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Abstract

The Kendeng Basin, the major depocenter of the East Java Basin, has been filled
with deep-sea clastic volcanic deposits since the Middle Tertiary, which devel-
oped into volcanic deposits in the Quaternary. With thick Quaternary volcanic
deposits covering almost the entire basin, outcrops are only found in the north,
forming a fold-thrust belt structure. The oldest known stratigraphic unit is the
early Miocene Pelang Formation, which was deposited in the lower to the up-
per bathyal zone. Rocks older than the Pelang Formation have not been identi-
fied in this basin either from outcrops or drill-hole data. However, the geochem-
ical analysis of oil seepage proves to be different because the oil source rock in
Kendeng Basin was interpreted to be of older lithology than the Pelang Forma-
tion, indicating a potentially older stratigraphic unit in the Kendeng Basin that
has not been revealed to date. Mud volcanoes transported rock material from the
Kendeng Basin to the surface, uncovering the stratigraphy that has been an enig-
ma. The material in question includes Nummulites limestones, conglomerates,
and quartz sandstones. Paleontological analysis results on rock fragments indicate
that they belong to the Middle Eocene age, so they are older than the Pelang For-
mation. Mud volcano also carried younger limestones to the surface identified as
Miocene Age (equivalent with the Pelang Formation), which were deposited in a
middle neritic environment, so they provided information that shallow areas pos-
sibly formed a horst-graben structure during the Miocene in the Kendeng Basin.
The appearance of Eocene and Miocene rock fragments can be used to comple-
ment the stratigraphy and it also provides a potentially new concept of source-
reservoir rock in the Kendeng Basin.
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1. Introduction

The central East Java Basin, or known as the Kendeng Basin, spans in a west-east
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direction in eastern Java Island, Indonesia, and has been interpreted to extend
further northeast to the north of Bali Island. This basin is approximately 100 km
wide and more than 400 km long. It is associated with a large region of negative
Bouguer gravity anomalies (around —50 mGal), which is strikingly different from
its surroundings [1] [2] (Figure 1). The anomalies are interpreted as a deep ba-
sin (more than 6 km deep) filled with a thick sequence of turbidite volcaniclastic
sandstones and pelagic mudstones sediments [1] [2]. Current geological condi-
tions show a small part of the northern Kendeng Basin exposed to the surface,
forming a fold-thrust belt system. Meanwhile, the southern geology that is mainly
covered by Quaternary volcanic deposits remains unknown. The oldest known
stratigraphic unit is apparent from the outcrops in the southern Juwangi, Pur-
wodadi (Central Java), which consist of tuffaceous mudstones rich in globigerina
of the Oligocene to the Early Miocene, part of the Pelang Formation [2]. There is
not much information on any stratigraphy older than this formation due to the
absence of outcrops and drilled wells.

Geologically, a mud volcano is often associated with young magmatic activi-
ties, intensive tectonic compression and rapid sedimentation as the main factors
of its formation [3] [4] [5]. Mud volcanoes occur when excessive pressure makes
fluidized sediments penetrate upward as a result of buoyancy forces and diffe-
rential pressure and migrate along with a fault structure. In its development, the
Kendeng Basin is compressed by subduction in the south, forming folds and thrust
belts in the middle of Java Island. Sediments are substantially and quickly depo-

sited into the basin, especially during the Mio-Pliocene to Pleistocene, and are
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Figure 1. Map of Bouguer anomalies in eastern Java showing the position of the Kendeng Basin and the surrounding basins. The
red box marks the location of the Boyolali Mud Volcano Complex, Indonesia [2].
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directly suppressed by plate convergence from the south. These processes lead to
an elisional system [3] that excessively pressurizes the basin into producing mud
volcanoes/mud diapirs in several places. Some examples of these mud volcanoes
are found in Central Java: Bledug Kuwu, Bledug Kesongo, and Bledug Kropak (sou-
th of Purwodadi), the mud Diapir and mud Volcano complex, and the Boyola-
li/Sangiran Dome; in East Java: Jari Mud Volcano (Nganjuk), LUSI (mud volca-
no eruptions), Porong, Kalang Anyar, Pulungan (Sidoarjo), and Gunung Anyar (Su-
rabaya); in Madura: Socah (Bangkalan) (Figure 2).

The Boyolali Mud Volcano Complex is a cluster of ancient mud volcanoes
that are no longer active. It has a west-east orientation and spans from Lake Ceklik
(north of Solo) in the south to Sangiran Dome in the north. There are several
outcrops of mud volcanoes in the complex, namely in Jatikuwung, Lake Tengklik,
Gununglondo, and Sangiran in Boyolali Regency [6] [7], in the forms of diapirs,
mud balls, sills-like volcanic deposits, and hardened mud volcanoes (Figure 3).
These features are geologically fascinating because they are formed at the boun-
dary of the folding and faulting zones in the middle of the Kendeng Basin. Fur-
thermore, the mud volcano complex brought several metamorphic basement
blocks, limestone blocks, and conglomerates identical to the ones outcrop in other
basins, especially Nanggulan, Karangsambung, and Jiwo-Bayat Hills [8] [9]. This
paper will discuss the possibility of an older stratigraphy beneath the Pelang
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Figure 2. Mud volcano distribution and surface expression in Kendeng Basin from Java to Madura Island [3].
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Figure 3. The appearances of ancient mud volcanoes in the Boyolali Mud Volcano Complex, in the form of

diapers in Sangiran ((A), (B)), intercalations in volcanic deposits (sills-like) in the Jatikuwung area (C),
mud balls at Lake Tengklik (D).

Formation based on paleontological analysis of the materials carried by the mud
volcanoes and its effect on the concept of source-reservoir rock in the Kendeng

Basin.

2. Stratigraphy of the Kendeng Basin

Gravity anomalies show that the Kendeng Basin is an asymmetric depression
pattern sloping to the south, with its deepest region directly behind the arc. The
basin is mainly filled with volcanic deposits from the southern mountains, which
are composed of interbedded volcaniclastic sandstones and pelagic mudstones.
Sandstones dominate the southern edge of the basin and become finer in size
towards the north. These mudstones still contain volcanic elements even though
they were deposited in a deeper basin. This basin is interpreted to start taking form
simultaneously with the volcanic arc activities, and its history of subsidence is
closely related to this volcanic activity [10]. The northern side of the basin, which
is the edge of Sundaland, is relatively shallower.

The stratigraphy of the Kendeng Basin can be seen from the outcrops, espe-
cially on the northern side. It begins with deep-sea sediments formed mainly by
turbidite systems, followed by shallow marine sediments in the middle, and it
ends with non-marine deposits. In addition, the stratigraphy can be divided into
seven formations (Figure 4), from the oldest to the youngest: Pelang, Kerek, Ka-
libeng, Sonde, Pucangan, Kabuh, and Notopuro. Pelang Formation, the oldest
known formation in the Kendeng Basin, is slightly exposed at the surface in
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Figure 4. The Stratigraphic Column Composite of East Java Basins, showing the stratigraphic rela-

tionship between the basins. Unlike the surrounding basins, the Eocene-Miocene stratigraphy of the

Kendeng Basin has not been defined [3].

Juwangi, south of Purwodadi (Central Java), as a result of the thrust fault. The

constituent lithology is marl with limestone lenses containing foraminifera. The
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base of this formation is unknown, but paleontological analysis of the content,
planktonic foraminifera, shows N3-N9 (Late Oligocene to Middle Miocene). Based
on the analysis of the benthonic foraminifera, it is known that Pelang Formation,
which was deposited in the lower to the upper bathyal zone. Kerek Formation is
above the Pelang Formation with a fault contact as the boundary. It has a cha-
racteristic alternation of clay, marl, calcareous-tuffaceous sandstone, and tuffa-
ceous sandstone. This stratification often produces a typical sedimentary struc-
ture, viz. graded bedding that indicates the flysch sequence. The planktonic and
benthonic foraminifera fossils indicate that the formation was formed in the
Middle to Late Miocene (N10-N18) in a shelf environment. It can be divided in-
to three members based on the location type, from oldest to youngest: Banyuu-
rip, Sentul, and Kerek Limestone. 1) Banyuurip Member is composed of alter-
nating marl, clay with calcareous tuff sandstone, and tuffaceous sandstone. Cal-
careous sandstones are found in the middle of the alternation, while sandy cal-
carenite layering with thin intercalation of fine tuff characterizes the top. This
member is N10-N15 (middle to upper Middle Miocene); 2) Sentul Member com-
prises a similar alternation to Banyuurip Member but with a thickening tuff
layer and is estimated to be N16 of age (lower Middle Miocene); 3) Kerek Li-
mestone Member, the uppermost member, is composed of tuffaceous limestones
alternating with clay and tuff layers. The age is N17 (middle Upper Miocene).
Kalibeng Formation conformably lies above the Kerek Formation. It is generally
composed of unbedded marl that is yellowish-white to bluish-grey and rich in
planktonic foraminifera. Existing fauna associations indicate that the lower Ka-
libeng Formation was formed in N17-N21 (Late Miocene to Pliocene). At the base,
several layers of sandstone were developed into debris-flow deposits known as
the Banyak Member. Towards the east, the upper part of this formation has de-
veloped into marine volcanic deposits with a turbidite structure. This facies is re-
ferred to as Atasangin Member. Sonde Formation is composed of the Klitik Member
at the base, ie, well-bedded soft yellowish-white marly or sandy calcarenites
containing planktonic and large foraminifera, followed by gravel-sized limestone
fragments, sandy marl deposits, then bluish-green clay marl in the uppermost
layer. Pucangan Formation in the western and central Kendeng Basin unconfor-
mity overlies the Sonde Formation. It is widely exposed in West Kendeng between
Trinil and Ngawi, with a thickness ranging from 61 to 480 m and the age of Late
Pliocene (N21) to Pleistocene (N22). It has developed into volcanic facies and black
clay facies in the Sangiran area. Kabuh Formation, lying conformably above the
Pucangan Formation, is braided-river deposits characterized by intensive cross-
bedded structures with intercalations of conglomerate and tuff. It consists of many
gravel-sized fragments and sandstones with non-volcanic materials like quartz and
contains fossils of freshwater mollusks and Middle Pleistocene vertebrates. Ac-
cording to Van Bemmelen (1972), the western Kendeng Zone (Sangiran area) be-
gins with a conglomerate layer with andesite fragments, concreted limestones, and
Globigerina limestones, followed by tuffaceous sandstone deposits with cross-bed-

ded and bedded structures. Notopuro Formation lies unconformity above the Ka-
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buh Formation. Its lithology consists of lava breccias interspersed with tuffa-
ceous sandstones and volcanic conglomerates. More intercalations of tuffaceous
sandstones can be found in higher stratification. At the top, there are intercala-
tions or lenses of volcanic breccias with gravel fragments consisting of andesite
and pumice, which are characteristic of the Notopuro Formation. This formation
is generally a lava deposit formed in a terrestrial environment in the Late Pleisto-
cene, with more than 240 m in thickness.

The Pelang Formation is known as the oldest exposed rock in the Kendeng Ba-
sin, however, geochemical analysis shows indications of rocks older than the Pe-
lang Formation. Geochemical analysis of oil seepage and source rock analysis of
the Pelang formation did not show a good correlation. The TOC analysis of the
Pelang Formation shows a low to good category with immature-early mature ma-
turity with low ability of generating hydrocarbons from mixed kerogen type II
and III. Geochemical data of oil seepage shows the opposite, with late mature
Type III kerogen produced by algae in a lacustrine or open marin environment.
This analysis concludes that the Pelang Formation is not a source rock of oil see-
page that appears in the Kendeng Basin but comes from rocks that may be older
than the Pelang Formation [11] [12] [13].

3. Research Data

This research was conducted by analyzing the relative age of rocks from the fo-
raminifera fossils embedded in the rock fragments that mud volcanoes brought
to the surface. The mud volcano carried some materials to the surface, including
lumps or chunks of limestone containing large benthonic foraminifera—i.e, Num-
mulites, conglomerates, quartz sandstones, silt, hard clay fragments, limestones,
and limestones with mollusk shell fragments. The rock fragments are interpreted
as originating from the formation that composes the stratigraphy of the Kendeng

Basin at a deeper position and is not exposed to the surface.

4. Methodology Analysis

The first analysis of rock fragments brought by the Mud Volcano is petrographic
analysis. This analysis is visually to observe the rock fragments, matrix and min-
eral composition to separate the possible origin of the formation from the rock
fragments. Based on this analysis, the rock fragments can be grouped into two g-
roups, namely Nummulites limestones, conglomerates, sandstones, hard clay frag-
ments, and silt as the first group, and the second group consists of limestones, li-
mestones with mollusk shell fragments, clay, and tuffaceous sandstones.

The next process is a paleontological analysis in the laboratory. Paleontologi-
cal analysis is based on analysis of microfossils contained in rocks, which are
planktonic foraminifera and benthonic foraminifera. Planktonic foraminifera are
used to determine the relative age of rock fragments by finding the early and late
appearance of foraminifera contained in rock samples. Observations on the de-

tailed morphology of the microfossils serve to determine the genus and species
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names based on the physical properties and optical appearance of the microfos-
sils. Determination of relative age is used in compiling an unknown stratigraphy
in the Kendeng Basin based on the age of the foraminifera in the rock fragments.
Paleobatimetric analysis was performed to interpret the depth of the deposition-
al environment based on the presence of benthonic foraminifera in rock sam-

ples.

5. Result and Discussion

The rock fragments carried by the mud volcano are grouped into two based on
their possible relative age. Petrological (physical) analyses identified the first group
as Eocene rocks and interpreted the second group as rocks of younger age. The
descriptions of the two groups are as follows.

The first group (Eocene rocks) consists of Nummulites limestones, conglo-
merates, sandstones, hard clay fragments, and silt (Figure 5). Nummulites li-
mestones are limestones composed of Nummulites, Ze., a large lenticular benthic
foraminifera fossil characterized by its numerous coils and subdivided by septa
into chambers. It is an index fossil typical of the Eocene to Miocene Epochs.
Other identified lumps or chunks are conglomerates, sandstones, clay, and silt.
The conglomerates found in the mud volcano area are composed of monatomic
quartzite fragments that are about 0.2 - 0.5 cm in diameter. The presence of qua-
rtzite in conglomerate fragments indicates the breakdown of quartz-rich Base-
ment. Sandstones show fine-sized grains containing abundant quartz minerals,
while the clay forms thin sheets of hard fragments. Another rock is silt with a

bioturbation structure resulting from organism activities at the time of deposition.

Figure 5. Group I, lumps of material carried by the mud volcanoes in the Boyolali Mud
Volcano Complex, consisting of Nummulites limestones (A), conglomerates with qua-
rtzite fragments (B), and silt showing a bioturbation structure (C).
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Based on grain size and bioturbation structure, it can be concluded that the rock
was deposited in a shallow marine environment with calm currents.

The Nummulites limestone and conglomerate lumps found as fragments in
the Boyolali Mud Volcano Complex are similar to the outcrops in the pretertiary
Jiwo-Bayat Hill Complex located approximately 50 km southwest. The latter, known
as one of the oldest outcrops on Java Island, comprises metamorphic rocks: phyl-
lite, schist, and intercalations of marble and quartzite. These rocks are interpreted
as the basement of the southern mountain range and the northern basin, including
the Kendeng Basin. Paleogene sediments unconformably overlie the pretertiary
complex. They are part of the Wungkal-Gamping Formation, which is composed of
conglomerate, quartz sandstone, shale, and Nummoulites limestone of the Eocene
Epoch. This rock series is deposited in a shallow marine environment, from litto-
ral to neritic zones. The characteristics of the basement and Paleogene clastic se-
diments indicate that the tectonic setting during the Paleogene was continental
[14].

The second group consists of limestones, limestones with mollusk shell frag-
ments, clay, and tuffaceous sandstones. It can be found in an abundant quantity
around the mud volcano in the form of lumps or in situ outcrops, especially

around the Sangiran mud volcano (Figure 6). Petrological analysis indicates that

Figure 6. Group II, lumps of material around the Boyolali Mud Volcano Complex, com-
prising limestones, limestones with mollusk shell fragments (A), clay with mollusk bra-
chiopod shells (B), and tuffaceous sandstones (C).
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this group is potentially younger than the first group, ie, Neogene to Quater-
nary (including Pelang, Kerek, Kalibeng, Pucangan, and Kabuh Formations). Tuf-
faceous sand resulted from the developing volcanic activities in the Kendeng Ba-
sin and is commonly found in the Pucangan Formation. Large foraminifera shells
also confirm the identified age, Quaternary, that is identical to the Kabuh For-
mation, during which the Pleistocene rocks of the Kendeng Basin developed into
a fluvial system spanning to a delta at the foot of the volcanic cone.

Paleontological analysis of the matrix of the first group (Nummulites limes-
tones, clay, and silt) found several foraminifera fossils. Some have been damaged
or broken, probably due to tectonic activities during the Kendeng Basin forma-
tion or the mud volcano eruptions that brought them to the surface. Some of
these foraminifera fossils are Morozovella aragonensis and Globigerinatheka mex-
icana barri, indicating Early to Late Eocene (Table 1). These Eocene index fossils
prove that rocks older than the Pelang Formation (Late Oligocene to Middle
Miocene) were also deposited in the Kendeng Basin. Therefore, the Early-Late
Eocene rocks are interpreted as syn-rift sediments deposited in shallow marine
environments, such as those in the Jiwo-Bayat Hill Complex or Nanggulan. This
interpretation is based on the analysis of benthonic foraminifera, which revealed
that the depositional environment was the middle to outer neritic zones (Table
2).

The paleogeographic reconstruction shows the possibility of faulting blocks in
the Kendeng Basin around the Sangiran area that forms an east-west ridge or a
series of islands where erosion occurs in several places and transgression and
small reef formation in others [8]. Eocene sediments were deposited in low areas
adjacent to these highs. Approaching the Plio-Pleistocene, a second tectonic ac-
tivity occurred and activated the basement fault along the Kendeng Basin, espe-
cially in the west. Overpressure on the Early Miocene mud is concentrated at this
fault, creating mud volcanoes transporting basement material and Eocene rocks
to the surface (Figure 7).

For the second group, paleontological analysis of limestone and clay indicates
Early Miocene or N5-N7, while the analysis of limestone with mollusk fragments
shows N9 or Middle Miocene (Table 1). Paleobathymetric analysis of the ben-
thonic foraminifera in limestones found that this rock was deposited in a middle
neritic environment, while the clay analysis confirmed that the clay was deposited
in a deeper environment, Z.e., outer neritic zone. This bathymetric analysis sup-
ports the horst-graben pattern in the Kendeng Basin, which created the basis for
the limestone formation during the Miocene or at the same age as the Pelang For-
mation. This horst-graben pattern is interpreted as a development of a pretertiary
basement high with steep slopes in its north and south. The presence of this steep-
ly sloping high can also be indicated by limestone deposits with shell fragments
interpreted as turbidite deposits on steep slopes; also, the benthic foraminifera anal-
ysis revealed that the turbidite depositional environment was the edge bathyal
zone (Table 2).

The presence of Miocene limestone that is stratigraphically equivalent to the
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Table 1. Relative age analysis based on planktonic foraminifera embedded in rock frag-

ments carried by the mud volcanoes.
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Table 2. Paleobathymetric analysis results based on planktonic foraminifera embedded in rock

fragments carried by the mud volcanoes.
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Figure 7. The Sangiran mud volcano model by Watanabe and Kadar (1985), showing the uplifting of the Eocene-Oligocene
rocks of the Nanggulan group [8].

Pelang Formation is fascinating. It proves that a shallow region where carbo-
nates grow might exist during the Miocene when the formation was generally de-
posited in a deep marine environment in the Kendeng Basin. Van Bemmelen (1972)
has identified this Miocene limestone on a small hill in Mrisi at the northern foot
of the Kendeng Basin, which contains Eulepidina and is known as Pelang Beds [9].
Although Mrisi Hill is no longer discoverable, it is interesting that its limestone
can still be identified in the mud volcano fragments. The implication of this li-
mestone for the petroleum system is the possibility of reservoir rock in the Pe-
lang Formation, providing an additional target for hydrocarbon exploration in
the Kendeng Basin.

The current research proves the existence of Eocene rocks that are older than
the Pelang Formation and Miocene limestones in the Kendeng Basin. Also, the
Eocene rocks have been found to share similarities with the ones composing the
Gamping-Wungkal Formation in the pretertiary Jiwo-Bayat Hill Complex. Based
on this evidence, the research suggests adding the rocks found in the fragments
that the mud volcano transported to the surface to the Kendeng Basin’s strati-
graphy (Figure 8), especially with the Eocene rocks in the pretertiary Jiwo-Bayat
Complex as reference. This finding also corroborates with the interpretation
that the Eocene deposits are present as syn-rift deposits in a shallow marine en-

vironment or the neritic zone. This condition implies that the basement of
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Figure 8. The proposed additional stratigraphic unit for the Kendeng Basin based on the analysis of
rock fragments carried by the mud volcanoes in the Boyolali Mud Volcano Complex in the West Ken-
deng Basin (modified picture from Satyana 2008).

the Kendeng Basin is continental and is part of the Gondwana microcontinent.

Other results from this study show the presence of Miocene limestones (equiva-
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lent to the Pelang Formation), indicating shallow marine depositional environ-
ments at the highs of the Kendeng Basin. With these Eocene rocks and Miocene
limestones, it is highly likely that the Kendeng Basin has a source rock for hy-
drocarbons appearing as oil seepage, which simultaneously serves as a reservoir

rock.

6. Conclusions

The Boyolali Mud Volcano Complex transported Eocene rocks from the Ken-
deng Basin’s stratigraphy, namely limestones with large benthic foraminifera (ie.,
Nummulites), conglomerates, and silted with a bioturbation structure. It also car-
ried younger limestones to the surface, with some samples containing Mollusca
shell fragments identified as Miocene Age (equivalent with the Pelang Forma-
tion). These Eocene rock fragments indicate that the Kendeng Basin also compris-
es rocks older than the Pelang Formation, of which the surface geological data is
identified as the oldest known rocks in the basin. They also share similar cha-
racteristics with the Eocene outcrops in the pretertiary Jiwo-Bayat Hill Complex.
Paleontological analysis results show that the benthic foraminifera indicate mid-
dle to outer Neritic zone as the depositional environments. Therefore, the tec-
tonic setting of the Kendeng Basin during the Paleogene is interpreted as conti-
nental.

Miocene limestone fragments in this mud volcano provide information that shal-
low areas possibly formed a horst-graben structure during the Miocene in the
Kendeng Basin. These fragments were deposited in a middle neritic environment.
Other limestone fragments show Mollusca shell fragments, interpreted as turbi-
dite deposits on the high slope. The analysis results of the benthic foraminifera
in the rock samples indicate the edge bathyal zone.

The presence of these Eocene and Miocene rock fragments can be used to com-
plement the stratigraphy of the Kendeng Basin. The study proves that the Eocene
rocks exist in the Kendeng Basin, creating a potential source rock for oil and gas
that has emerged as oil seepage at the surface, similar to the Eocene rocks in the
Rembang Basin (oil and gas producer). Miocene limestones also provide a poten-

tially new concept of reservoir rock in the Kendeng Basin.
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