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Research subject. The hill morphology formed in the study area, which is part of the Semilir Formation, is suspected to 
be a product of Opak fault reactivation. Further investigation is needed to substantiate this claim. Aim. To investigate the 
characteristics of the Opak Fault in the Semilir Formation. The study area is a red zone, which is an area damaged by the 
2006 Opak Fault earthquake. Materials and Methods. This study was interpreted through integrated data that combined 
the Digital Elevation Model (DEM) from DEMNAS (Indonesian National Digital Elevation Model), the Digital Outcrop 
Model (DOM), and extensive field observations. The methodology employed involves investigating DOM interpretation 
combined with field surveys and morphotectonic methods. Results. We have identified the study area as divided into two 
segments: the northern and southern segments. The characterization of these segments is based on the differences in the 
alignment of landforms associated with the general direction of the hills and analysis from rosette diagrams. In the northern 
region, elongated hills are oriented in the NE-SW direction, whereas in the south, they exhibit an N-S block lineation. 
Field observations reveal the presence of a high-angle fault at observation point A (Fig. 6a), indicating reactivation, 
and a reverse fault at observation point D1 (Fig. 6b). The rosette diagram results indicate a compression direction of 
NW-SE in the northern segment and N-S in the southern segment. Conclusions. Integrating UAV photogrammetry and 
Digital Elevation Model (DEM) data has significantly enhanced our understanding of the geological structures within the 
Semilir Formation in the Opak Fault Zone. The analysis identifies the study area as a reactivation zone of the Opak fault, 
indicated by the presence of high-angle reverse faults. This reactivation zone and the landscape morphology consisting 
of hills are interpreted as a zone of destruction resulting from Opak fault movement, previously identified as a sinistral 
strike-slip fault.
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INTRODUCTION

The Java Subduction Zone, located south of Java, 
Indonesia, is an integral component of the Indo-Aus-
tralia and Sundaland subduction systems. This geo-
logical feature serves as an exemplar of orthogonal 
subduction. Its historical activity extends as far back 
as the Paleogene period, as documented by Hamilton 
(1979) and Hall (2012). Based on Metcalfe (2017) in 
Fig. 1a, the convergence rate indicates a range of ap-
proximately 5cm/ year. The convergence of oceanic 
plates results in the creation of a subduction system, 
which includes the Andaman-Sumatra-Java trench to 
the West and South and the Philippine Trench to the 
East (Li et al., 2021). The tectonic activity is associat-
ed with the Yogyakarta earthquake that occurred on 
May 26, 2006. The United States Geological Survey 
estimated the earthquake’s magnitude to be Mw 6.3. 
(USGS Preliminary Earthquake Report, 2006). Since 
then, approximately 750 aftershocks have been re-
corded, with the largest measuring Mw 5.2 (Consul-
tative Group on Indonesia, 2006).

The Opak Fault activity has been considered the 
major controller of the Yogyakarta earthquake in 
2006 (Karnawati et al., 2006; Walter et al., 2008). 
Opak Active Fault is inferred to be 45 km in length 
and oriented in a northeast-southwest direction. Spe-
cifically, the Opak Fault exhibits a slip rate of 4–6 mm 
per year, and historical records indicate a maximum 
magnitude of 6.60 Mw (Abidin et al., 2009a; Abidin 
et al., 2009b; PUSGEN, 2017). The Opak Fault was 
initially documented by Rahardjo et al. (1995) in the 
Geologic map of the Yogyakarta quadrangle, Java, 
at a 1:100,000 scale, characterized as a normal fault. 
Most researchers agree that the kinematic of opak 
fault is a Sinistral Strike-slip (Natawidjaja, 2007; 
Abidin et al., 2009b; Tsuji et al., 2009; Natawidjaja,  
2016). The Opak Fault crosses through the study  
area along the western escarpment of the Baturagung 
range. The earthquake damage zone associated with 
the Opak Fault extends into a densely populated area 
that runs northeast from the Parangtritis area to the 
Bantul area and continues northward to the Klaten 
region (Abidin et al., 2009b).

Тема исследования. Морфология холмов, сформировавшаяся в исследуемой зоне, входящей в состав Формации 
Семилир, предположительно является результатом реактивации разлома Опак. Для подтверждения этого 
утверждения требуется дальнейшее исследование. Цель. Исследовать характеристики разлома Опак в Формации 
Семилир. Исследовательская зона – красная зона, пострадавшая от землетрясения, произошедшего в 2006 году 
из-за разлома Опак. Материалы и методы. Исследование проводилось на основе интегрированных данных, 
включая цифровую модель рельефа (DEM) от DEMNAS (Индонезийская национальная цифровая модель 
рельефа), цифровую модель разрезов (DOM) и обширные полевые наблюдения. Методика включала анализ 
интерпретации DOM в сочетании с полевыми обследованиями и методами морфотектоники. Результаты. 
Была выделена зона исследования, разделенная на два сегмента: северный и южный. Характеризация этих 
сегментов основана на различиях в выравнивании рельефа, связанных с общим направлением холмов, и анализе 
розеточных диаграмм. В северном регионе элонгированные холмы ориентированы в направлении северо-
восток–юго-запад, в то время как на юге они образуют блочную линеацию север–юг. Полевые наблюдения 
выявили присутствие высокоугольного разлома в точке наблюдения А (рис. 6a), указывающего на реактивацию, 
а также обратного разлома в точке наблюдения D1 (рис. 6b). Результаты розеточной диаграммы показывают 
направление компрессии северного сегмента NW-SE и южного сегмента N-S. Выводы. Интеграция данных 
фотограмметрии с использованием БПА и цифровой модели рельефа (DEM) значительно улучшила наше 
понимание геологических структур в Формации Семилир в Зоне разлома Опак. Анализ показывает, что зона 
исследования является зоной реактивации разлома Опак, что подтверждается наличием высокоугольных 
обратных разломов. Эта зона реактивации и морфология ландшафта, состоящая из холмов, интерпретируются 
как зона разрушения, обусловленная движением разлома Опак, ранее определенного как разлом с левым сдвигом.

Ключевые слова: цифровая модель рельефа, цифровая модель открытого разреза, морфотектоника, сбой Опак, 
формация Семиллир
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Fig. 1. (a) The tectonic region of Asia with the location of the research area (Metcalfe, 2017); (b) Earthquake dam-
age area following the Opak Fault (Walter et al., 2008); (c) The distribution of aftershocks from the 2006 Yogyakar-
ta earthquake (Walter et al., 2008); A cross-section reveals the presence of an Opak River Fault plane dipping to the 
west, with earthquake aftershocks located to the east of the Opak River Fault and exhibiting an eastward dip (Wal-
ter et al., 2008).

Рис. 1. (a) Тектонический регион Азии с указанием местоположения исследовательской области (Metcalfe, 
2017); (b) Зона повреждений от землетрясения вдоль разлома Опак (Walter et al., 2008); (c) Распределение под-
земных толчков после землетрясения в Йогакарте 2006 года (Walter et al., 2008); На поперечном разрезе вид-
на плоскость разлома реки Опак, наклоненная на запад, с подземными толчками расположенными к восто-
ку от разлома реки Опак и проявляющими восточное наклонение (Walter et al., 2008).

The area of damaged houses along the Opak fault 
aligns parallel with the straightness of the Opak River, 
extending from NE-SW (Fig. 1b). The aftershock data 
(Fig. 1c) indicated that the seismic source was also par-
allel to the Opak Fault but located about 10–20 kilome-
tres to the east within the mountainous and less dense-
ly populated region of Gunung Kidul, in a NE-SW di-
rection (N037°E), and concentrated along-strike within 
19 km range and across-strike within 4 km and in the 
depth 8-15 km (Koulakov et al., 2007; Wagner et al., 
2007). Fig. 1d illustrates the earthquake damage area, 
which is predominantly associated with a northwest-
dipping fault located within the relatively soft sediment 
deposits originating from the Merapi volcano. On the 
other hand, the aftershocks are distributed to the east, 
encompassing a range of depths from 0 to 20 kilome-
ters. The geological field study conducted by Walter et 
al. (2008) showed significant discrepancies when com-
pared to the earthquake aftershock recordings docu-
mented by Fukuoka et al. (2006). In the References 
2008 To reconcile this difference, Natawidjaja (2016) 
proposed a hypothesis suggesting that the fault plane 
likely has an inclination of approximately 50 degrees 
toward the east.

Yogyakarta is located within a north-south-oriented 
depression characterized by Quaternary deposits, pri-
marily composed of volcanic materials from the high-
ly active Merapi Volcano. This volcanic activity signif-
icantly influences the local geological and morpholog-
ical features. The depression’s formation can be attrib-
uted to the subduction process between the Indo-Aus-
tralian and Eurasian plates, leading to the development 
of an Oligo-Miocene volcanic arc, which is currently 
inactive. Yogyakarta City is generally flat, flanked by 
elevated terrain to the east and west. Along the Yog-
yakarta Valley’s southern coast is a broad, gently slop-
ing beach. The hilly topography of the Southern Moun-
tains predominantly results in steep eastern coasts 
within the province (Rahardjo et al., 1995).

According to Rahardjo et al. (1995) and Surono et 
al. (1992) in Fig. 2, the stratigraphy consists of Alluvi-
al deposits (Qa; gravel, sand, silt, and clay); Merapi Al-
luvium (Qa; tuff, sand, ash, and agglomerate); Sambi-
pitu Formation (Tms; tuff, shale, and siltstone); Wono-
sari Formation (Tmwl; calcarenite limestone, and reef 
limestone); Nglanggeran Formation (Tmn; volcanic 
breccia and tuff); and Semilir Formation (Tmse; brec-
cia tuff and clay tuff). The study area is focused on 
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Semilir Formation (Tmse). Semilir Formation was ex-
posed throughout the Southern Mountains and along 
the southern coast of central Java. The majority of the 
volcanic materials found in the Semilir Formation are 
crystal tuff, tuf lapilli, and pumice breccia. Lithic-feld-
spathic wacke sandstone makes up the lower part of 
this formation. Lower calcareous foraminifera and 
nannofossils reveal a marine environment and an ear-
ly Miocene age/ Burdigalian/ NN3 (Surono, 2008). An-
desite breccia and sandstone make up the higher por-
tion. Above are some thin lignite lenses and wood fos-
sils in a few locations. The upper section prominent-
ly illustrates the widespread distribution of grain-flow 
sediments, which has led to the interpretation of ter-
restrial deposition in this stratum. Radiometric dating 
of the pumice-breccia within this section revealed two 
distinct ages, approximately 17.0 ± 0 million years and 
16.0 ± 1 million years, respectively, signifying the con-
clusion of the early Miocene epoch. The brightening 
of the surroundings near the Semilir Formation sug-
gests a shallow uplift, marking the transition from a 
shallow sea to a terrestrial environment. Sandstone fa-
cies and andesite breccia deposition in this stratum oc-
curred relatively rapidly. Notably, these sandstone fa-
cies and andesite breccia signify an increasing trend 

in volcanism towards the top of the formation (Suro-
no et al., 1992).

The objective of the research is to investigate the 
characteristics of the Opak Fault in the Semilir For-
mation. Based on Fig. 1b, the study area falls with-
in the red zone, indicating a high incidence of house 
damage. This prompts the author to question wheth-
er this hilly region is the reactivation zone of the Opak 
Fault and what the geological structure conditions are 
in this area. The geological features of the Semilir For-
mation are of specific interest to the study due to their 
distinct brittle characteristics, which facilitate a clear 
observation and analysis of the underlying geological 
structures. The workflow is divided into several steps: 
(1) Remote sensing analyses using UAV photogram-
metry/ Digital Outcrop Model (DOM), Satellite im-
age data (BING, and Google Earth), and DEM (Dig-
ital Elevation Model) data; (2) Outcrop study includ-
ing direct measurement; (3) Morphotectonic analy-
ses; and (4) Geomodeling. Unmanned Aerial Vehicles 
(UAVs) play a significant role in worldwide geologi-
cal research. UAV-based photogrammetry is capable 
of generating statistical and geometrical data, allowing 
for the dissemination of information regarding frac-
ture/fault characteristics, fold trends, direction, types, 

Fig. 2. Regional geological map of the study area with observation point location (Modified from Rahardjo et al., 1995).

Рис. 2. Региональная геологическая карта исследуемой области с указанием местоположения точек наблю-
дения (Изменено по Rahardjo et al., 1995).
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and reconstruction. (Vollgger et al., 2016; Panara et al., 
2022). Photogrammetry and remote sensing have ad-
vantages as their principal objective for automatically 
reconstructing geometric models for three-dimension-
al terrain objects, surfaces, and features from two-di-
mensional photographs. The 3D models can be effort-
lessly generated for surface texture and geometric data 
(Pringle et al., 2004; Hodgetts et al., 2004).

DATA AND METHODS

This study conducted a thorough analysis of fault 
and lineation sections through a descriptive approach, 
carefully considering homogeneous segments based on 
their distinct morphologies and geometries, each poten-
tially representing individual surface rupture lengths. 
The structural geology was interpreted through an in-
tegrated methodology that combined the Digital Out-
crop Model (DOM) and extensive field observations. 
To facilitate this analysis, we utilized Digital Elevation 
Models (DEM) in conjunction with remote sensing da-
ta from Google and BING satellite imagery. Our fault 
and lineation mapping strategy involved the identifi-
cation of geomorphological and morphotectonic varia-
tions, as well as the strategic selection of field locations, 
offering valuable opportunities for further in-depth re-
search. By merging these techniques, we aimed to gain 
a comprehensive understanding of the geological and 
structural complexities within the study area.

Digital Outcrop Model (DOM)

Geosciences benefit from collecting high-resolution 
three-dimensional (3D) data at all scales, from hand 
specimens to landscapes, and numerous techniques are 
available to handle various scale ranges (McCaffrey et 
al., 2005; Menegoni et al., 2023; Corradetti et al., 2022; 
Panara et al., 2022). Unmanned Aerial Vehicle (UAV) 
photogrammetry has excellent potential for structural 
geology applications despite technological (e.g., battery 
life/flight time), natural (e.g., weather), and legal (e.g., 
flying within visual line of sight) limitations (Manna et 
al., 2023; Menegoni et al., 2022; Tannant et al., 2017). 
We could remotely collect an entire brittle and ductile 
structural dataset, which was then processed, inter-
preted, and used for 3D implicit modeling, even though 
traditional structural fieldwork was minimized in this 
study. One of the challenges we faced was finding reli-
able sense-of-shear markers from aerial photographs at 
the working scale of our study, which are essential for 
the kinematic and dynamic reconstruction of the tec-
tonic past. Human field measurements were required 
because the high-resolution aerial photographs could 
not resolve striations on fault planes or slickened lines 
(Vollgger and Cruden, 2016).

a. Data Acquisition
Due to the complexity of the terrain and sparse cel-

lular connection, most UAV surveys were carried out 

manually. The photographs were obtained using a com-
bination of strip and convergent capture models, which 
were employed to mitigate distortion effects, including 
doming (James and Robson, 2014). A quadcopter of the 
Unmanned Aerial Vehicle (UAV) type DJI Mavic Air 2 
with a consumer GPS/GLONASS satellite system and 
a 12 to 48-megapixel (maximum) camera was used to 
carry out the photogrammetric acquisition. The UAV 
platform and camera’s technical specifications are list-
ed in Table 1.

b. Data Processing
With GPS-onboard coordinates, all 3392 images 

within 9 acquisitions were geo-referenced. The pho-
togrammetry 3D Digital Outcrop Model (DOM) was 
created using The Agisoft Metashape software and 
the Structure-from-Motion (SfM) technique. Using 
the software’s high accuracy and the pair pre-selection 
method, which considers the image positions regis-
tered by the UAV-GPS, 3392 photos were aligned. The 
Agisoft Metashape workflow used to produce model 
data has the following five (5) phases: 1) image match-
ing, bundle adjustment, and creation of a sparse point 
cloud; 2) creation of a dense point cloud; 3) creation 
of a mesh; and 4) creation of a texture 5) Orthopho-
tographs generation. The results of orthophotography 
are quite excellent and suitable for interpretation. Us-
ing the UAV’s registered onboard photos, the WGS84/ 
EPSG 7030 - UTM49S coordinate system georefer-
enced the model.

c. Digital Outcrop Model (DOM)
The Digital Outcrop Model (DOM) proves to be 

well-suited for interpretation due to its evident da-
ta processing and clear structural geology depiction 
(see Fig. 3). Specific requirements must be met to val-
idate this interpretation: 1) Adequate Background Da-
ta: The research data must be substantiated with infor-
mation about regional and local geology and insights 
from previous studies to support model interpretation. 
Regional geological maps, sourced from Rahardjo et 
al. (1995), are essential for this purpose. 2) Structural 
Geology Analysis: Comprehensive analyses and mod-
eling in the field of structural geology are indispens-
able to this validation process. 3) Model Interpretation: 

Table 1. Drone specifications
Таблица 1. Спецификации беспилотного летательного 
аппарата

Type DJI Mavic Air 2

Total weight 570 g

Camera sensor size 1/2 inch

Camera sensor resolution 48 megapixels

GNSS type Consumer (standalone)

GNSS accuracy ±1 meter
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Effective model interpretation is crucial for reinforc-
ing the analyses and hypotheses derived from the data. 
To determine offsets across scarps, we employed UAV-
generated DOM by drawing profiles perpendicular to 
the fault and calculating relative elevation differences.

Digital Outcrop Models (DOM) were developed 
and interpreted at designated locations denoted as B, 
C, D, E, F, G, H, I, and J (as illustrated in Fig. 2). The 
study yielded high-resolution outputs, with the Digital 
Elevation Model (DEM) exhibiting resolutions ranging 
from 11.6 to 47.3 cm and the orthomosaic achieving 
resolutions between 2.21 and 5.91 cm. A comprehen-
sive visual inspection of the 3D DOMs provided com-
pelling validation of the photogrammetric products, 
aligning effectively with the research objectives. The 
detailed results of the photogrammetric analysis are 
presented in Table 2.

Morphotectonic

The structural study is based on recognizing and 
mapping the main structures on aerial photographs, 
DEMNAS (Indonesian National Digital Elevation 
Model), and outcrop study. The DEMNAS was built 
from several data sources, including IFSAR data (5 m 
resolution), TERRASAR-X (5m resampling resolution 
from 5–10 m original resolution), and ALOS PALSAR 
(11.25 m resolution), by adding mass point data used 
in making the Indonesian Topography Map. The spa-
tial resolution of DEMNAS is 0.27-arcsecond, using 
the EGM2008 vertical datum (https://tanahair.indone-
sia.go.id/demnas).

An essential step in the study was localizing the 
faults and other tectonic structures, such as the major 
fault, fracture, or shear zones. The goal of the anal-
ysis was to interpret a number of linear indications 
that could represent tectonic structures. The analysis 
results were validated by the structural data acquired 
during the field survey and from the Digital Outcrop 
Models. To obtain the best results, we extracted tecton-
ic structures from hill-shading from DEMNAS reliefs 
and overlaid DEM and DOM results extracted from the 
photogrammetry method.

Workflow

1. Several data and analyses were used during this 
study:

•	 UAV photogrammetric acquisition for the develop-
ment and analysis of DOMs, DEM, and orthoim-
ages.

•	 Ground Observation: Comprehensive structural 
geological field surveys.

•	 Morpho-structural analysis based on DEMNAS data.
•	 Morpho-structural analysis using satellite imagery 

sourced from Google Earth and BING.
2. The data processing phase is subdivided into two 

distinct components: 
•	 Photogrammetry processing encompasses a series 

of key steps involving handling photogrammet-
ric data. This process includes procedures such as 
image matching, dense cloud generation, meshed 
model creation, textured model generation, and or-
thophoto generation.

Fig. 3. Example DOM from observation point G. The DOM shows that structure geology is visible to interpret.

Рис. 3. Пример цифровой модели поверхности (DOM) из точки наблюдения G. DOM показывает, что струк-
турная геология видна и может быть интерпретирована.



ЛИТОСФЕРА   том 25   № 1   2025

Фарисан и др.
Farisan et al.

50

Table 2. Photogrammetry Result
Таблица 2. Результаты фотограмметрии

Observation 
Point

PARAMETER

Photo Dense Cloud 
(points)

Tiled Model 
Resolution  
(cm/ pixels)

DEM Resolution  
(cm/ pixels)

Orthomosaic 
Resolution  
(cm/ pixels)

Area  
(hectares)

B 675 8.097.600 5.42 43.4 2.21 87.1
C 578 7.214.200 2.21 85.9 2.21 62.64
D 696 8.681.066 5.91 47.3 5.91 115.47
E 126 15.457.080 2.89 11.6 2.89 10.37
F 349 4.170.965 4.36 34.9 4.36 26.76
G 260 29.484.107 3.08 12.3 3.08 18.11
H 350 10.141.284 2.84 22.7 2.84 26.57
I 181 14.149.230 3.60 14.4 3.60 11.26
J 177 22.236.284 3.39 13.6 3.39 17.95

•	 Geographic Information System (GIS) analyses are 
employed to conduct comprehensive morphotectonic 
investigations.

3. The result encompasses several integral components:
•	 Digital Outcrop Model (DOM): DOM analysis in-

tegrates the results of orthophotographs and Digi-
tal Elevation Models derived from photogrammet-
ric processing, enhancing the validation of morpho-
tectonic analyses.

•	 Morphotectonic Map: The development of a mor-
photectonic map, a fundamental outcome of this 
study, provides a visual representation of tectonic 
and structural features.

•	 Geo-Model Interpretation: In the realm of geo-
model interpretation, we delve into the identifica-
tion of structural geological characteristics, signif-
icantly contributing to our comprehensive analysis.
These components collectively form the basis of 

our results. The findings were rigorously validated 
and cross-referenced with regional geological data and 
previous studies to bolster their validity, resulting in 
strengthened hypotheses and refined analyses for the 
most robust outcomes. The complete workflow can be 
seen in Fig. 4.

RESULT AND DISCUSSION

Structural Geology Interpretation

The structural Interpretation sub-chapter elabo-
rates a comprehensive analysis of potential indicators 
for tectonic or structural geological events. To increase 
confidence in the interpretation of geological struc-
tures, we employ an integrated approach that combines 
the outcomes of the photogrammetric process, namely 
the tiled model and orthophotograph, with the Digital 

Elevation Model (DEM). This layer overlay technique 
offers valuable insights by elucidating distinctions in 
terms of the height and shape of the object under ex-
amination, thereby enhancing the accuracy and robust-
ness of the interpretation.

We partitioned the study area into two distinct seg-
ments, specifically the North and South segments. This 
division is predicated on disparities in morphological 
formations and is demarcated by prominent fault in-
dications running from west to east, as illustrated in 
Fig. 2. The North Segment encompasses Observation 
Points A, B, C, D, and E, while the South Segment 
comprises Observation Points F, G, H, I, and J. 

The North Segment is typified by an elongated hill, 
aligned in a NE-SW direction, resembling the linear 
orientation of the Opak Fault (as described by Ra-
hardjo et al., 1995). In contrast, the south segment 
characterized a relatively North-South block lineation. 

1. North Segment

a. UAV-based Aerial interpretation
In the interpretation results obtained from Observa-

tion point B, as depicted in Fig. 5a, we found the main 
structure as a major fault associated with the linea-
tion of the hills landscape, further defined as F2. This 
structure is the major one that controls the morphol-
ogy of the hills and can be associated with the Opak 
fault, as interpreted by Rahardjo et al. 1995. We inter-
pret this F2 structure as a normal fault. In the observa-
tion B in Fig. 5a, we identify several minor compres-
sion shear structures (Fb1, Fb2, Fb3, Fb4, and Fb5), 
trending NW-SE, NE-SW, N-S, and W-E, that F2 de-
limits. These minor structures have developed in asso-
ciation with the F2 fault. Three NW-SE trending struc-
tures (Fc1, Fc2, and Fc3) were identified at Observation 
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Fig. 4. Schematic workflow followed for this research. Input, processing, and result integration with essential data.

Рис. 4. Схематический ход работы, пройденный в ходе исследования. Ввод, обработка и интеграция резуль-
татов с ключевыми данными.

point C in Fig. 5b. These structures are oriented per-
pendicular to the F2 structure, which acts as the con-
trolling factor for the hill’s morphology.

Different structural characteristics were observed 
at Observation points D and E (Fig. 5c and 5d). The 
major structures at Observation points D and E (Fd3, 
Fd4, Fd5, Fe1, and Fe2) exhibit an N-S orientation. At 
Observation point D, three major faults were identified, 
appearing to be relatively parallel in alignment. The 
movement of these major faults (Fd3, Fd4, and Fd5) in 
Observation point D can be indicated by the displace-
ment of the Fd2 as a reverse fault (further detailed in 
the ground observation sub-chapter). The relative mo-
tion of the east block being more northerly than the 
west block indicates the movement. Based on this evi-
dence, it is proposed that the major fault (Fd3, Fd4, and 
Fd5) at Observation point D may be characterized as a 
sinistral strike-slip fault. The author’s hypothesis sug-
gests that these strike-slip faults move when the study 
area undergoes a transpressive phase. At observation 
point E, two linear features oriented in an N-S direc-
tion were identified.

b. Geological Field Survey
The indication of reversal reactivation was found in 

Observation point A (Fig. 6a), identified as Fa1. Locat-
ed in the north research area, we found Semilir For-
mation in the form of tuff and lapilli with a plane of 
N072°/17° (strike/dip) and a reverse fault with a plane 
of N096°/75°. A Reverse fault was also found at ob-
servation point D1 (Fig. 6b) inside of the observa-
tion D (Fig. 5c), identified as Fd2, with fault plane of 
N093OE/64O and Rake of 78°. Reverse faults with high-

angle dip intersecting these Semilir formations indi-
cate a compressive tectonic phase. The hypothesis of 
previous researchers (Pena-Castellnou et al., 2021) 
is that the study area is controlled by normal faults, 
which have subsequently undergone reactivation and 
inversion, transforming into a transpression zone char-
acterized by the presence of both reverse and strike-
slip faults.

At Observation point A and D1 (Fig. 6a and 6b), 
we observed the presence of a high-angle reverse fault, 
which can be attributed to tectonic inversion. Inversion 
tectonics is a result of normal faults that frequently re-
activate as reverse faults during contraction (Withjack 
et al., 1995; Beauchamp et al., 1996, 1999; Gomez et 
al., 2000; Sagir, 2001; Hill et al., 2004; Konstantinovs-
kaya et al., 2007). A normal fault may be reactivated 
as a high-angle reverse fault and thrust as a low-an-
gle normal fault during compressional inversion (Sib-
son, 1985; Turner and Williams, 2004) caused by low 
frictional strength. Analogous and numerical models 
show that high-angle reversal faults can reactivate due 
to frictional weakening (Smith et al., 2017).

2. South Segment

Our UAV-based structural analysis in the southern 
segment highlights significant structural heterogeneity. 
Observation at point F (Fig. 7a) reveals two major NW-
SE oriented faults alongside several structures aligned 
with Riedel shear structures located between these ma-
jor faults, known as Ff1 and Ff4. Within this fault zone, 
we identify discrete fragments or blocks separated by 
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Fig. 5. The result: (a) Obs. point B: major fault (F2) associated with the lineation of the hills landscape and shear; 
(b) Obs. point C: lineation perpendicular with F2; (c) Obs. point D: the N – S sinistral fault associated with reversal 
reactivation; (d) Obs. point E: Lineation with N – S trend.

Рис. 5. Результат: (а) Набл. точка B: основной разлом (F2), связанный с геол. линейность холмистого ланд-
шафта и сдвигом; (b) Набл. точка C: геол. линейность перпендикулярна F2; (c) Набл. точка D: N - S левый 
разлом, связанный с реактивацией реверса; (d) Набл. точка E: геол. линейность с трендом N - S.
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Fig. 6. The result: (a) Obs. point A: High angle fault that indicated reversal reactivation; (b) Obs. point D1: The reverse 
fault is an indication of reactivation.

Фиг. 6. Результат: (а) Набл. точка A: Высокоугольный разлом, указывающий на реактивацию реверсии; 
(b) Набл. точка D1: Реверсивный разлом является признаком реактивации.

a network of minor subsidiary faults, which act as sec-
ondary structures, further compartmentalizing the re-
gion. These fragments move in a direction consistent 
with the NW orientation of their major faults (Ff1 and 
Ff2). Notably, the shear zone between the major faults 
exhibits minor faults oriented in line with Riedel R 
and R’ structures, suggesting that the shared direction-
al movement is due to strike-slip kinematics operating 
along these major faults (Ff1 and Ff2).

A similar strike-slip movement is also observed at 
point G. As depicted in Fig. 7b the major fault (Fg1 and 
Fg8) at point G runs nearly perpendicular to the north-
south (N-S) axis. Here, we identify en-echelon frac-
tures (Kim et al., 2004) with varying orientations, indi-
cating transpressive features. These minor faults with-

in the transpression fault zone result in duplexing with-
in their major fault, which is a relatively less common 
occurrence in strike-slip duplexes. This fault-stepping 
geometry is also observed in sandstone deformation 
bands (Cruikshank et al., 1991; Fossen and Hestham-
mer, 1997).

At observation point H, as illustrated in Fig. 7c we 
encounter a distinctive structural lineation oriented to 
N-S (Fh1 and Fh2), taking on a ‘Y’ shape predomi-
nantly visible on the northern side. Moreover, the east-
ern flank of this major structure exhibits minor struc-
tures with NE-SW and NW-SE trends, referred to as 
Fh3 and Fh4, respectively.

Observation Point I (Fig. 7d) is located along the 
eastern edge of the southern segment’s hills. Similar 
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Fig. 7. The result: (a) Obs. point F: Northwest – Southeast trending lineation; (b) Obs. point G: N – S fault associated 
with shear development; (c) Obs. point H: Lineation trend in the border between hills; (d) Obs. point I: Lineation in 
the western part of hills; (e) Obs. point J: Lineation in the boundary of southern hills.

Фиг. 7. Результат: Набл. точка F: Линеация с трендом северо-запад – юго-восток; Набл. точка G: N – S разлом, 
связанный с развитием сдвига; Набл. точка H: Тренд геол. линейность на границе холмов; Набл. точка I: геол. 
линейность в западной части холмов; Набл. точка J: геол. линейность на границе южных холмов.
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to our findings at Observation Point H, the geological 
structure at Observation Point I resembles a ‘Y’ shape, 
with the main axis oriented N-S. Transitioning to the 
southern part of the South Segment, specifically at Ob-
servation Point J (Fig. 7e), we come across a geological 
feature shaped like a ‘Y,’ with its major orientation ex-
tending from W to E.

Morphotectonic

The research methodology involves the generation 
of morphotectonic maps through the interpretation of 
geological structural phenomena. To further validate 
the geological structures discussed in the previous sec-
tion, we utilize the results of DOM interpretation. In 
geodynamically active areas of the world, landforms 
created by fault-related activities are common. These 
landforms were uplifted by tectonic processes and fur-
ther sculpted by geomorphological processes (Keller 
and Pinter, 1996; Ollier, 1981). Geomorphic land-
scapes, which are represented by a variety of morpho-
tectonic features, show evidence of surface process-
es that are adapting to recent bedrock activity. (Stew-
art and Hancock, 1990, 1994; Schoenbohm et al., 2004; 
Snyder et al., 2000; Silva et al., 2003)

The northern and southern segments are controlled 
by major fault lines known as F1 and F5 in the east 
(Fig. 8 and 9). The F1 and F6 structure, recognized 
as major structures by earlier researchers, represents 

the horst block that acts as a structural boundary, de-
fining the elevation disparities between the Southern 
Mountains, the Baturagung Range, and the Yogyakar-
ta depression. This structural element plays a critical 
role in delineating the geological configuration of the 
region, as it separates distinct topographical and geo-
logical domains (Rahardjo et al., 1995). The structures 
of F1 and F5 have similar directions Opak Faults by 
previous researchers (Pena-Castellnou et al., 2021). In 
our study area, based on a previous study with a geo-
morphological method (Pena-Castellnou et al., 2021), 
there is a geomorphological phenomenon known as tri-
angular facets. Triangular facets are unique triangu-
lar-shaped landforms closely linked to normal faulting. 
They form as a result of differential erosion or weath-
ering along fault scarps, where one side of the fault is 
uplifted, and the other side is down-dropped (Leeder 
and Jackson, 1993; Jackson and Leeder, 1994).

We utilized additional data points from Saputra et 
al. (2018) to obtain the distribution of strikes and dips 
in the study area. Two significant NE-SW-oriented 
structures characterize the northern segment (Fig. 8). 
On the western side, we find the F3 fault, which aligns 
with previous interpretations (Rahardjo et al., 1995 in 
Fig. 2; Natawidjaja, 2007), while on the eastern side, 
the boundary is defined by the F1 fault. Moving south-
ward, the F4 fault, with an E-W orientation, marks the 
southern limit of this segment. A distinctive shield-
shaped hill commands attention within this region, bor-

Fig. 8. Triangular facets observed on the hillslope located in the northwest of the Baturagung Range showing F1 and 
F5 faults as major controller of study area (modified from Pena-Castellnou et al., 2021).

Фиг. 8. Наблюдаемые треугольные фасеты на склоне холма, расположенные на северо-западе хребта Бату-
рагунг, показывающие разломы F1 и F5 как основные контролирующие элементы исследуемой области 
(изменено по Pena-Castellnou и др., 2021).
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Fig. 9. The morphotectonic map of the study area, including observation points and strike-dip data, reveals clear dis-
tinctions between the northern and southern segments.

Фиг. 9. Морфотектоническая карта исследовательской области, включающая наблюдательные пункты и 
данные о страйк-дипе, показывает явные различия между северным и южным сегментами.

dered by the F2 structure to the west. This hill predom-
inantly extends in an NE-SW direction, with the layers 
of the Semilir Formation on the hill dipping toward the 
southeast. Notably, minor structures on this hill exhib-
it diverse orientations, ranging from NE-SW to NW-
SE. To the west of this shield-shaped hill, smaller hills 
with southeastward-dipping layers are aligned paral-
lel to their eastern counterparts. The shield-shaped hill 
has experienced an inversion phase, supported by the 
presence of a high-angle reverse fault (75°) at observa-
tion point A. This high-angle fault is a distinct indica-
tor of tectonic inversion in the area.

To the south of this shield-shaped hill, various linear 
structures radiate in different directions, including N-S, 
NW-SE, W-E, and NE-SW. A sinistral strike-slip fault 
structure is evident in the southernmost area, specifical-
ly at observation point D. This structure correlates with 
a high-angle reverse fault (64°) in the western section, 
as observed at point D1 (Fig. 6b) signifying tectonic in-
version in this region. The diverse orientations of rock 
layers within this area include W-E, NE-SW, N-S, and 
NE-SW strikes, underscoring the significant influence 
of fault structures on the geological setting. 

This area exhibits linear features with varying ori-
entations in the southern segment (Fig. 9). The F5 

structure bounds it to the east, adjacent to the Batura-
gung Range. To the north, it is delineated by the F4 
structure, while to the south, it is defined by the F6 
structure. To the east, it is bounded by the parallel 
F7 structure, following the course of the Opak Riv-
er. Within the southern segment, the orientation of the 
Semilir Formation layers is opposite. Specifically, to 
the west, around observation point G, the layers dip to 
the west, while around observation point H, they dip to 
the east. Previous researchers (Saputra et al., 2018) in-
terpreted this area as a fold. However, due to the brit-
tleness of the Semilir Formation, we have interpret-
ed this phenomenon as primarily resulting from fault 
structure movements.

Around observation point G, linear structures have 
a dominant orientation, almost N-S to NW-SE. The 
NW-SE-oriented linear structure extends significant-
ly from the F4 fault to the F6 fault. This structure is 
almost parallel to the one found at observation point 
F, which has an NW-SE orientation. Near observa-
tion point H, in addition to the NW-SE oriented linear 
structures, there are minor structures with varying ori-
entations, ranging from NE-SW to NW-SE.

The F1, F3, F4, F5, F6, and F7 (Fig. 10) generally 
present transpressive horst minor faults inside the zone. 
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Fig. 10. Rossette’s diagram shows the disparities between the northern and southern segments.

Фиг. 10. Диаграмма розетки показывает различия между северным и южным сегментами.

Near these major faults, secondary faults and fractures 
can be correlated with either localized effects at specif-
ic fault locations. According to McGrath and Davison 
(1995), the observed variance in damage zone geome-
tries in strike-slip faults is mostly due to distinct stress 
regimes, namely transpression, transtension, and sim-
ple shear. Strain is often partitioned in transpression-
al settings into strike-slip motion along a main fault 
system and shortening perpendicular to the strike-slip 
fault (Cowgill et al., 2004).

Our rosette diagram analysis results further sub-
stantiate the disparities between the northern and 
southern segments. We systematically translated the 
structures and lineations from both the northern and 
southern segments into rosette diagrams (Fig. 10). 
These graphical representations enable us to deduce 
the distinct tectonic characteristics of each segment. 
Within the northern segment, the rosette diagram dis-
tinctly illustrates a main compression direction extend-
ing from NW-SE, concurrently with a tensional direc-
tion spanning from NE-SW. In contrast, the southern 
segment exhibits a markedly different pattern, charac-
terized by a main compression direction from N-S and 
an associated tensional direction extending from W-E.

CONCLUSION

We conclude that integrating UAV photogrammetry 
and Digital Elevation Model (DEM) data has 
significantly enhanced our understanding of the 

geological structures within the Semilir Formation in 
the Opak Fault Zone. Utilizing this method on the brittle 
Semilir Formation allows for a sufficiently accurate 
depiction during geological structural interpretation.

Several significant conclusions emerge from the 
results of structural geology interpretation. Firstly, 
the study area is divided into two distinct segments, 
the North and South segments, each characterized 
by varying morphological formations. In the North 
Segment, elongated hills aligned in an NE-SW direction 
resembling the Opak Fault are evident, while the South 
Segment displays a relatively North-South block 
lineation. Secondly, different structural characteristics 
are observed within each segment, including fault 
orientations and associated geological features. UAV-
based aerial interpretation in the North Segment reveals 
major faults and minor shear structures, indicating a 
complex fault system controlling hill morphology, 
supported by geological field surveys confirming the 
presence of reverse faults and sinistral strike-slip faults. 
The South Segment exhibits significant structural 
heterogeneity with NW- SE oriented faults and en-
echelon fractures, suggesting transpressive features, 
alongside notable N-S oriented structural lineations 
indicating complex fault systems.

Furthermore, morphotectonic analysis highlights 
the influence of fault-related activities and tectonic 
inversion processes, with major fault lines delineating 
structural boundaries and confirming distinct tectonic 
characteristics between the northern and southern 
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segments. Based on the rosette diagram, the main 
compression in the north segment extends from NW-
SE, while in the south segment, it extends from N-S. 
The analysis identifies the study area as a reactivation 
zone of the Opak fault, indicated by the presence of 
high-angle reverse faults. This reactivation zone is 
interpreted as a zone of destruction resulting from 
Opak fault movement, previously identified as a 
sinistral strike-slip fault.

In conclusion, the integrated approach combining 
UAV-based analysis, geological field surveys, and 
morphotectonic mapping offers valuable insights into 
the complex tectonic processes and fault systems 
shaping the landscape of the study area.
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