14], [25]. 

 

Layer Thickness Interpolation 

Subsurface layer thickness data are interpolated using the kriging method to construct a spatial 
distribution model, where this approach is preferred due to its demonstrated advantages: (1) spatial 
structure (autocorrelation) is systematically accounted for, (2) prediction error estimates (variance) are 
provided, (3) flexibility with diverse data types is ensured, (4) optimal performance with sparse datasets 
is achieved, (5) directional variations (anisotropy) are effectively handled, and (6) applicability to complex 
geological scenarios is maintained [26]. 

 

The interpolation is performed using Surfer software (see Figures 8-15), with subsequent analysis 
involving the addition of 19 cross-sections to identify suspected fault lines in Ternate Island. The cross-
section locations are determined based on: (1) the presence of potentially hazardous faults near urban, 
and (2) strategic placement at dense measurement points to enhance interpolation accuracy. This 
methodological approach is designed to optimize fault detection while maintaining spatial data integrity.  

A systematic explanation is provided for the frequency-soil characteristics relationship as classified by 
Kanai-Omote-Nakajima [27].  

Classification 𝑉𝑆  (m/s) 

SA (Hard Rock) >1500 

SB(Rock) 750 – 1500 

SC (Hard, Very compacted Soil, Soft Rock)  350 – 750 

SD (Medium Soil) 175 – 350 

SF (Soft soil) <175 
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Table 2. Kanai-Omote-Nakajima soil classification 

 

Soil Classification 𝑓0 (𝐻𝑧) Specification Description 

Type I 6,667 - 20 Tertiary or older rocks. Consists of hars sandy rocks, 
gravel, etc 

Surface sediment thickness is very 
thin, dominatedby hard rocks 

Type II 4,0 – 6,667 Alluvial rock, with a thickness of  5 meters. Consists of 
sandy gravel, sandy hard clay, loam, etc 

Surface sediment thickness is 
medium, about 5-10 meters 

Type III 2,5 – 4,0 Alluvial rocks with a thickness of > 5 meters. Consists of 
sandy gravel, sandy hard clay, loam, etc 

Surface sediment is thick about 10-30 
meters 

Type IV <2,5 Alluvial rock, formed by delta sedimentation, top soil, 
mud, etc, a thickness ≥30 meters 

Surface sediment is very thick 

 

 

4. Cross-sectional analysis 

The construction of cross-sections was performed by integrating interpolation results with Google Earth 
satellite imagery data, where subsurface structural profiles were systematically generated to identify 
potential fault structures. The cross-sectional analysis was specifically designed to visualize vertical 
variations in geological formations. 

 
Results and Discussion 
 

These observation points, sampled from various surface locations comprising rock and sediment layers, 
provide a basis for further discussion.  

 

The D07 is characterized by young lava deposits at the surface, with flat topography and no settlements 
observed in the field [5]. The Subsurface lithology consists of coarse, subangular to rounded basaltic-
andesite and andesite rocks within an unconsolidated matrix of mud and sand. At measurement point 
D07 (Mount Gamalama, Ternate City, Indonesia), the natural resonance frequency (𝑓𝑐) of 3.58 Hz is 
identified, corresponding to alluvial rock/sandy gravel deposits (Table 2; Fig. 4a). The shear wave 
velocity profile is delineated as: (1) 464 m/s at shallow depths (≤3 m), classified as hard soils/soft rocks; 
(2) 1231 m/s at intermediate depths (3-28 m), representing rock; and (3) 2730 m/s at greater depths (28-
30 m), indicative of hard rock formations (Table 1; Fig. 4b). 

 

 
 

Figure 4. Observations at point D07. (a) of the HVSR Spectrum. (b) 𝑉𝑆 model 

 

 

The B03 is characterized by soft alluvium sediments, sand, and gravel deposits, with flat topography and 
surrounding residential settlements. At measurement point B03 (Gamalama Mt., Ternate City, 
Indonesia), the natural resonance frequency (𝑓𝑐) of 0.72 Hz is identified, corresponding to alluvial 
rock/delta sedimentation/topsoil/mud deposits (Table 2; Fig. 5a). The shear wave velocity profile is 
delineated as follows: (1) 215 m/s at shallow depths (≤1 m), classified as medium soil; (2) 373 m/s at 
intermediate depths (1–3 m), representing hard/stiff soil and soft rock; (3) 528 m/s at greater depths (3–
29 m), indicating hard/stiff soil and soft rock; and (4) 960 m/s at the deepest layer (29–30 m), consistent 
with competent rock (Table 1; Fig. 5b). 

 

a b 
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Figure 5. Observations at point B03. (a) HVSR spectrum. (b) 𝑉𝑆 Model 

 

 

The E11 is characterized by vesicular andesite block lava erupted in 1763, with flat topography 
comprising roads and forested land. At measurement point E11 (Gamalama Mt., Ternate City, 

Indonesia), the natural resonance frequency (𝑓𝑐) of 5.78 Hz is identified, corresponding to alluvial 
rocks/sandy gravel/sandy hard deposits (Table 2; Fig. 6a). The shear wave velocity profile is delineated 
as follows: (1) 89 m/s at shallow depths (<1 m), classified as soft soil; (2) 245 m/s at depths of 1–6 m, 
representing medium soil; (3) 589 m/s at intermediate depths (6–25 m), indicating hard soil/soft rock; 
and (4) 2650 m/s at greater depths (25–30 m), consistent with hard rock formations (Table 1; Fig. 6b). 

 

 
 

Figure 6. Observations at point E11. (a) HVSR spectrum. (b) 𝑉𝑆Model 

 

 

The I12 is characterized by reworked pyroclastic deposits consisting of weakly consolidated ash, lapilli 
tuff, and pumice lapilli beds with undifferentiated fluvial sedimentary structures, situated on sloping urban 
terrain. At measurement point I12 (Gamalama Mt., Ternate City, Indonesia), the natural resonance 
frequency (𝑓𝑐) of 16.14 Hz is identified, corresponding to Tertiary or older hard sandy rocks, gravel, and 
similar deposits (Table 2; Fig. 7a). The shear wave velocity profile is delineated as follows: (1) 92 m/s at 
shallow depths (≤1.4 m), classified as soft soil; (2) 218 m/s at depths of 1.4–4 m, representing medium 
soil; (3) 311 m/s at intermediate depths (4–20 m), indicating medium soil; and (4) 645 m/s at greater 
depths (20–30 m), consistent with hard soil/soft rock formations (Table 1; Fig. 7b). 

 

 
 

Figure 7. Observations at point I12. (a) HVSR spectrum. (b) 𝑉𝑆 Model 

 

 

a b 

a b 

a b 
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Geological structure identification was conducted in the densely populated area of the Old Gamalama 
volcanic complex, which is composed of lava, lahar deposits, and pyroclastic materials. Eighteen cross-
sections (A-F), each spanning 4.82 km, and one additional section (G1) measuring 1.85 km were 
established. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Modification of geological maps [5] and active faults. The determination of active faults in the map is based on 
morphological appearances using GoogleEarth satellite imagery [2]  

 

 

Layer thickness interpolation revealed suspected fault traces, leading to the identification of four E-W 
striking faults (H, I, J, K) and one N-S striking fault (L). Faults J and L were determined based on satellite 
imagery morphology [12] and verified through layer thickness data, while faults H, I, and K were derived 
from thickness variation interpretation. Fault H was observed across all sections except B1-B3, exhibiting 
an E-W strike precisely at the boundary between old (Gt) and young (Gm) lahar deposits, partially 
overlain by surface sediments. Fault I, with a short E-W striking segment, was detected only in sections 
A1-A3 and B1-B3, predominantly buried under surface deposits. Faults J and K were clearly identified in 
all sections with consistent E-W trends. Fault L, constrained by limited data, was mapped through a 
single cross-section and intersects Ngade Maar, as documented in geological records. 
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Figure 9. Cross Section A1-A2-A3 

 
Figure 10. Cross Section B1-B2-B3 

 

 
 

Figure 11. Cross Section C1-C2-C3 

 

 
 

Figure 12. Cross Section D1-D2-D3 

 

 
 

Figure 13. Cross Section E1-E2-E3 
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Figure 14. Cross Section F1-F2-F3 

 
 

Figure 15. Cross Section G1 

 

 

Conclusions 
 
In conclusion, faults H, I, J, K, and L were identified through the interpretation of layer thickness from 
HVSR inversion at 0-30 m depth, with cross-sectional morphology and geology of Gamalama Volcano 
being compared for validation.  
 
These fault manifestations are attributed to multiple factors: (1) thermal cracking during lava cooling, 
which reduces rock strength and increases volcanic susceptibility to deformation and faulting [28], [29]; 
(2) hydrothermal system pressure changes causing rock fracturing through thermal expansion, forming 
minor faults [30], [31]; (3) volcanic stress and tectonic strain influencing fault patterns [32]; and (4) 
gravitational collapse of steep volcanic slopes generating normal or detachment faults [33]. The fault 
presence implies potential seismic implications, where fluid temperature-pressure variations along 
faults may affect earthquake nucleation [30], while stress field modifications from tectonic strain or 
magma intrusions can reactivate pre-existing faults or initiate new ones [32]. 
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