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Abstract - The onshore Northeast Java Basin is one of the most important oil and gas basins in Indonesia. The active
Kendeng Fault plays a significant role in hydrocarbon generation and earthquake activity in the region. Studying
the Kendeng Fault activity and its relationship with overpressure and earthquake potential could improve oil and
gas exploration activities as well as natural disaster mitigation efforts in the onshore areas of the Northeast Java
Basin. Therefore, this research focuses on surface geological mapping and laboratory analysis of field samples.
Fault creep in the onshore of the Northeast Java Basin has not been studied continuously. Active mud volcanoes,
which result from subsurface overpressure, may influence the creep rate and activity of Kendeng Fault segments.
The Kendeng Fault meets the criteria of a creeping fault due to its geology, subsurface overpressure conditions,
and geometry. Manifestations of creep near fault planes are clearly visible through geological phenomena such as
landslides or physical changes in buildings. The Central Java morphology (Grobogan area) is rougher than The
East Java morphology (Surabaya area), which suggests a possible difference in creep rate. The focal mechanism of
recent earthquakes in the Kendeng Fault Zone indicates strike-slip or thrust faulting. The Central Java Fault seg-
ment exhibits a faster creep rate than the East Java Fault segment. This is evident through swarms of earthquakes
at Gunung Pandan and Rawa Bening. Elemental analysis of the fluid and mud, combined with gas analysis of all
the mud volcanoes in the studied area, shows a positive correlation between possible halide minerals (Na, Mg,
Ca, K, and Cl) and gas content (N2 and O2/Ar). There is also a slight relationship between these gas and fluid ele-
ments (R?). These parameters increase from the mud volcanoes in East Java to those in Central Java. CO: shows a
negative correlation (r) and a slightly stronger relationship (R?) with CH4. The mud volcanoes in Central Java are
dominated by CO,, which may originate from volcanic activity in a deeper reservoir as a result of tectonic activ-
ity in the region. In contrast, the mud volcanoes in East Java are dominated by CHa, which may originate from a
highly overpressured hydrocarbon reservoir in a shallower area due to a high sedimentation rate. The very high
sedimentation rate influences the slow-creeping fault segment in East Java (the Surabaya region) due to overpres-
sure. Conversely, the faster creeping fault segment in Central Java (the Grobogan and Kesongo areas) may be
influenced by volcanism due to tectonic activity in the region. These findings require further study, particularly the
relationship of overpressure in each Kendeng Fault segment. The results will be useful for hydrocarbon exploration
activities in the region as well as for natural disaster mitigation in general.
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INTRODUCTION

Background

Fault creep refers to the aseismic movement of
a fault in the upper part of the earth crust during
the interval between two earthquakes, releasing
accumulated stress on the fault (Harris, 2017).
This phenomenon can manifest as an after-slip
event, occurring daily or annually following an
earthquake (Cakir et al., 2012). Fault creep is con-
trolled by at least three primary factors globally:
the geological characteristics of the fault, the pres-
ence of overpressured fluids, and the geometry of
the fault (Avouac, 2015; Chen and Biirgmann,
2017; Harris, 2017; Blirgmann, 2018). Research
on fault creep began in the 1960s in the United
States, focusing on the creeping movement of
the San Andreas Fault, as observed through
changes in physical infrastructure (Steinbrugge
et al., 1960). Changes such as shifts in buildings,
roads, and outcrops were measured using simple

creep meters-a practice that continues today with
modernized instruments. Another example of
fault creep includes the Chihshang Thrust Fault
in Taiwan, which is known as the fastest creeping
thrust fault globally, with an annual creep move-
ment of approximately 2-3 cm (Lee et al., 2003;
Chen and Biirgmann, 2017).

Research on creeping faults has yet to be
extensively conducted globally in many shallow
continental faults. Fault creep in Indonesia, how-
ever, including the Kendeng Fault in East Java
(Figure 1), where ~15% of the country's popula-
tion resides, has yet to be well characterized. Most
earthquake hypocentres on Java Island are located
in its southern part (Santoso et al., 2018). Since
at least the 1770s, researchers have documented
major earthquakes in the Central and East Java
regions (Figure 1). The documented earthquakes
have occurred onshore near the Kendeng Fault,
which extends approximately 260 km from
Semarang to Surabaya. The Kendeng Fault has
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Figure 1. Map of documented major earthquakes on Java Island from 1815 to 1867, along with sample locations, water well
blowout sites, and mud volcano (MV) locations. The model using DEM data was obtained from https://earthdata.nasa.gov/.
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been dormant for a long period, and its activity
is still under investigation. The fault, however,
has become a priority for earthquake potential
studies on Java Island (Lestari et al., 2020). This
research will be the first to focus on the creeping
activity of the Kendeng Fault through surface
geological observation.

The Kendeng Fault is situated within the
Northeast Java Basin (Figure 1), where one of
the massive mud volcano eruptions globally
known as the Sidoarjo Mud Volcano or Lusi,
occurred in 2006 (Miller and Mazzini, 2018).
Following this phenomenon, smaller-scale blow-
outs were observed across the East and Central
Java regions (Figure 1); most of these were as-
sociated with groundwater drilling to depths of
~200 m below the ground surface. The blowouts
typically produced limited amounts of methane,
mud, and water, which mostly ceased after a
certain period. Given the generally tectonically
active nature of Indonesia and the urgency of
earthquake mitigation, it is vital to assess the
creep of major faults in the country, including
the Kendeng Fault. This study combines field ob-
servations and laboratory analysis to investigate
the creeping behaviour of the Kendeng Fault and

its relationship to overpressured conditions in the
Northeast Java Basin.

Studied Area

The studied area is located in the onshore re-
gion of East Java, which can be divided into four
zones (Figure 2) based on morphology, physiog-
raphy, and major structural areas: The Rembang
Zone in the northernmost part, The Kendeng
Zone, The Modern Volcanic Arc, and The South-
ern Mountains (Bemmelen, 1949; Prasetyadi et
al., 2005). Structurally, the island of Java exhibits
three dominant patterns: the northeast-southwest
Meratus, east-west Java/Sakala, and north-south
Sunda patterns. The Kendeng Fault is a thrust
fault located across central and eastern Java with
an east-west trend and correlates with the Java
or Sakala structural pattern. The Kendeng Fault
spans approximately 280-300 km with possible
extensions into Central Java Province. This fault
may also be connected to the Baribis Thrust Fault
in West Java, creating a continuous fault system
of approximately 800 km that extends from East
Java to West Java (Koulali ef al., 2016).

The surface physiography reflects a lithologi-
cal transition from the southern to the northern
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Figure 2. Physiography and major structural domains of East Java (modified from Bemmelen, 1949).
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part of Java. The southern part (Southern Moun-
tain and Central Volcanic Mountain Zones) is
dominated by volcanic rocks, whereas the Ken-
deng and Rembang Zones consist mainly of clay
and sandstone, respectively (Julias et al., 2017).
Smyth et al. (2005) developed a comprehensive
regional stratigraphic column (Figure 3) showing
that the Kendeng Zone is primarily composed of
clay and marl from the Kalibeng, Kerek, and Pel-
ang Formations. Figure 3. Regional stratigraphic
column of Java Island (modified from Sribudiyani
et al., 2003; Smyth et al., 2005).

Burhannudinnur (2013) found that the source
of mud in the mud volcanoes of the Rembang
Zone is derived from Early Miocene to Mio-
Pliocene sediments of the Tawun Formation. In
contrast, the mud of the mud volcanoes in the
Kendeng Zone is derived from Middle Miocene
to Pliocene sediments of the Upper Kalibeng and
Kerek Formations.

METHODS

Geological field mapping was conducted, fo-
cusing on the suspected Kendeng Fault and mud
volcano locations. Samples of rocks, water, mud,
and gas were collected and carefully preserved
for laboratory analysis. Rock samples were sent
to the Geology Department of Institut Teknologi
Bandung (ITB) for thin-section analysis. Water
samples from mud volcanoes were analyzed at the
Environmental Engineering Laboratory of ITB to
determine the chemical composition. Muds from
mud volcanoes were sampled for Scanning Elec-
tron Microscope (SEM) analysis at the Geological
Survey Centre (PSG). The mud samples were also
analyzed at the Soil Mechanics Laboratory of [TB
for grain size and density analysis. Gas samples
were analyzed at The Mineral Coal Centre and
Geothermal Resources Laboratory to identify
the chemistry.

Surface rupture observations were also carried
out along the Kendeng Fault Zone to identify
potential creeping activity. Observations focused
on infrastructure within the fault zone, although

detecting creep proved challenging due to the
Kendeng Fault's slow creeping rate compared to
other faster-moving faults globally. To address
this limitation, this study integrates geological
map data to constrain the locations of potential
creeping activity. The results of the laboratory
analysis were integrated with geological map-
ping to investigate the relationship between the
creeping behaviour of the Kendeng Fault and
overpressure conditions in the onshore Northeast
Java Basin.

RESuLT

Lithology

Field observations revealed that the Kendeng
Zone (Figure 4) is primarily dominated by mas-
sive marl in the upper part, with marl interspersed
with claystone, tuff, limestone, and sandstone in
the lower parts of the Kerek (S30) and Kalibeng
(S14) Formations (Pringgoprawiro, 1983).

The Sonde Formation (D2) is also present to
the far east of the Kendeng Zone in the studied
area (Figure 1), indicated by marl with sand-
stone and tuff interbeds (Pringgoprawiro, 1983).
Thin-section analysis reveals that carbonate mud
dominates the marl samples. Although classified
as tuff lapilli, one sample (P5) shows that most
lithic fragments and volcanic ash had already
transformed into clay minerals.

At the A-2 location, the Kerek Formation
consists of intercalated whitish marl, brown lime-
stone, claystone, and blackish sandstone (Pring-
goprawiro, 1983). The upper part of this forma-
tion is primarily composed of brown limestone,
whereas the lower part is dominated by whitish
marl. Minor faults and fracture zones were ob-
served at the outcrop. Thin-section analysis clas-
sified the rock sample as sandy mudstone based on
Dunham’s classification (1962). This is attributed
to the predominance of very fine, darkish-brown
carbonate mud with fragments of sandstone frag-
ments containing plagioclase, alkaline feldspar,
opaque minerals, and hornblende. The rock also
contains planktonic foraminifera fossils.
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Figure 4. Simplified geological and structural map of the Northeast Java Basin (reproduced as the result of modification from
Smyth et al. (2008), Gafoer and Ratman (1999), and Amin ef al. (1999), showing the locations of rock samples, shallow
water well blowout, and mud volcanoes from field investigations.

At the S14 location (Figure 5), the lithol-
ogy is dominated by massive marl from the
Kalibeng Formation. Poor road conditions were
observed in this area, likely attributed to the
lithology characteristics. Some sections experi-
enced landslides which nearly severed the road
entirely (Figure 5¢). Approximately 100 m from
the damaged road, small marl hills displayed
high friability, making them prone to sliding.
Thin section analysis classified the marl as
Foraminiferal Mudstone (Dunham, 1962), char-
acterized by very fine carbonate mud containing
planktonic foraminiferal fossils. Some shells of
these fossils had been replaced by micrites and
opaque minerals.
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At the P5 location, the Sonde Formation
(Figure 6) was identified, accumulating within
the Kedungwaru Anticline. The Sonde Formation
consists of tuffaceous marl, yellowish-white in
colour, containing diatoms and locally calcareous
nodules (Pringgoprawiro, 1983). A minor reverse
fault at PS5 exhibited reverse motion, shifting the
Sonde Formation (Figure 6). Macroscopic ob-
servations reveal that the tuff content dominates
the lithology. Thin section analysis classified the
lithology as tuff lapilli based on Fisher’s clas-
sification (1966) in Figures 7a and 7b.

This pyroclastic rock comprises lithic frag-
ments, crystal fragments, and lapilli-sized glass
pieces embedded in a volcanic ash groundmass
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Figure 5. (a). Outcrop marl lithology from the Kalibeng Formation in S14 station; (b). Closer marl outcrop. from S14 station;
(c). Indication of land movement or landslides close to S14 station; (d). Marl rock sample from S14 station.

Figure 6. Outcrop of the Sonde Formation in P5 station, along with a possible fault plane indicated by a purple dashed line
(purple arrows are the possible fault movement). The red arrow indicates the fault plane lineament. The inserted photo is
the close-up lithology of the site, dominated by tuffaceous marl.

(Figures 7a; b). The lithic fragments, primarily
tuff, have largely transformed into clay minerals
(Figures 7a; b). Crystal fragments include plagio-
clase and alkaline feldspar (Figures 7a; b), dis-
playing microlite crystal forms (elongated, very
fine, and white). Additional crystal fragments
consist of mafic minerals and opaque minerals.

The groundmass is composed of volcanic ash
that has undergone alteration into clay minerals.

The Ul location is dominated by massive marl
from the Kalibeng Formation. The marl is heav-
ily fractured, likely due to structural deformation
activities. Thin section analysis classified the rock
as Foraminiferal Mudstone based on Dunham’s
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Figure 7. The Kalibeng Formation rock sample (c) from S14 station and thin section analysis: (a) parallel nicol. (b) and
cross nicol. Some of the lithic fragments have changed to clay minerals. Opg: Opaq mineral; Lithic: lithic fragment, Pla:

plagioclase.

classification (1962). The rock contains shells of
planktonic foraminiferal fossils (Figures 8d and
e) and opaque minerals.

The groundmass consists of micrites with a
mud-supported fabric. Carbonate mud, identified
by its darkish-brown colour and very fine grain
size (micrite), is the dominant material exhibiting
extreme birefringence. Fossil shells are less abun-
dant than micrites, with skeletal grains primarily
derived from planktonic foraminifera (Figure
9a). Some fossil shells are filled with rhombic
dolomite crystals, along with calcite spars and
possibly dolomite spars. Fine opaque minerals
are present within some shell fossils (Figure 9a).

At the D2 location (Figure 8), the lithology
comprises marl alternating with sandstone and
tuff from the Sonde Formation (Figures 8a and
8b). This site features numerous fractures and
minor faults due to its proximity to the Kendeng
Fault. Thin section analysis classified the rock
as Foraminiferal Mudstone (Dunham, 1962).
Micrite carbonate mud, characterized by its
darkish-brown colour and extreme birefrin-
gence, dominates the lithology, accompanied
by shell fossils from planktonic foraminifera.
The mud-supported fabric and dolomite-filled
fossil voids were observed. Calcite and dolo-
mite spar, identifiable by their rhombic crystal
shapes, partially or fully replaced some fossil
shells (Figures 8d and 8e). Opaque minerals,
present as very fine grains or rounded aggre-
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gated crystals, filled foraminifera shell cavities
(Figures 8d and 8e).

SEM analysis was performed to determine the
mineralogy of carbonate mud or clay material. At
S14 (Figure 9a), dominated by massive marl of
the Kalibeng Formation, the clay and carbonate
mud primarily consist of smectite, with some
portions associated with illite. A similar miner-
alogical composition is found in the D2 sample
(Figure 9b), where smectite dominated the clay
minerals. Frequent occurrences of shell fossils
and planktonic foraminifera fossils were observed
across all samples. Smectite-illite, a phyllosilicate
clay group, is identified as the primary mineral
associated with the samples.

This mineral readily swells when interacting
with water and is commonly associated with
creeping faults, as it reduces the shear stress of
faults, facilitating creep. Geological observations
(Figure 4) indicate that the Kendeng Zone is
predominantly composed of illite-smectite min-
erals, which may promote fault creep. Fractures
and minor faults are common in areas near the
Kendeng Fault, as depicted in the geological map.

Gas Composition

Gas samples collected from active mud vol-
canoes were grouped into three complexes based
on their east-west distribution (Figure 10). The
first group, the East Java Mud Volcano Complex,
consists of the Surabaya and Madura Mud Vol-
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Figure 8. Outcrop of The Sonde Formation in D2 station, along with a possible fault plane (a); closer look of the D2 outcrop
with fractures (b); marl rock sample from the D2 station (c); parallel nicols (d) and cross-nicol (e) thin section analysis of

marl from D2 station. F: foraminifera.

cano Complex, including Soccah/Buhjel Tasek,
Pulungan, Lusi, Banyu Mombol, Citro, Bekucuk,
Gununganyar, Kalanganyar, and Wringinanom.
The second group is the Central Java Mud Vol-
cano Complex, which consists of the Kesongo
Mud Volcano Complex (Kesongo, Anak Kes-
ongo, and Banyu Geni Jati); the Grobogan Mud
Volcano Complex (Medang, Buran Blegodah,
Buran Londo Banjarejo, Bledug Detil, Bledug
Kuwu, Cakringan, Crewek, Banjarlor, Little Vol-
cano, and Detil); and The Sangiran Mud Volcano
Complex (Sangiran and Pablengan). The third and
westernmost group is the West Java Mud Volcano
Complex, which consists of the Kuningan Mud
Volcano or Ciuyah Mud Volcano.

The CO,, O2/Ar, and N2 content in the gas
samples increases from east to west, with the
Surabaya Mud Volcano Complex having the
lowest average CO: content (Table 1). Con-
versely, CH4 content decreases along the same
gradient, with the Surabaya Complex showing
the highest CH, levels compared to the other
complexes. This indicates that there is a sig-
nificant difference between the mud volcano
complex in Surabaya (Kendeng Zone) and the
mud volcano in Grobogan, which represents the
Rembang Zone. This trend indicates that sub-
surface CO,, O,/Ar, N, and CH, concentrations
may be important factors influencing the creep
behaviour of the Kendeng Fault, which may be
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Figure 10. A map showing the distribution of mud volcanoes from Central to East Java. DEM data was taken from https://
earthdata.nasa.gov/. MV: mud volcano.

Table 1. Gas Content of Mud Volcanoes in Java and Madura

Parameters
Location D Mud Volcano Complex Non-Condensable Gasses (Yommol)
co, N, CH, O,/Ar He H, CcO
Buhjel Tasek/Soccah T3 2.58 12.887 83.504 1.011 0.012 0.006 0
Gununganyar Q1 Surabaya and Madura 12.58 13.56 72.318 1.542 0 0.001 0
Kalanganyar Q2 3.64 18.02 76.258 2.069 0 0.013 0
. Wringinanom PL e 639 | 1s19 7242 LIS 0 0004 0
Kesongo S24 Kesongo 23.33 61.29 8.825 6.547 0.005 0.004 0
..AnakKesongo . 82 e SETL 1422 2455 ] 1604 0011 0002 .. 0.
Crewek S18 90.82 7.59 0.646 0.942 0 0 0
Banjarlor S19 17.49 73.86 0 8.65 0 0.003 0
Bledug Kuwu S20 81.71 14.22 2.455 1.604 0.011 0.002 0
Detil T10 Grobogan 92.52 6.788 0.088 0.598 0.003 0.003 0
Cangkringan S33 72.46 2528 0.05 221 0.002 0 0
. Medang-Pool S T 220 8L 0830004 O . 0.
Ciuyah S37 82.43 15.06 0.651 1.86 0.002 0.003 0

related to volcanic activity and hydrocarbon
generation in the region.

CO: indicates the influence of crustal magma,
which represents a deep and high-temperature
indicator. CO: content reduces fault friction and
promotes faster creeping activity (Harris, 2017).
Meanwhile, CH, indicates a shallower and lower-
temperature environment, which is mostly related
to hydrocarbon generation that creates an over-
pressure environment. However, the influence
of CH, in reducing fault friction and promoting
creeping activity is insignificant.

The creeping rate of the fault appears to in-
crease from east to west, implying that the eastern
segment of the Kendeng Fault (Surabaya) creeps
more slowly than the western segment (Grobogan).
This is based on the roughness of the morphol-
ogy comparison between these two regions. The
western part has a rougher surface morphology,
represented by the mountainous areas, than the
eastern part, represented by the alluvial plains.
The observed increase in CO- content and decrease
in CH, content from east to west align with this
pattern. The Surabaya Mud Volcano Complex,

279



Indonesian Journal on Geoscience, Vol. 13 No. 2 August 2026: 269-296

with its higher CH, and lower CO: content, likely
corresponds to slower creeping rates, whereas
the western complexes exhibit conditions more
conducive to faster creep, represented by a faster
creeping rate. This may be related to the different
nature of creeping activity in these two areas.

Mud and Water Analysis

Analysis revealed that the grain sizes in most
mud volcanoes are dominated by clay and silt
(Table 2), with specific gravity values ranging
between 2.65 and 2.72. The clay and silt lithology
are generally predominant in the mud sample. The
inactive Sangiran mud volcano is unique in con-
taining a small amount of gravel particles, which
are absent in other active mud volcanoes. This is
possibly due to interference with other sediments.

Table 3 shows the composition of the water
samples. The main characteristic of water or

Table 2. Physical Properties of Mud Samples

fluids from the mud volcanoes in the studied
area is its salinity. Elemental analysis of the fluid
samples indicates that salt (NaCl) and magne-
sium contents increase from east to west (East
Java Mud Volcano Complex to West Java Mud
Volcano Complex, in Figure 9). In contrast, fer-
rum (Fe) or iron concentrations decrease along
the same gradient (Table 3). The increase in
magnesium content in Table 2 correlates with
the increase in CO,, O2/Ar and N content in
Table 1 from east to west. Serpentine is the main
mineral that promotes creeping activity in a fault
zone, and magnesium is its main component. In
general, higher magnesium content promotes
faster creeping activity (Harris, 2017). Notably,
the Kuningan Mud Volcano (Ciuyah), which is
part of the West Java Mud Volcano Complex
(Figure 9), exhibits significantly lower concen-
trations of strontium (Sr) and iron (Fe) compared

% Finer by weight

No Mud Volcano ID Gr Sa Si Cl . SG GS Lith
passing sleeve # 200

1 Sangiran 1 S6 3 3 29 65 94 2.67 0.0040 Clay
2 Sangiran 2 S 35B 1 13 27 60 86 2.69 0.0053 Silt
3 Crewek S 18 0 3 47 50 97 2.67 0.0102 Silt
4 Banjarlor S 19 0 3 24 72 96 2.68 0.0021 Clay
5 Bledug Kuwu S 20 0 3 20 77 97 2.69 0.0000 Clay
6 Kesongo S24 0 3 36 62 97 2.70 0.0046 Clay
7 Anak Kesongo S25 0 5 34 61 95 2.65 0.0047 Clay
8 Cakringan S33 0 4 23 72 96 2.68 0.0022 Clay
9 Medang S 34 0 1 31 67 98 2.70 0.0034 Clay
10 Ciuyah S 37 0 3 57 40 97 2.72 0.0105 Silt

Note:

SG: Specific Gravity GS: Grain Size No: Number Gr: gravel — Sa: sand Si: silt Cl: clay Lith: lithology

Table 3. Fluid Content Analysis from Mud Volcanoes in Java and Madura

VI\:I“d Parameter Analysis (mg/L)

Location D Complex I Na K Mg Ca S0, Sr Li Fe B pH
Gununganyar Ql  Surabayaand 14614 743 607 231 418 136 125 18.6 7332 0001 777
Kalanganyar Q2 Madura 15070 775 592 332 424 145 120 16.2 7219 0.001 7.52
Wringinanom P1 16745 652 501 342 347 2.55 102 13.4 7426 0.001 7.33
Kesongo .................. oy S S S s s S
Anak Kesongo 25 KON ouss 4743 1756 7087 2989 5104 3907 096 005 0001 786
G G e v e s e B
Banjarlor S19 25878 7209 1921 939.5 635.3 55.24 5.13 28.92 0.001 0.001 7.7
Bledug Kuwu S20 74285 12908 4031 5335 2928 66.44 162.3 0.01 0.001 0.001 7.13
Cakringan S33 32575 64S3 2122 1442 774.5 640.2 68.86 22.58 0.01 0.001 7.07
Medang S34 Grobogan 20398 18.36 21.75 17.14 2104 17.06 1.252 0.213 3.534 0.01 6.5
Detil T10 6534 56.41 537.6 20.38 160.8 261 5.242 0.848 0.01 0.01 6.48
Sengon-Tuku U4 27400 1201 38.72 62.74 149.8 7.64 98.77 30.15 0.03 0.001 6.53
Cluyah .................... S37Kunmgan ...... PO e e e Sy o o RIS
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to mud volcano complexes in the eastern region
(Table 3).

The iron content in the East Java Complex is
significantly higher than in the East Java Mud Vol-
cano Complex. Iron appears in clay minerals such
as illite, smectite, and chlorite. The transformation
of smectite to illite can produce iron and magne-
sium. Ifreleased iron experiences oxidation in pore
fluids, it will create coatings that cement grains,
strengthen faults, and slow creep (Saffer et al.,
2012; Ma et al., 2024). The presence of excessive
iron will usually slow the creeping process, unless
iron-bearing carbonates or sulphides dissolve and
interact with deeper CO,, which accelerates the
creeping activity (Chiodini et al., 2020).

Surface Rupture

Surface ruptures and minor landslides were
observed on the sides of the Klubuk 1 bridge
(O, station) and along nearby concrete drainage,
as seen in Figure 11. This bridge was built over
twenty years ago, and its location is close to a
thrust fault, as indicated on the geological map.
The area is part of the Kendeng Fault Zone, and
is close to an active thrust fault. It is dominated
by alluvium (Noya et al., 1992). The shifting of
the concrete bridge and drainage, along with the
landslide, indicate the movement history of this
area over the last twenty years.

Nglambangan Village (N2 and N3 stations)
is situated near the interpreted Ngrau Fault on

the geological map. Signs of possible creeping
include landslides and bumpy, wavy roads, sug-
gesting physical changes due to fault activity. At
Bago Village (S14 and S15 stations), massive
marl from the Kalibeng Formation dominates the
lithology (Figure 12).

The marl is loose, friable, and prone to inter-
action with water, contributing to deformation
alongside fault activity. Fault escarpments and
landslides are prevalent, and significant physical
deformation of the area morphology has been
observed. Poor road conditions may reflect fault
movement or marl-water interactions.

Located near a suspected thrust fault on the
geological map, the Gundih (U2 station) site is
dominated by massive marl from the Kalibeng
Formation. The station complex includes the Gun-
dih train station, built in 1867, and the surrounding
old buildings. Cracks that extend continuously in
some buildings suggest creeping activity.

Intercalations of tuffaceous sandstone, cal-
careous siltstone, and marl from the Kalibeng
Formation dominate the Kedungjati area (S27
and S28 stations in Figure 13 and Figure 4). At
S27, east-west trending faults and fractures were
observed in a nearby river. S28 is a railway station
built in 1870, almost as old as the Gundih Train
Station (Figure 13). Cracks in walls and signifi-
cant deformation in the front porch floor were
observed, suggesting creeping activity related to
the Kendeng Fault.

— CONTACT

~—  RIVER

ALLUVIUM

vy THRUSTFAULT ‘

¢ STRIKE AND DIPS OF BED. | S8
®  furep opservaTION 3

PUNCAGAN FORMATION
LIDAH FORMATION
KALIBENG FORMATION
SONDE FORMATION
KALIBENG FORMATION

Figure 11. Possible indication of fault creep (displacement of the cemented wall bridge) at the O, station in the Klubuk 1
bridge (b); the location of the O- station on The Mojokerto Geological Map (Noya et al., 1992); which clearly shows that

the bridge is very close to a major thrust fault (a).
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Figure 12. Manifestation of possible fault creep at N2 and N3 stations in the Nglambangan Village. N2 and N3 locations
in The Bojonegoro Geological Map (Pringgoprawiro and Sukido, 2011) that close to the possible Kendeng Fault Zone (a),
landslide at the N3 location (b), possible fault creep manifestation in N2 on the cemented road (s, d, and e).
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Figure 13. Possible creep manifestation at S27 and S28 stations in Kedungjati Village, image taken from Google Earth on
March 3, 2025 (a); S27 and S28 in the Salatiga Geological Map (Sukardi and Budhitrisna, 1992), indicating how close these
stations are to the major thrust fault (b); fault manifestation at S27 station (c, e), indicating some minor faults; slickenside
(c) indicated an E-W direction of N260°E with a plane dip of 3°. Cracks on old buildings (red arrow) in S28 station (d, f),
possibly indicating fault-creep manifestation. These old buildings were built by Dutch officials in 1870.
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DIScUSSION

Geological Characteristics and Fault Creep

The main result of this research is the outcome
of geological field observations of creeping mani-
festations on the surface. Surface ruptures on old
buildings and infrastructure were focused on that
may have recorded the Kendeng Fault's creeping
activity for decades. The focus was on the area
where the interpretive fault is located on the geo-
logical map. In conclusion, Figures 10-13 provide
compelling evidence of creeping activity in the
Kendeng Fault Zone. Continuous observation is
necessary to precisely define surface ruptures, as
this researched area has never documented them
before. Other observation methods are needed
to determine the location of the surface rupture.
This information will be useful when installing
the fault creepmeter tool.

The geometry of a fault, including its length,
the roughness of the surrounding morphology,
and the creep rate, is another indication of creep-
ing activity. Figure 13 shows a comparison of
the geometry of the Kendeng Fault with that of
the Alto Tiberina Normal Fault, the San Andreas
Strike-Slip Fault, and the Chihsang Thrust Fault.
These faults have the following creeping rates:
The Alto Tiberina Normal Fault in Italy and the
Chihsang Thrust Fault in Taiwan creep at 2-3 cm/
year (Anderlini et al., 2016; Gori et al., 2018),
while The San Andreas Strike-Slip Fault creeps at
3 cm/year (Rymer et al., 2006; Watt et al., 2014;
Hirao et al., 2021). By comparison, the Kendeng
Fault creeps at a rate of 3 mm/year (Koulali et
al., 2016).

The lengths of the Alto Tiberina Normal Fault
(Chiaraluce et al., 2014), the San Andreas Strike-
Slip Fault (Steinbrugge et al., 1960), and the main
Chihsang Thrust Fault are approximately 60 km
(potentially extending to 100 km), 1,200 km, and
35 km, respectively. When combined with other
faults in the Taiwan Longitudinal Valley, the
Chihsang Thrust Fault system extends up to 160
km (Lee et al., 2003). The Kendeng Fault Zone
extends about 260 km from Surabaya to Sema-
rang, making it a major creeping fault. Figure 14

clearly shows the roughness of the well-known
creeping faults around the world in each A-B
cross-section. The Alto Tiberina, San Andreas,
and Chihshang Faults have the average elevation
differences of 1,500-3,500 feet, 1,500-2,500 feet,
and 1,500-3,000 feet, respectively. The Kendeng
Fault has the least elevation difference on aver-
age at around 20-600 feet. This correlates with
the creeping rate of each fault, with the Kendeng
Fault having the lowest rate (Figure 14).

Another piece of evidence of creeping faults is
the presence of mud volcanoes, which may have
different creeping rates than other fault segments.
In Central Italy, where the Alto Tiberina Fault is
located, several mud volcanoes exist, including
the mud volcano at Pieve Santo Stefano near
Mount Fungaia, which is situated at the northern
end of the fault. Mud vents on the San Andreas
Fault are located near its southern end in Palm
Springs, close to the Salton Lake area. This area
is considered the southern fault extension into
Mexico. This segment creeps at a slower rate than
the central and northern segments. Most earth-
quake activity occurs in the central and northern
segments of the fault (Jolivet e al., 2015; Kim et
al., 2016; Scott et al., 2020). Several papers have
already demonstrated the relationship between
fault activity and overpressure buildup in the re-
gion, which caused intermittent creeping (Tong et
al., 2013; Khoshmanesh and Shirzaei, 2018; Xu et
al., 2018; Xu et al., 2021). Preliminary observa-
tions suggest that the fault's lower creeping rate
may be associated with mud volcano activity in
the area (Xu et al., 2018; Marshall ez al., 2024).

Studies of the San Andreas Fault have shown
that reactions between serpentinite and hydro-
thermal, silica-rich fluids produce talc, reducing
the shear strength of the surrounding rocks. This
process contributes to the San Andreas Fault's
stable creeping behaviour (Moore and Rymer,
2007). Similarly, other phyllosilicate minerals
abundant in clay-rich rocks (e.g., montmoril-
lonite, smectite, and illite) can reduce shear
stress along faults. Water-saturated smectite, for
example, exhibits frictional strength comparable
to talc at room temperature.
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Figure 14. Average roughness of Alto Tiberina (a), San Andreas (b), Chihshang (c¢), and Kendeng Faults (d) from DEM
modelling (DEM data was taken from https://earthdata.nasa.gov/).

Subsurface fluids also play a critical role in
fault behaviour. For example, the interaction of
ultramafic rocks with silica-rich hydrothermal
fluids can produce talc on serpentinite at high
temperatures. At lower temperatures, these
processes produce clay and other phyllosilicate
minerals. The Kendeng Fault Zone is dominated
by marl in mud. According to SEM analysis, the
mud contains smectite or illite, which are phyl-
losilicate minerals that can contribute to creep
activity (Figure 9).

The Chihshang Fault has two mud volcanoes
on its coastal side, the Lei Gong Huo and the
Luoshan. In contrast, the Kendeng Fault has a
higher number of mud volcano manifestations,
including the massive Lusi Mud Volcano. How-
ever, the role of mud volcanoes in influencing the
creeping movement of the Kendeng Fault remains
unclear. Figure 15 summarizes all the mud volca-
noes visited in the region (Sitinjak and Harbowo,
2024). The presence of mud volcanoes indicates
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overpressure conditions in the subsurface. This
overpressure may be related to differences in the
creep rate of nearby fault segments.

The last piece of evidence possessed by the
Kendeng Fault indicating creeping activity is
the occurrence of swarm earthquakes (seismic-
ity). The focal mechanism of the recent ~10 km
earthquakes in the Kendeng Fault Zone linearity
suggests that the fault mechanism involved is a
strike-slip to thrust fault mechanism (Figure 16).
These focal mechanisms are located from the far
cast offshore Situbondo, Gunung Pandan, Rawa
Bening, to Kali Bening in the far west. Gunung
Pandan and Rawa Bening, located at the Kendeng
Fault Zone, are noted for their very interesting
local swarm earthquakes. Swarm earthquakes
consist of a series of small earthquakes that occur
over a short period of time without any dominant
main shocks. They are also an indication of fault
creep in an active tectonic region. This swarm
of earthquakes confirms that the western part of
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Banjarlor

Figure 15. Active mud volcanoes in the onshore Northeast Java Basin and its sampling activity. The location of the mud
volcanoes is depicted in Figure 1 (modified from Sitinjak and Harbowo, 2024).
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Note: Colored regions mark compressional zones,
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Figure 16. Focal mechanism of recent ~10 km deep earthquakes in East Java and Central Java (Source: https://www.isc.

ac.uk/iscbulletin/search/fmechanisms/interactive/).

the Kendeng Fault Zone (Grobogan) is more ac-
tive than the eastern part (Surabaya). Santoso et
al. (2018) summarise a swarm of earthquakes in
Gunung Pandan that were due to tectonic activ-
ity related to the Kendeng Thrust Fault. A low-
density body under Gunung Pandan, as indicated
by the residual gravity anomaly, dips to the south
and is suspected to be related to a hot material or

magma source. Further investigation of these two
locations (Gunung Pandan and Rawa Bening) is
needed to understand the creeping activity of the
Kendeng Fault. Seismicity in Alto Tiberina was
suspected due to overpressure, which also cor-
relates with the anomalous flux of regional CO2
in Central Italy (Chiaraluce et al., 2014; Rainone
et al., 2015; Blumetti et al., 2017; Agostinetti et
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al., 2017; Valoroso et al., 2017; Essing and Poli
2022). Gunung Pandan and Rawa Bening are
perhaps the best places to assess fault creep. This
study also concluded that the Kendeng Thrust
Fault is an active creeping fault, similar to other
creeping faults around the world. However, the
rate of movement may differ among its segments.

Overpressure Conditions and Fault Creep

Overpressure in the Northeast Java Basin is
not new (Ramdhan et al., 2013; Burhannudin-
nur, 2013; Sitinjak, 2016; Sitinjak et al., 2017;
Sitinjak, 2018). Overpressure conditions in the
subsurface may contribute to fault creeping by
reducing the effective normal stress acting on
the fault. This phenomenon has been extensively
documented, particularly in hydraulic fracturing
studies (Sibson, 2014; Schultz et al., 2020; Hadi-
zadeh et al., 2024). Wei et al. (2009) suggested
that fault creep along the Superstition Hills Fault
in California-equivalent to a magnitude 4.7 earth-
quake in 2006-could be attributed to elevated pore
pressure in the sediments.

Laboratory experiments conducted by Ou-
gier-Simonin and Zhu (2013) on intact porous
sandstone samples at room temperature revealed
that increased pore pressure could lead to brittle
deformation, causing rocks to fail at lower shear
strengths even within the brittle regime. One of
the best-documented examples of fault creeping
is the Chihshang Fault in the Longitudinal Valley,
Taiwan (Chen and Biirgmann, 2017). This fault, a
thrust fault similar to the Kendeng Fault, creeps
at a rate of 20-30 mm/year, making it the fastest-
creeping continental reverse fault in the world. Its
manifestation can be observed along the longitu-
dinal valley road, where a creep meter tool has
been installed since 1998. Lithology and pressure
solution creep are believed to play crucial roles
in the creeping behaviour of the Chihshang Fault
(Chao et al., 2013; Thomas et al., 2014; Chen et
al., 2020; Chao et al., 2021; Franklin and Huang,
2022; Chao, 2023; Lee et al., 2023). Mud volcano
manifestations are also present along some parts
of the fault. The onshore of the North-East Java
Basin is a warm or hot and overpressure basin
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formed by rapid sedimentation in the Kendeng
Zone (Mazzini et al., 2012; Sitinjak, 2016;
Putriyana et al., 2023). Since the Lusi Mud Vol-
cano incident, numerous studies have focused
on overpressure conditions in the region. These
investigations consistently highlight the over-
pressure subsurface conditions within the basin,
where the Kendeng Fault is located. Overpressure
conditions are evidenced by the manifestation
of mud volcanoes at the surface (Baloglanov et
al., 2018). Several incidents of water drilling in
the onshore of the North-East Java Basin have
caused significant, albeit temporary, fluid or gas
blowouts, indicative of overpressure conditions
(Humaida et al., 2012; Zaennudin et al., 2013;
Harianto, 2018; Rofiq, 2021). Throughout Java
and Madura Islands, at least eighteen active and
inactive mud volcanoes have been visited and
identified in this research. However, not all mud
volcanoes have sufficient data.

Gratier et al. (1999) highlighted the signifi-
cance of pressure-solution creep in fault creeping.
Pressure solution creep involves stress-driven
mass transfer processes, including plasticity, frac-
turing, and electrochemical interactions. It serves
as a primary mechanism for ductile deformation
in the upper crust, facilitating basin compaction,
folding, shear zone development, fault creep, and
inter-seismic activity. Elevated fluid pressure can
reduce the frictional resistance of faults, enhanc-
ing sliding potential (Scholz, 2019).

Based on the analysis of liquid and gas con-
tents in Tables 1 and 2, a quantitative analysis
was performed to determine the correlation and
relationship among the measured parameters. It
is done by defining the correlation co-efficient
(r) and determination co-efficient (R?) in a ma-
trix table. Based on the calculation of the fluid
parameters, Mg, K, Na, Ca, and Cl have a closed
relationship with each other, giving a correlation
co-efficient (r) range between 0.63-0.89 (CI and
Na provide the lowest r value of 0.63, and Mg-Ca,
K-Catogether with Cl-Ca give the highest r value
0f 0.89). Meanwhile, the co-efficient of determi-
nation (R?) gives a range of 0.39 to 0.93 (CI and
Na give the lowest R? value of 0.39, and Mg-Ca
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provide the highest R? value of 0.93). It seems
that among the fluid parameters, Mg-Ca has the
strongest relationship, while Na-Cl gives the
lowest relationship (Figure 17¢), which may be
related to the nature of halide mineral dominance.

The parameters Mg, K, Na, Ca, and CI (from
fluid sample) have a positive correlation with
N, and O2/Ar (from gas sample) as depicted in
Figure 17d, but the co-efficient of determination
(R?) varies from 0.22 to 0.59. The strongest rela-
tionship (R?) was found from Mg and Ca (from
liquid sample) to N, and O /Ar (from gas sample),
giving an R? value 0f 0.49-0.59. Mg, Ca, N, and
O,/Ar are the indication of volcanic influence
in the mud volcanoes, and the trend of this fluid
and gas is increasing from Surabaya Mud Volca-
noes to Grobogan and Kesongo Mud Volcanoes.
Surabaya Mud Volcanoes have the lower Mg, Ca,
N,, and O,/Ar content. This is an indication that
the Grobogan and Kesongo Mud Volcanoes are
strongly influenced by volcanic activity, unlike
the Surabaya Mud Volcano Complex.

The gas parameters were calculated and sur-
prisingly showed only two pairs of parameters
that exhibited a relationship or association (Table
4). They are CO and CH that provide a correla-
tion co-efficient (r) of -0.80, indicating a nega-

tive correlation with each other (Figures 17a and
17b). Secondly, N, - O,/Ar provides a correlation
co-efficient (r) of 0.99, which means a positive
correlation with each other.

These strong correlations are also reflected in
the value of the co-efficient of determination (R?),
which is 0.64 for CO2 - CH, and 0.99 for N, - O/
Ar. CO2 was dominated in the Central Java Mud
Volcano Complex, while CH4 was dominated in
the East Java Mud Volcano Complex. CO: and
CH, are negatively correlated and also related
to each other. High CO: concentration can be
suspected as an indicator of volcanic influence,
indicating deeper reservoir influence (deep mag-
matic reservoir), while CH, is mainly a product
of biogenic processes or perhaps related to hy-
drocarbon generation that is at shallower depth
(Cabassi et al., 2013; Navarro et al., 2022).

This finding is consistent with Burhannudinnur
(2013) that the mud volcanoes in the Central Java
Mud Volcano Complex (Grobogan or Rembang
Zone) are related to the Tawun Formation (Early
Pliocene). This formation is much deeper than the
source of the East Java Mud Volcano Complex
(Surabaya or the Kendeng Zone), which is related
to the Upper Kalibeng or the Kerek Formation
(Middle Miocene to Pliocene). The East Java Mud
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Figure 17. Negative and positive correlation graphs among fluid and gas parameters.
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Table 4. Matrix Table of the Correlation Coefficient (r) on the Top and the Coefficient of Determination (R?) on the Bottom,

for The Respective Parameters of Liquid and Gas Analysis

r Cl Na K Mg Ca SO, Sr Li Fe B pH CO, N, CH, 0,/Ar He H,
cl - 0,63 083 087 089 00l 037 026 042 004 025 007 _ 060 048 064 011 0,18
Na - 08 08 075 009 013 007 | -054 050 003 014 055 052 060 007 -026
K - 087 089 | -003 042 022 -031 -035 -008 0,14 047 047 052 005 022
Mg - 08 003 042 022 031 035 -008 0,15 073 032 077 -0,18 -0l
Ca - 014 059 -014 019 -028 -005 -016 070 -030 075 015 -0,10
S0, - 012 003 033 015 013 010 018 023 0I5 047 015
Sr - 009 059 048 034 [[:071 048 046 048 009 036
Li - 026 051 038 014  -044 014 042 036 -007
Fe - 026 033 | 064 017 | 081 018 000 = 057
B - 052 035 033 035 005 -026
pH 066 026 055 021 003 021
co, - 0,44 040 0,19 | 059
N2 0,19 0,16 0,12
CH4 - 023 0,10 057
0,/Ar - 0,18 0,10
He - -0,07
H, -
x Cl Na K Mg Ca SO, Sr Li Fe B pH CO, N, CH,

Cl E 039 069 075 080 0,14 0,07 036 023

Na - 069 072 056 0,02 031 027

K - 075 080 0,18 0,05 022 022

Mg - 023 | 0,03 053 0,10

Ca - 002 035 | 002 049 0,09

S0, - 0,01 0,03 005

Sr - 035 023 012 051 023 021

Li 007 026 015 | 002 019 | 002

Fe - 007 011 041 003 066

B - 053 027 012 01l

pH 043 007 030

co, - 0,19 = 064

N2 - 0,03

CH4 -
0,/Ar

He

H,

Volcano Complex appears to be more influenced
by biogenic processes related to hydrocarbon and
overpressure generation. Sedimentation rates also
differ between East Java and Central Java.

The sedimentation rate in East Java is much
higher, about 1,000-1,200 m/million years, while
the sedimentation rate in Central Java ranges from
less than 100 m/million years to 700 m/million
years (Burhannudinnur, 2013). This also indicates
that overpressure due to rapid sedimentation plays
amore dominant role in East Java than in Central
Java. Thus, the creep activity in the Kendeng
Fault is influenced by two factors: Central Java
is more affected by volcanic or tectonic activity,
whereas East Java is more affected by overpres-
sure due to a high sedimentation rate. The cor-
relation co-efficient (r) and the determination (R?)
co-efficient are summarized in Table 4.

The increase of CO: followed by a decrease
of Fe will reduce the pH and Sr from the East
Java Mud Volcano Complex to the Central Java
Mud Volcano Complex. Increased dissolved
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magnesium in calcite strengthens the transition
between diffusion and dislocation creep (Her-
wegh et al., 2003). Furthermore, magnesium in
phyllosilicate minerals contributes to reducing a
fault's frictional strength. Fine grains within the
fault accommodate frictional forces and facilitate
grain-to-grain sliding, as the phyllosilicates cre-
ate multiple weak planes within the fault gouge.
This leads to stable sliding behaviour, which,
when combined with a lower co-efficient of fric-
tion, promotes fault creep (Scott et al., 2020). From
Figures 18 a and b, it can be seen that the East
Java Mud Volcano Complex, or Surabaya Mud
Complex, or Kendeng Mud Complex (Kalangayar,
Gununganyar and Wringin Anom) has different
source characteristic than the Central Java Mud
Volcano Complex, or Rembang Mud Volcano
Complex (Kesongo and Grobogan Mud Volcano
Complex). This may, of course, contribute to the
creeping behaviour of the Kendeng Fault Zone.
Laboratory experiments demonstrate that
halides, such as sodium chloride (NaCl), deform
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plastically at room temperature (Davidge and
Pratt, 1964; Sprackling, 1970; Argon et al., 1972,
Bourcier et al., 2012; Thom and Goldsby, 2019).
The addition of water accelerates the weakening
of rock salt through recrystallisation. The forma-
tion of fractures in halide, quartz, or calcite rocks
reduces diffusion distances, thereby increasing the
rate of pressure solution.

Electrochemical interactions between quartz
and clay further enhance pressure solution creep.
For this process to occur, soluble minerals such
as feldspar, calcite, quartz, and serpentine must
be present alongside a reactive fluid phase. Fine-
grained materials typically facilitate minimal
distance in diffusive mass transfer. Soluble
grains must avoid sealing together to maintain
rapid diffusive paths along solution seams. Two
mechanisms help prevent sealing: (1) the passive
concentration of phyllosilicates due to the deple-
tion of soluble minerals during pressure solution
and (2) the growth of new phyllosilicates, such
as smectite, illite, or kaolinite (Gratier et al.,
2013).

Phyllosilicate minerals become trapped
around soluble grains, preventing sealing and ena-
bling continued diffusive mass transfer. Thin sec-
tion analysis reveals that most carbonate mud and
other minerals, including tuff, have transformed
into phyllosilicate minerals such as smectite and

illite. The presence of halides, smectite/illite, and
fluid can enhance pressure solution creep. These
mechanisms significantly influence most mud
volcanoes in Indonesia, especially those associ-
ated with faults, anticlines, and fractures.

SEM analysis revealed that smectite, along
with other minerals such as halide and quartz,
dominated the Gununganyar Mud Volcano sam-
ple (Figure 18). In contrast, the Kesongo Mud
Volcano sample was primarily composed of
halide. These minerals play a crucial role in fault
creeping (Farghalli and Langdon, 1974; Barber
etal, 2010).

Thin-section and scanning electron micros-
copy (SEM) analyses confirm the macroscopic
observations of phyllosilicate minerals on the
surface. In the Gununganyar SEM samples
(Figure 18), quartz and halide grains were sur-
rounded by smectite minerals. This arrangement
enhances solution creep pressure, thereby con-
tributing to fault creeping. Further investigation
is needed to explain the relationship between the
creeping activity of the Kendeng Fault and the
overpressure conditions surrounding it. Assess-
ing well data and seismic lines will be advanta-
geous in determining the subsurface nature of
the Kendeng Fault Zone, providing valuable
additional information to the surface geological
data presented in this paper.

Figure 18. SEM of mud samples from Gununganyar (a) and Kesongo (b). Hal: Halide; Qz: Quartz; Sm: Smectite.
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CONCLUSIONS

The surface geological mapping and labora-
tory analysis of samples lead to conclude that
a creep mechanism is possible in the Kendeng
Fault Zone. The Kendeng Fault Zone meets the
three main criteria for creep: geology, fault ge-
ometry, and subsurface overpressure fluid. Marl
dominates the lithology of the Kendeng Fault.
Thin-section analysis classifies it as a mudstone
abundant in carbonate mud that has transformed
into clay minerals. This clay plays a key role in
generating possible creep activity in the Kendeng
Fault. On the other hand, SEM analysis confirms
the presence of clay and halide minerals, which
may also contribute to creep activity.

Manifestations of creep near fault planes are
clearly visible through geological phenomena,
such as landslides or physical changes in build-
ings. The Kendeng Fault geometry can be seen
in its roughness in the studied area, indicating
a slower creep rate than other creeping faults
around the world, such as the Alto Tiberina, Chis-
hang, and San Andreas Faults. The Central Java
morphology (Grobogan area) is rougher than the
East Java morphology (Surabaya area), suggest-
ing a possible difference in creep rate.

The Central Java Fault segment has a higher
creep rate than the East Java Fault segment. The
focal mechanism of the recent earthquakes in
the Kendeng Fault Zone suggests that the fault
mechanism involved is a strike-slip or thrust fault.
The two locations of the swarm of earthquakes in
Gunung Pandan and Rawa Bening are evidence
of fault creep in the western part of the Kendeng
Fault Zone. This confirms that the western part of
the Kendeng Fault Zone (Grobogan) experiences
more active creep than the eastern part (Surabaya).

The elemental analysis results of the fluids and
mud, combined with the gas analysis from all the
mud volcanoes in the Java and Madura Islands,
appear to align with the creeping rate differ-
ences and fault behaviour in Java, especially the
onshore of the Northeast Java Basin. Correlation
co-efficient (r) and determination (R?) co-efficient
analysis provide a detailed summary of the rela-
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tionship between gas and fluid parameters from
the mud volcanoes.

There is a positive correlation between the
possible halide minerals (Na, Mg, Ca, K, and Cl)
and the gas content (N2 and O2/Ar), with a slight
relationship between these gases and fluid ele-
ments. Magnesium (Mg) and calcium (Ca) from
the liquid sample are the most correlated with N,
and O,/Ar from the gas sample. These parameters
increase from the mud volcanoes in East Java to
those in Central Java.

The presence of halides and clay minerals
was also confirmed by thin section and SEM
analyses. These results suggest that the Grobogan
and Kesongo Mud Volcano Complexes in Central
Java are more strongly influenced by volcanic or
tectonic activity than the Surabaya Mud Volcano
Complex in East Java. Another indication that
strengthens this point is the negative correlation
between CO: and CHa4, which is supported by a
high co-efficient of determination (R?) indicating
their relationship with each other.

The concentrations of CO2 and CHa in the gas
are negatively correlated (r), yet they are also
connected (R?). The Central Java Mud Volcanoes
are primarily composed of CO-, which may be a
result of volcanic activity linked to tectonic pro-
cesses in the region's deeper reservoir. In contrast,
the East Java Mud Volcanoes are dominated by
methane, which may result from a highly over-
pressurised hydrocarbon reservoir due to a high
sedimentation rate.

This is also confirmed by the difference in
sedimentation rates between East and Central
Java. The dominant presence of halide minerals
in fluids and gases may contribute to the creep
rate and behaviour of the fault. The Kendeng Fault
segment in Central Java appears to creep more
actively than the East Java segment, as indicated
by higher concentrations of halide minerals and
CO: gas.

The East Java Mud Volcanoes are character-
ized by a very high content of methane (CHa),
which is suspected to originate from a hydrocar-
bon reservoir. Overpressure conditions, resulting
from a very high sedimentation rate, influence the
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slow-creeping segment in East Java (the Surabaya
region). Volcanism influence due to tectonics is less
than that of the Kendeng Fault segment in Central
Java (Grobogan region). This contributes to the
difference in creep rates between East and Central
Java, which may also contribute to the region's
earthquake potential. The results also support the
idea that the Kendeng Fault is segmented with dif-
ferent creep rates. These findings require further
study, particularly the relationship of overpressure
in each Kendeng Fault segment. This information
will be useful for hydrocarbon exploration activi-
ties and natural disaster mitigation in the region.
Future studies will be based on available wells and
seismic data in the region to better understand the
subsurface nature of the Kendeng Fault and its
surroundings, which will add important value to
this surface geological mapping.
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