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Research subject. The geological profile of Sukadana Basalt Province as a large basalt outcrop in the back arc of Sumatra 
remains to be unclear. This also concerns the geological structures and their relationship with the Sundaland regional 
geology. Aim. To reveal the type and pattern of geological structures that controlled the Sukadana Basalt Province (SBP) 
to the surface, the distribution of Sukadana Basalt on subsurface and its relationship with Sundaland regional tectonics. 
Materials and Methods. A reprocessed bouguer anomaly map of Tanjungkarang quadrangle 1991 was used. Results. We 
found that the main eruption was located in the center of SBP. The forward modeling data show the thickness of SBP to 
reach 3,200 m. There are two Northwest-Southeast striking normal faults and one fissure controlling the development 
of SBP. These fractures served as the primary conduit for magma to ascend from the mantle to the Earth’s surface. We 
also found North-South striking normal faults and West-East dextral strike-slip fault that formed at Early Oligocene and 
indirectly supported the magma ascend to the surface. Conclusions. The North-South striking normal faults were correlated 
with the Sundaland oroclinal bending. These faults developed through the extrados zone, a large pull-apart area that caused 
the continental lithosphere to become thinner. Meanwhile, Quaternary-Northwest-Southeast striking fractures are correlated 
with the development of the Great Sumatra Fault. The formation of Northwest-Southeast striking fractures was affected 
by the Great Sumatra Fault movement, and the thinning of the back-arc crust affected by multi-extensional structures was 
implicated in the ascend of SBP’s magma to the surface.
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Объект исследований. Геологический профиль базальтовой провинции Сукадана на тыловой дуге у края о-ва Су-
матра привлекает внимание исследователей неясным положением геологических структур и их взаимоотношени-
ем с региональной геологией Сундаленд. Цель работы. Выяснение типа и характера геологических структур, кон-
тролирующих базальтовую провинцию Сукодана (SBP) на поверхности, распределение базальта Сукадана в нед
рах и его связь с региональной тектоникой Сундаленда. Материалы и методы. Была проведена вторичная обра-
ботка карты аномалий Буге (1991) на территории квадрата Тан-юнгкаранг. Результаты. В ходе работы было об-
наружено, что главное извержение располагалось в центре (SBP). Данные последующего моделирования показа-
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ли, что мощность (SBP) достигает 3200 м. Установлено, что развитие (SBP) контролировалось двумя нормальны-
ми разломами СЗ-ЮВ простирания и одной трещинной структурой. Эти разрывы служили первичными каналами 
магмы, поднимающейся от мантии к земной поверхности. Был также выявлен нормальный разлом меридиональ-
ного простирания и широтный правосторонний сдвиг, которые образовали ранне-олигоценовую дополнительную 
подвижку магмы к поверхности. Заключение. Нормальные меридиональные разломы коррелировали с ороклиналь-
ным изломом Сундаленда. Эти разломы развивались в пределах широкой раздвиговой площади, что способство-
вало утонению континентальной литосферы. Между тем, четвертичные СЗ-ЮВ трещины коррелируют с развити-
ем Большого разлома Суматры. При его исследовании обращают на себя внимание две ключевые точки: образова-
ние СЗ-ЮВ трещин было вызвано движением Большого разлома Суматры, а утоньшение островодужной части ко-
ры происходило благодаря многочисленным структурам растяжения, которые способствовали подъему к поверх-
ности (SBP) магмы.

Ключевые слова: базальты Сукодна, разлом Суматра, Сундаленд, гравитация, нормальный (прямой) разлом
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INTRODUCTION

Indonesia is part of the Sundaland Block with the 
highest number of active volcanoes compared to other 
countries in the Sundaland Block (Fig. 1a; Metcalfe, 
2017). Sundaland is the continental promontory of the 
Eurasian plate in SE Asia (Hall and Morley, 2004). The 
volcanoes result from the subduction of the Australian, 
Indian, Pacific, and Philippine oceanic plates beneath 
the SE Asia (Pramumijoyo and Sebrier, 1991; Stein 
and Okal, 2005; Abdurrachman et al., 2018). These 
volcanoes are created by the accumulation of magma 
on the surface. The magma is produced from the 
partial melting process of the ocean plate at a depth 
range of 150–300 km (Ringwood, 1990). Oceanic plate 
subduction forms a convergent subduction system 
composing the Andaman-Sumatra-Java trench in the 
West and South and the Philippine Trench in the East 
(Li et al., 2021). In addition to producing volcanoes, 
this subduction also creates earthquakes, one of the 
largest of which occurred on December 26, 2004, 
Mw 9.1–9.3 (Stein and Okal, 2005). 

One of the former active volcanoes, which is 
thought to be closely related to subduction, is Sukadana 
Basalt Province (SBP). SBP, also part of Sundaland, 
is located in the back arc of Sumatra in the Lampung 
Province (Fig. 1b). SBP can be similar to continental 
flood basalt, a short-duration eruption dominated 
by extrusive and intrusive rocks composed of mafic 
minerals (Coffin and Eldholm, 1994; Ketchum et al., 
2013). This is supported by previous research on the 
age of SBP. Nishimura et al. (1986) stated that the age 
of SBP is about 0.8 Ma. Other studies show that SBP 
is 1.2 Ma (Soeria-Atmaja et al., 1986) and 0.46 Ma–
1.15  Ma (Romeur, 1991). On this basis, SBP is 
considered to have a Quaternary age and experienced a 
short-duration eruption. This is the same age as Mount 

Rajabasa (Mangga et al., 1993; Hasibuan et al., 2020). 
In term of structures, Soeria-atmaja (1986) interpreted 
that the Northwest-Southeast striking fault controlled 
the appearance of SBP. Meanwhile, Nishimura (1986) 
interpreted that SBP was controlled by a Northeast-
Southwest striking fracture. However, the geological 
structures of SBP, the distribution on the subsurface, 
as well as its relation to the regional tectonics are 
still unclear. The spreading of cinder cones in SBP 
can form four possible lineament patterns (Fig. 1c). 
These lineaments may be related to the development of 
geological structures (Fig. 1d).

Figure 2 illustrates the presence of a Northwest-
Southeast striking pattern of SBP, which is parallel to 
the Great Sumatra Fault (SGF) (Fig. 1b). Moreover, 
the figure reveals a high degree of tectonic complexity 
reflected in the exposed older rocks (Mangga et al., 
1993), which makes this study particularly interesting. 
The study aims to address the following questions: 
(1) What type and pattern of geological structures 
controlled the emergence of Sukadana Basalt to the 
surface?; (2) What is the subsurface distribution 
of Sukadana Basalt?; (3) What is the relationship 
between the development of geological structures and 
the tectonics of Sundaland region? To answer these 
questions, we used a gravity method, which involves 
the superposition of all anomalies induced by various 
geological sources at different depths (Nguiya et al., 
2019). The separation of gravity data into its residual 
and regional components is crucial for the interpretation 
process. The answers to these questions will shed light 
on the structural evolution of SBP volcanism and its 
relation to regional tectonics. The findings from this 
study will enhance our understanding of the relationship 
between the ascend of Sukadana Basalt to the surface 
and the geological structure and regional tectonics of 
the Southeast Asian region.
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MATERIALS AND METHODS

The gravity method is a geophysical method that 
utilizes earth gravity to image subsurface rocks based 
on its density diversity (Wardhana et al., 2014). This 
method is commonly used as an early hydrocarbon and 
mineral exploration survey (Setiadi et al., 2019). In 
this study, the gravity method was used to determine 
subsurface geology conditions, including the type of 
fault and its orientation, lithology, and its distribution. 

The gravity data used in this study was sourced 
from the Bouguer Anomaly map of the Tanjungkarang 
quadrangle 1991 from the Indonesia Geological Survey 
Center. The data was further processed with terrain 
corrections. The gravimeter used for measurement was 
La Coste & Romberg model G (Seigel, 1995). The data 
was acquired by following public roads and accessible 
locations, with intervals ranging from 2 km to 5 km. 
A total of 56 retrieval points were used in this study, 
covering the Sukadana Basalt and its surrounding areas. 

Fig. 1. (a) The tectonic region of Asia with the location of the research area within the south of Sumatra Island (blue 
square) (based on Metcalfe, 2017); (b) The location of Sukadana Basalt in the back arc at the tip of Sumatra Island 
(white line rectangle); (c) The Digital Elevation Model of Sukadana Basalt shows distribution and various sizes of 
cinder cones; (d) The four possible cinder cone lineament patterns of Sukadana Basalt that may be related to the 
development of geological structures.

Рис. 1. (а) Азиатский тектонический регион с расположением площади исследований в южной части о-ва Су-
матра (голубой квадрат), по (Metcalfe, 2017); (b) Размещение базальтов Сукадана в тыловой дуге у края о-ва 
Суматра (белый прямоугольник); (с) цифровая высотная модель базальтов Сукадана, демонстрирующая раз-
мещение и вариации размера шлаковых конусов; (d) четыре возможных линеаментных размещения шлаковых 
конусов базальтов Сукадана, возможно связанных с развитием геологических структур.
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Fig. 2. The Basalt Sukadana and its surrounding geology according to the Tanjungkarang quadrangle regional geology 
(Mangga et al., 1993).

Рис. 2. Базальты Сукадана и прилегающие породы в соответствии с прилегающей Тан-юнгкаранг региональ-
ной геологией (Mangga et al., 1993).

The software that was used for processing the 
gravity data was Oasis Montaj 8.3.3 (Developer, 
2019). We separated the regional and residual 
anomalies from the Bouguer anomaly by applying 
a moving average filter approach to obtain more 
accurate information. This separation is an important 
step in interpretation (Nguiya et al., 2019), helping 
in identifying anomaly patterns that can describe the 
sub-surface structures and lithology from the deepest 
to the shallowest depth (Siringoringo et al., 2021). 

A Digital Elevation Model (DEM), used as a 
base map or topographic map in this study, was 
downloaded from tanahair.indonesia.go.id/demnas. 
DEM, or DEMNAS (DEM Nasional). This is an 
integration of data from IFSAR, TERRASAR-X 

and ALOS PALSAR. DEMNAS has a spatial 
resolution of 8 m (Julzarika and Harintaka, 2019). 
The entire maps are processed using Quantum 
Geographic Information System (QGIS) 3.22.5 and 
the Coordinate Reference System (CRS) WGS  84 
(Contributor, 2022). Through this DEM, we 
determined the cinder cones or basalt cone boundary 
based on the assumption that the slope level of the 
cinder cones reflects the degree of thickness of the 
cinder cones deposit. This means that the nearly 
plain slope reflects a thinner thickness of lava. The 
basalt cones distribution would be overlaid to the 
all maps to obtain better interpretation. All images 
other than maps were processed using the Inkscape 
software (Inkscape’s Contributors, 2022).
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RESULTS AND DISCUSSION

Gravity anomaly interpretations

The residual anomaly map over SBP shows 
the gravity anomaly region variation from –0.7 to 
0.5 mGal. This is associated with density contrasts due 
to different lithologies (Fig. 3). Lithology interpretation 
is based on the assumption that low-density rocks 
indicate sedimentary rocks, while high-density rocks 
are igneous or metamorphic rocks (Evariste et al., 
2014). The low gravity also reflects high-porosity 
sediments or volcanic tuffs (Lichoro et al., 2019). The 
residual anomaly map classifies the basement basin, 
quarterly sedimentary rocks, and volcanic deposits in 
terms of their specific features. The comparison with 
the geology map (Fig. 2), a low gravity anomaly with 
an amplitude of about <–0.2 mGal (blue) agrees well 
with Quarterly claystone, tuff and thin lava deposit of 
SBP. The moderate gravity anomaly (green) with an 
amplitude of about –0.2–0.0 mGal is compatible with 
the thin lava deposit of SBP. High gravity (orange-
purple) with an amplitude of about >0.1 mGal is 
associated with a thick lava deposit of SBP. This high 
gravity shows West-East, North-East, and Northwest-
Southeast trending. The residual map also explains 
that the small part of SBP in the North is not basalt but 
rather claystone. The high gravity (>0.2 mGal) in SBP 
means the eruption center of SBP. 

The patterns or lateral structural trends of residual 
anomalies are determined using a moving average filter. 
This is the aim of qualitative gravity interpretation 
(Setiadi, 2020). Integration of qualitative gravity 
interpretations reveals structural lineaments (Fig. 3), 
which might correspond to the basement boundaries 
controlled by faults. The lineaments show North-
South, Northwest-Southeast, and West-East trending. 
The map shows a sharp anomaly between high gravity 
and low gravity, which we interpret as a fault zone. 
Additionally, the presence of basalt on the earth’s 
surface is closely related to the mechanism of normal 
fault formation (Faccenna et al., 2010; De Souza et al., 
2013; Shahraki, 2013; Wang et al., 2015; Ayalew et al., 
2018; Yan et al., 2018; Zi et al., 2019). This is because 
raising magma from the mantle to the earth’s surface 
requires an extensional tectonic mechanism. Therefore, 
in this study, we interpret those lineaments as normal 
faults that control the appearance and pattern of SBP 
on the surface. 

In addition to the residual anomaly map, the regional 
anomaly map over SBP shows the variations of gravity 
anomaly from 47 to 80 mGal (Fig. 4). The Figure 4 
shows the low-gravity anomaly with an amplitude of 
about <63 mGal (blue), the moderate-gravity anomaly 
(green) with an amplitude of about 63–68 mGal, 
whereas high gravity (orange-purple) with an amplitude 
of about >69 mGal. The high gravity shows West-East 
and Northwest-Southeast trending. The high gravity 

(>75 mGal) in SBP interpreted as the main eruption 
center of SBP. The lineaments also consist of North-
South, Northwest-Southeast, and West-East trending. 

Figure 5 shows the interpretation of basin depth from 
a radially averaged power spectrum analysis. Slope S1 
shows the signal source in the basement from more 
than 1000 m depth. Slope S2 shows a signal source at a 
depth less than 1000 m. Slope S3 shows the processes 
of data acquisition. The graphic reveals gravity signals 
from shallow sources or disrupted surface noise from 
data acquisition processes (Kanthiya et al., 2019).

The Complete Bouguer Anomaly (CBA) map of 
SBP shows variations in gravity anomaly ranging 
from 47 to 80 mGal (Fig. 6). Low-gravity anomalies 
(<62 mGal) are represented by blue, while moderate-
gravity anomalies (62–69 mGal) are represented by 
green. High-gravity anomalies (70–80 mGal) trend 
in a West-East and Northwest-Southeast direction, 
indicating the main eruption center of SBP. Generally, 
residual, regional, and CBA density patterns exhibit the 
same lineament patterns: North-South, West-East, and 
Northwest-Southeast, which are correlated with the 
development of structural geology. The distribution 
of basalt cones on the surface is parallel to the 
Northwest-Southeast striking fractures. Furthermore, 
the emergence of SBP on the surface was directly 
controlled by two Northwest-Southeast striking normal 
faults and one fissure (Fig. 6).

Forward Models and Tectonics Significance

The subsurface geometry of SBP was generated by 
forward models from gravity data, revealing a maximum 
basin depth of around 3,200 m, two normal faults, and 
one fissure. The fissure crossed the dextral strike-slip 
fault (Fig. 7). According to the Tanjungkarang regional 
geology map and surface geology constraints, the 
basement of SBP is Gunungkasih schists, bounded by 
Lampung Formation (Qtl) in its surroundings. 

The North-South striking pattern is interpreted as 
normal faults. These faults are part of the Sumatra 
oroclinal bending. The Sumatra oroclinal bending 
was closely formed in relation to the India collision 
with Eurasia (Figs. 8a and 8b). These normal faults 
are associated with the extrados zone, a large pull-
apart area resulting from parallel strike-slip fault 
movement from the Sundaland orocline (Hutchison 
2010; Fig. 8a and 8b). An orocline is a thrust belt or 
orogen that is curved in map view due to bending or 
buckling about a vertical axis of rotation (Johnston et 
al., 2013). The extrados zone results in the continental 
lithosphere thickness to become thinner, which is one 
of the controllers of magma appearance on the surface 
(Fan et al., 2021; Zhang et al., 2022). Bora et al. (2016) 
stated that the thickness of the Sumatran crust ranges 
within 27–35 km, which is relatively thin according to 
Curie and Hyndman (2006). Furthermore, the extrados 
zone indirectly facilitates the magma ascend towards 



ЛИТОСФЕРА   том 23   № 6   2023

Siringoringo et al.
Сирингоринго и др.

1032

Fig. 3. The residual anomaly map of SBP. 
There are three lineaments trending: North-
South, West-East, and Northwest-Southeast. 

Рис. 3. Карта остаточных аномалий SBP. 
Наблюдаются три линеаментных тренда: 
С-Ю, З-В и СЗ-ЮВ.

Fig. 4. The regional anomaly map of SBP with 
lineaments interpretation.

Рис. 4. Региональная карта аномалий SBP 
с линеаментной интерпретацией.
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Fig. 5. The estimated 
average depth of SBP 
(Y) and basement basin 
(X) and three slopes 
show gravity sources: 
slope S1 (deep), slope 
S2 (shallow), and slope 
S3 (near-surface). 

Рис. 5. Приблизи-
тельная средняя 
оценка глубины SBP 
(Y) и основания бас-
сейна (Х) и три на-
клона, показываю-
щие источники де-
формаций: наклон S1 
(глубокий), наклон 
S2 (мелкий) и наклон 
S3 (близповерхност-
ный).

Fig. 6. The Complete Bouguer Anomaly 
map of SBP which is overlaid by basalt 
cones boundary with fault interpretation. The 
development of basalt cones on the surface 
resulted from normal faults and fissure 
mechanism. The subsurface model from 
section A-B within Fig. 7.

Рис. 6. Завершенная карта аномалий Буге 
SBP, перекрытая границей базальтовых ко-
нусов с ошибочной интерпретацией. Рас-
пространение базальтовых конусов по по-
верхности вызвано сочетанием нормаль-
ных разломов и трещинного механизма. 
Приповерхностная модель на разрезе АВ – 
см. рис. 7.
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Fig. 7. The profiles of forward modelling show that the thickness of SBP reaches 3,200 m. Two normal faults and one 
fissure have been identified. These fractures controlled the appearance of SBPʼs lava at the surface. In addition, there 
is a Paleogene dextral strike-slip fault was identified.

Рис. 7. Профили предварительного моделирования свидетельствуют о том, что мощность SBP достигала 
3200 м. Были идентифицированы два нормальных разлома и одна трещинная зона. Такие трещины контроли-
ровали появление лав SBP на поверхности. К тому же был обнаружен правосторонний сдвиг.

Fig. 8. (a) The oroclinal bending in South-East Asia. The India-Eurasia collision was resulting left and right lateral 
faulting in South-East Asia. (b) The movement of the right-lateral strike-slip faulting made extrados zone where the 
SBP is located. The pictures frоm Hutchison (2010). The red square shows the SBP location.

Рис. 8. (а) Ороклинный изгиб в Юго-Восточной Азии. Индо-Евразийская коллизия вызвала левые и правые 
латеральные дислокации в Юго-Восточной Азии. (b) Движение по правостороннему сдвигу привело к обра-
зованию зоны SBP (Hutchison, 2010). Красное поле указывает на размещение SBP.
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the surface. There is a close relationship between pull-
apart basins and volcano-magmatic activity (Girard 
and van Wyk de Vries, 2005; Susilohadi et al., 2009). 
However, the origin of the bending is still an enigma 
(Hutchison, 2010). The North-South striking normal 
faults in the SBP were formed in the Early Oligocene. 
This is based on a comparison to the Sunda-Asri 
Basin forming mechanism, which began in the Early 
Oligocene (Doust and Noble, 2008). The SBP’s 
North-South striking normal fault is the same trend 
and parallel with the Sunda-Asri Basin’s North-South 
striking normal fault. The Sunda-Asri Basin is located 
on the east side of the SBP. 

The West-East striking pattern is interpreted as a 
consequence of the dextral strike-slip fault movement 
that might be related to the Sundaland orocline (Fig. 8b). 
This fault is located in the middle of the SBP. The age 
of this structure is Early Oligocene, the same age as the 
North-South striking normal fault. This dextral strike-

slip fault indirectly controlled the distribution of the 
SBP on the West-East trend.

The Northwest-Southeast striking pattern is 
interpreted as normal faults. In addition, there is one 
fissure in the middle of SBP, which has the same 
trending as the Northwest-Southeast normal faults. 
The Northwest-Southeast striking normal fault and 
fissure are interpreted as the main structures that have 
emerged the SBP to the surface. These structures are 
the same age as the Panjang fault, which is Quaternary 
age. There are three pieces of evidence supporting 
this interpretation: firstly, the age of the SBP is also 
Quaternary; secondly, the location of the fault is close 
to the Panjang fault (which crosses Mount Rajabasa, as 
shown in Fig. 9); and thirdly, the trending of the faults 
is parallel with the Panjang fault. Pramumijoyo and 
Sebrier (1991) stated that the Panjang Fault was caused 
by the opening of the western part of Sunda Strait, and 
the development of structures in the Sunda Strait is 

Fig. 9. The correlation of structures at SBP with regional fault trending at Sunda Strait. The Northwest-Southeast 
fractures at SBP are parallel with The Great Sumatra Fault, indicating that the structures at SBP still correlate 
with the development of the Great Sumatra Fault. The normal fault interpretation at Mount Rajabasa is based on 
(Pramumijoyo, Sebrier, 1991), at the Western part of Sunda Strait on (Susilohadi et al., 2009) and the green shading 
zone on (Nishimura et al., 1986).

Рис. 9. Корреляция структур SBP с региональным трендом вблизи пролива Сунда. СЗ-ЮВ разломы SBP па-
раллельны Большому разлому Суматры, это свидетельствует о том, что структуры SBP еще коррелируют с 
развитием Большого разлома Суматры. Прямая интерпретация разлом Горы Раябаса, по (Pramumijoyo, Sebrier, 
1991), в западной части пролива Сунда, по (Susilohadi et al., 2009) и зеленой тенистой зоны, по (Nishimura et 
al., 1986).
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still correlated with the development of the Sumatra 
fault tectonic (Susilohadi et al., 2009). Furthermore, 
the development of the Northwest-Southeast striking 
normal fault and fissure at the SBP was caused by the 
Sumatra fault tectonic.

CONCLUSIONS

We conclude that the geological structures that 
controlled the SBP development were two Northwest-
Southeast striking normal faults and one fissure. These 
fractures acted as the main conduits for magma to ascend 
from the mantle to the surface. The forward modeling 
data shows that the thickness of SBP reaches 3,200 m 
at the center. The North-South striking normal fault 
and West-East striking dextral strike-slip fault, which 
formed in the Early Oligocene, indirectly supported the 
magma ascent to the surface. The development of the 
North-South striking normal fault through the extrados 
zone, a large pull-apart area, resulted in the continental 
lithosphere thickness becoming thinner.

In relation to the Sundaland regional geology, the 
North-South and West-East striking faults are correlated 
with the Sundaland oroclinal bending. This bending is 
indirectly affected by the India-Eurasia collision. One 
of the impacts of this collision was the development 
of multiple strike-slip faults in Southeast Asia. This 
resulted in the formation of an extrados zone where 
SBP is located. The Quaternary Northwest-Southeast 
striking fractures are correlated with the development 
of the Great Sumatra Fault. There are two key points 
from this study. First, the formation of Northwest-
Southeast striking fractures was affected by the Great 
Sumatra Fault movement. Second, the thinning of the 
back-arc crust affected by multi-extensional structures 
was implicated in the ascent of SBP’s magma to the 
surface.
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