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ABSTRACT

East Java on land is divided here into four broadly E-
W zones: (1) the Southern Mountains Zone, an
Eocene to Miocene volcanic arc, separated by (2) the
present-day volcanic arc from (3) the Kendeng Zone
which was the main Cenozoic depocentre in onshore
East Java; and to the north (4) the Rembang Zone
which represents the edge of the Sunda Shelf. Several
synthems separated by unconformities can be
identified and correlated between the different zones.
There is a regional angular unconformity above
Upper Cretaceous and older basement. The oldest
rocks above the unconformity range from Mid Eocene
to Lower Oligocene and record a gradual
transgression and, in SE Java, an increase in volcanic
material up-section.

After an intra-Oligocene sea-level fall, volcanic
material from the arc dominated in the Southern
Mountains and Kendeng Zones while in the Rembang
Zone carbonate deposition continued. In the Early
Miocene, activity in the Southern Mountains Volcanic
Arc culminated in a major eruptive phase at 20 Ma +
1 Ma, similar in scale to the Pleistocene eruptions of
Toba. To the north carbonate deposition was
interrupted by clastic input containing reworked
basement and Eocene material. The Mid Miocene was
a period of reworking and carbonate sedimentation. In
the Late Miocene volcanic activity recommenced at
the position of the present-day arc and there was a
series of deformation events throughout East Java.
Volcanism has played an important role in the
development of East Java, providing a source of
material and contributing to subsidence by flexural
loading. Provenance studies and dating of zircons
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provide insight into the basement character and
suggest that continental crust of Gondwana (possibly
Western Australian) origin lies beneath part of the
Southern Mountains Zone. It is suggested that
continental Sundaland provided very little, if any,
terrigenous material to East Java in the Cenozoic.

INTRODUCTION

Java is located on the SE edge of the Eurasian Plate,
at the Sundaland margin. Sundaland is the continental
core of SE Asia and is commonly thought to be the
main source of sediment to East Java (e.g. Ardhana,
1993; Sribudiyani et al., 2003). To the south of Java,
subduction of the Indo-Australia Plate beneath the
Eurasian Plate has occurred along the Java Trench
(Figure 1) from the Middle Eocene to the present-day
(Hall, 2002). As a consequence of subduction since
the Early Cenozoic, Java is essentially a volcanic
island and contains the products of active and ancient
volcanism. The volcanoes of the modern Sunda Arc
are distributed along the length of the island and a
second older arc of Eocene to Miocene volcanoes
forms the Southern Mountains of East Java.

This summary of the onshore geology of East Java
reports results from a field-based study including
provenance and geochemical work, and U-Pb
SHRIMP  (Sensitive  High  Resolution lon-
Microprobe) dating of zircons. The work was focused
largely on examination of basement and Eocene to
Miocene rocks exposed at the surface. This paper
reports work carried out since that presented in Smyth
et al. (2003).

TECTONO-STRATIGRAPHIC ZONES OF
EAST JAVA

The study area in East Java is subdivided into four
east-west trending zones (Figure 1) based on the van
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Bemmelen (1949) scheme. The zones are defined by
stratigraphy and structure and, from south to north,
are:

Southern Mountains Zone: an Eocene-Miocene
volcanic arc (named here the Southern Mountains
Volcanic Arc) built on Mesozoic basement. Deposits
include siliciclastic, volcaniclastic, volcanic and
carbonate rocks which generally dip uniformly to the
south.

Present-day volcanic arc: active from the Late
Miocene.

Kendeng Zone: the main Eocene-Miocene depocentre
in East Java contains thick sequences of volcanogenic
and pelagic sediments. It is now an east-west trending
thrust belt.

Rembang Zone: the Eocene-Pliocene sequence
includes shelf-edge deposits such as shallow marine
clastic sediments and extensive carbonates. This zone
contains one major ENE-WSW fault-bounded high
(Rembang High) and many east-west orientated folds.

STRATIGRAPHY

The Cenozoic rocks (in the Southern Mountains,
Kendeng and Rembang Zones can be subdivided into
three unconformity bounded synthems (Figures 2 and
3). All were deposited above a poorly dated angular
unconformity.

Southern Mountains Zone
a. Basement

Basement rocks of Cretaceous age (Hamilton, 1979;
Wakita, 2000; Wakita and Munasri, 1994) are
restricted to the western part of the study area in the
Karangsambung Basement Complex and the Jiwo
Hills (Figure 1). These exposures consist of slivers of
arc and ophiolitic-type lithologies. There are no
basement rocks of continental-type exposed in East
Java.

b. Synthem One

Sedimentation commenced in the Early Cenozoic
above an angular unconformity with the deposition of

poorly-dated basement-derived fluvial conglomerates.
Volcanic material is absent in these basal
conglomerates and sandstones. Overlying them is a
transgressive sequence of coals, conglomerates, silts
and quartz-rich sands of the Nanggulan Formation,
dated as Middle Eocene (Lelono, 2000). The
sandstones contain volcanic ash layers, pumice and
interbeds of tuffaceous mudstone. Higher in the
succession nummulitic shoals mark the onset of
marine deposition, and the sandstones become
increasingly feldspar-rich. Increasing water depth is
indicated by volcanogenic turbidites with a diverse
planktonic foraminifera assemblage. In this synthem
volcanic material increases in abundance up-section
as the proportion of basement material decreases, and
the sediments change in composition from quartz-rich
to feldspar-rich. The sediments of Synthem One are
approximately 1000 m thick but are exposed only in
the western part of the study area (Karangsambung,
Nanggulan and Jiwo).

This synthem also contains the enigmatic Jatibungkus
Limestone at Karangsambung and the Pendul Slump
Member of the Wungkal-Gamping Formation in the
Jiwo Hills. The Jatibungkus Limestone is a block of
Upper Paleocene limestone within volcanogenic
turbidites of the Banjarsari Member of the
Karangsambung Formation. Previous workers have
suggested that the Jatibungkus Limestone is an
olistolith and forms part of an olistostrome (e.g. Lunt
et al., 1998; Paltrinieri et al., 1976) for which they
have implied a tectonic origin. Paltrinieri et al. (1976)
explicitly suggested that “rocks of different age were
mixed and tectonically deformed within a clay
matrix” in a “paroxysmal phase... ... at the end of the
Eocene”. As the block is suspended within a matrix of
andesitic sandstones, which form part of a continuous
sequence of turbidites, we suggest that the limestone
block was dislodged, transported and redeposited by a
lahar or volcanic landslide. The Pendul Slump
Member is an unusual mixture of schist fragments,
Nummulites tests, lithic clasts of nummulitic
limestone, and mud. As the mud is rich in fine-
grained volcanic material and there is abundant
volcanic debris in other sequences of this age, we
suggest that the member is the product of slumping of
over-steepened volcanic ash accumulations which
formed lahars in a terrestrial setting. The lahars
picked up schist fragments from a fluvial channel,
then moved into the sea picking up Nummulites and
limestone from the seabed, redepositing the material
in a marine setting.
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The upper boundary of this synthem is an intra-
Oligocene unconformity, interpreted here to be the
result of sea level change, as the sediments
immediately above and below the gap have similar
bedding orientations, with no indication of
deformation.

c. Synthem Two

The Oligo-Miocene deposits of Synthem Two are
primary volcanic deposits that cover the entire
Southern Mountains Zone. They record the
development and termination of the Southern
Mountains Volcanic Arc. Volcanic activity was
extensive, explosive and of Plinian-type. The deposits
range from andesite to rhyolite in composition and
include thick ashes, crystal-rich tuffs, pumice-lithic
breccias, monomict andesitic breccias, lava domes
and lava flows. No basement-derived sediments have
been identified in this succession. The thickness of
these proximal volcanic deposits ranges from 250 m
to more than 2000 m. The volcanic centres formed an
east-west-trending chain of islands (Figure 1). This
synthem and the volcanic activity which it records
was terminated by a short-lived volcanic event which
may have been a super-eruption (discussed below).

d. Synthem Three

Synthem Three records a period of much-reduced
volcanism characterised by erosion and redeposition
of the wvolcanics of Synthem Two and the
development of extensive carbonate platforms. These
deposits are at least 500 m thick and built out as
aprons into the Indian Ocean or into sub-basins such
as the Wonosari Trough (Lokier, 2000; Wilson and
Lokier, 2002). Reefs developed on fault-bounded
highs or in the shelter of largely extinct volcanoes.
Towards the top of the synthem are several ash
horizons containing zircons with ages between 10 and
12 Ma based on U-Pb SHRIMP dating, that mark
resumption of volcanic activity in the Late Miocene,
at the position of the present Sunda Arc. There are
also numerous Cenozoic igneous intrusions in this
zZone.

Kendeng Zone
The Kendeng Zone contains more than 8000 m of

sediment (de Genevraye and Samuel, 1972). Today
this depocentre is inverted and its northern part is a

major fold-thrust belt which has little surface
expression. Interpretation in this zone is hampered by
poor exposure and the limited quality and quantity of
seismic data.

a. Synthem One

Sediments of this synthem are not exposed but have
been brought to the surface by a number of mud
volcanoes. The fragments described are “fine
calcareous sandstone and conglomerate bearing
Nummulites” (de Genevraye and Samuel, 1972) and
are similar in character to Synthem One exposed in
the Southern Mountains Zone.

b. Synthems Two and Three

Synthems Two and Three are represented by thick
successions of interbedded volcaniclastic sandstones
and pelagic mudstones. The sandstones formed in
volcaniclastic aprons on the southern margins of the
depocentre and pass northwards into finer-grained
pelagic sediments. Although deposited in the deeper
parts of the basin, the mudstones still contain
significant proportions of volcanogenic clays. In the
northwestern part of the Kendeng Zone are the Lutut
Beds (van Bemmelen, 1949; Lunt et al., 2000) which
are unusual in being guartz-rich and containing clasts
of basement (e.g. chert, schist and basalt), clasts of
Eocene quartzose sandstones, as well as
contemporaneous volcaniclastic material. The area of
exposure is small but the presence of basement and
Eocene clasts suggests uplift and erosion during the
Early Miocene. The sediments of Synthems Two and
Three were derived primarily from the Southern
Mountains Volcanic Arc. The timing of deformation
and uplift that generated the Kendeng Fold-Thrust
belt is not certain but it is interpreted by many
workers to be Pliocene (e.g. de Genevraye and
Samuel, 1972).

Rembang Zone

As the exposure is so poor in the Rembang Zone the
description that follows is based mainly on published
reports which used sub-surface data (Kadar et al.,
1992; Kadar and Sudijono, 1984; Nawawi et al.,
1996; Sharaf et al., 2005) and limited surface
sampling during this study.
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a. Synthem One

The oldest sediments within the Rembang Zone, the
Pre-Ngimbang Formation, are little studied and their
distribution, character, age and source are not well
known (Ebanks and Cook, 1993). The Ngimbang
Formation records a transgression with a passage
from terrestrial sands, through shallow marine
limestones to deep marine shales (Ebanks and Cook,
1993). The sands are quartz-rich and are reported to
have a local continental source (Sribudiyani et al.,
2003). This transgressive sequence is terminated by
an intra-Oligocene unconformity and overlain by
carbonates of the Kujung Formation. The beds above
and below the gap have similar bedding orientations,
suggesting that eustatic sea level fall, rather than a
deformation event, caused the break in sedimentation.

b. Synthem Two

Synthem Two in the Rembang Zone is dominated by
extensive carbonates of the Kujung and Prupuh
Formations. The reduced clastic input is a result of
either rising sea level or reduction of relief in the
source area. The Oligo-Miocene carbonates contain
several ash beds, a product of air-fall from the
Southern Mountains Volcanic Arc.

c. Synthem Three

The Early Miocene was a period when there was a
major change in sedimentation. Overlying the thick
carbonates of the Kujung Formation, and above a
second unconformity, is a series of siliciclastic and
carbonate rocks. The clean carbonates of the Kujung
Formation (Sharaf et al., 2005) pass up into the
terrigenous sediments of the Tuban and Ngrayong
Formations (Ardhana et al., 1993). The Ngrayong
Formation is a sequence of terrestrial to marginal
marine sediments, composed almost entirely of
unusual quartz-rich sands which have an uncertain
provenance. Several thin (~10 cm) mantling ash beds
suggests that there was some volcanic activity during
sedimentation.

VOLCANIC ACTIVITY IN EAST JAVA

Initiation of arc volcanism in the Southern
Mountains

There is no evidence of arc volcanism in East Java
prior to the Middle Eocene. For example, volcanic
material is absent from the terrestrial conglomerates
at the base of the Cenozoic section, which predate the

Middle Eocene. However, well dated Middle Eocene
sediments of the Nanggulan Formation (Lelono,
2000) which immediately overly these rocks contain
ash layers and pumice. Indeed, volcanic material is
present in all of the younger sequences on land in
East Java.

U-Pb SHRIMP dating of zircons separated from
sedimentary and volcanic rocks has been used in this
study to identify the timing of volcanic activity in the
Southern Mountains Arc. The ages range from the
Middle Eocene to the Early Miocene (42 Ma to 19-18
Ma). Zircons from the quartz-rich Kali Songo
Member of the Nanggulan Formation near
Yogyakarta yielded a U-Pb SHRIMP age of 42 Ma +
1. This is consistent with biostratigraphic dating of
the formation as NP16 or 42.6-39.6 Ma (P. Lunt, pers.
comm. 2003) and indicates that volcanic activity was
contemporaneous with the deposition of these
sediments.

Middle Eocene-Early Miocene Volcanism

Following the initiation of volcanic activity in the
Middle Eocene the volcanic arc grew in size and the
contribution of volcanic material to the sediments of
East Java increased rapidly. The oldest volcanic
deposits of Middle Eocene to Early Oligocene age are
exposed only in the Nanggulan and Karangsambung
areas and are dominated by thick sequences (at least
500 m) of andesitic volcaniclastic sands,
volcanogenic muds and thin (decimetres) dacitic
ashes. The limited exposure means the location of the
volcanic centres cannot be identified although several
authors (e.g. Soeria-Atmadja et al., 1994; Sribudiyani
et al., 2003) have speculated on its position. The
record of Late Oligocene—Early Miocene arc activity
is much more complete and volcanic centres define an
east-west trending arc of at least 13 mature volcanoes
(Figure 1). Volcanism was explosive and of Plinian-
type and eruptions distributed material across the
Southern Mountains and Kendeng Zones; ash which
fell as air-fall deposits in the Rembang Zone is now
found as volcanogenic clays in carbonates. In the
Early Miocene, activity in the Southern Mountains
Volcanic Arc culminated in an intense explosive
phase.

Semilir Super-eruption

The Batu Agung Escarpment contains a well-exposed
2000 m sequence of volcanic and volcaniclastic
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rocks. The Semilir and Nglanggran Formations form
part of this sequence and are exposed over a large
area. The Semilir Formation is a thick accumulation
of dacitic air-fall, pyroclastic surge and flow deposits
produced by an explosive eruption, and the
Nglanggran Formation is a series of andesitic
volcanic breccias generated by sector or caldera
collapse. Detailed field observations indicate that
there is no significant break within or between the
two formations; this suggests that these deposits may
be the product of one eruptive phase. Since the
reconnaissance U-Pb SHRIMP dating reported in
Smyth et al. (2003), five additional samples were
analysed from the top, middle and base of the Semilir
Formation in order to constrain the ages of the unit.
All of the ages obtained are between 19 and 20 Ma.
Unfortunately the Nglanggran Formation did not
yield sufficient zircons for SHRIMP analyses, so to
constrain the upper age of the formation the detailed
biostratigraphic work on the overlying Sambipitu
Formation of Kadar (1986) was re-examined
(D. Schmidt, 2004, pers. comm.). Near the base of the
formation Globigerina binaensis provides a precise
age 19-19.8 Ma based on its known first and last
occurrence. This date indicates that the entire
thickness of the Semilir and Nglanggran Formations
was deposited in very short time period, at most about
one million years, and possibly much less.

The present-day exposure of the Semilir and
Nglanggran Formations covers an area of about 800
km? and ranges in thickness from 100 m to greater
than 1100 m. The volume of these two formations is
estimated to be approximately 300 km®. The thickness
and area covered by these deposits in the area of the
Batu Agung Escarpment is comparable to that
remaining in the Toba area of Sumatra and the
character of the deposits have many similarities. Toba
erupted 4 times in the Pleistocene between 1.2 Ma
and 74 ka (Chesner and Rose, 1991) with the final
eruption being the largest known Quaternary eruption.
Considering the much greater age of the Semilir
deposits, and the effects of compaction and erosion,
the character, volume and dating suggest an eruptive
record comparable to Toba. The final Toba eruption
distributed ash over a huge area from India, the Indian
Ocean, the NW Shelf of Australia, and across a large
part of SE Asia. If the Semilir event was an eruption
on the scale of Toba it may well have been associated
with climatic change. Work is in progress to identify
deposits of this age offshore and onshore, and
estimate the extent and amounts of material produced.

Mid-Late Miocene

Following the climactic period of intense volcanism
in the Early Miocene, volcanic activity was much
reduced in the Middle Miocene. The erosion of the
now largely extinct arc provided an abundant supply
of volcaniclastic material. This volcanic lull was
followed by a Late Miocene resumption of vigorous
volcanic activity. The axis of the Upper Miocene to
present-day arc is some 50 km to the north of the
Southern Mountains Arc. The eruptive products of the
Upper Miocene to present-day arc are basic to
intermediate with an average SiO, content of 55 wt%
(Nichols and Whitford, 1979; H, Handley, pers.
comm. 2004). In contrast, the products of the
Southern Mountains Arc are intermediate to acid with
an average SiO, content of 67 wt% (this study). The
difference could reflect a number of factors including
difference in the character of the crust beneath the
two arcs, maturity of the arc and the composition of
the mantle wedge.

CHARACTER OF THE BASEMENT BENEATH
EAST JAVA

A major objective of this study was to understand the
character of the basement beneath East Java.
Exposures or occurrences in hydrocarbon wells of
Cretaceous basement rocks are restricted to the north
and west of the area where they consist of arc and
ophiolitic-type lithologies. Elsewhere in East Java the
composition of the basement is unknown. Valuable
insights into the character and age of the crust beneath
East Java came from an unexpected source; from U-
Pb SHRIMP dating of zircons separated from
sediments, volcanic and intrusive rocks in East Java.
The zircon samples yielded a range of ages that
extend from the Cenozoic into the Archean (Figure
4C). There are several populations:

Cenozoic: Zircons of Cenozoic age are found in many
of the sediments, volcanic and intrusive rocks
sampled in East Java and record the activity of the
Southern Mountains arc. In some cases the zircon
ages indicate that igneous  activity = was
contemporaneous with the deposition of sediments,
and in others they indicate that volcanic rocks were
reworked into younger sequences.

Cretaceous: The Cretaceous ages are restricted to the
north and west of the study area (Figure 4B), a
distribution similar to the known occurrences of
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Cretaceous basement, exposed or reported from
drilling, such as at Karangsambung and beneath the
Rembang High. Several of the samples contain only
Cenozoic and Cretaceous ages, and others contain a
range of Cambrian—Proterozoic ages in addition to
Cretaceous ages. None of the samples that contain
Cretaceous zircons has Archean zircons. Possible
sources of the Cretaceous zircons are the local
basement or a more distant source such as continental
rocks of Sundaland. This is discussed in more detail
below.

Cambrian-Archean: Many of the samples analysed
from the Southern Mountains contain a range of
Cambrian to Archean zircons. Those rocks that
contain Archean zircons are restricted to the Southern
Mountains to the west of Yogyakarta (Figure 4A).
None of the rocks exposed or sampled by drilling in
the East Java region could have produced these
zircons. Their source is discussed below.

Origin of Cambrian-Archean zircons

The range of zircon ages (Figure 5B) and the presence
of Archean ages suggest that magmatic rocks have
sampled material of Gondwana origin beneath East
Java. However, no rocks exposed, or known from the
subsurface, in East Java could provide the age range
observed. Either the deep crust includes continental
material or sediment subducted beneath East Java has
a Gondwana origin. The closest area of continental
crust at the surface is in Sundaland, the Mesozoic
continental core of SE Asia. Regions which could
have provided abundant zircons are granites of SW
Kalimantan (Hamilton, 1979), the Malay Peninsula
(Liew and Page, 1985), the Malay Tin Belt (Cobbing
et al., 1986) and Sumatra (Imtihanah, 2000). None of
these are areas are known to contain Archean age
material or to be underlain by Archean crust and
geochemical evidence suggests basement no older
than Proterozoic in areas that have been studied such
as the Malay peninsula (e.g. Liew & Page, 1985).
Additional information on the age of the basement in
these areas comes from new sediment provenance
analyses of Paleogene sediments of northern Borneo
which included U-Pb SHRIMP dating of zircons (van
Hattum, 2005). These sediments are interpreted to be
derived from the erosion of the Schwaner Granites of
SW Kalimantan and the Malay Tin Belt (van Hattum,
2005) and do not contain Archean zircons suggesting

that there is no Archean crust beneath the Schwaner
Mountains of SW Kalimantan or the Malay peninsula.
Therefore a more distant source must be sought and
the most obvious region is Australia. The basement of
northern and western Australia includes Phanerozoic,
Proterozoic and Archean rocks. Several recent studies
using U-Pb SHRIMP methods (Brugier et al., 1999;
Cawood and Nemchin, 2000; Sircombe and Freeman,
1999) have dated zircons from these areas which
provide possible source fingerprints. The range
identified in the Southern Mountains is very similar to
the range of ages from the Perth Basin, Western
Australia (Figure 5 A and B). Zircons from sediments
of the Perth Basin have age characteristics which
resemble the Yilgarn Blocks (2500-4200 Ma), the
Mesoproterozoic and Paleoproterozoic Capricorn
(1600-2300 Ma) and Albany-Fraser (1100-1350 Ma)
orogenic belts, and the Neoproterozoic Pinjara (500-
800 Ma) orogenic belt (Brugier et al., 1999; Cawood
and Nemchin, 2000; Sircombe and Freeman, 1999).
Each of these age groups can be identified in the
Southern Mountains dataset (Figure 5B). The
similarity strongly suggests that the zircons in the
Southern Mountains samples have a potential
Western Australian provenance or were derived from
a continental region that has a similar Cambrian-
Archean history to Western Australia.

We suggest that the most likely explanation for the
zircon ages sampled in East Java is that there is a
fragment of continental crust of Gondwana affinity
and potential Western Australian origin at depth
beneath the Southern Mountains. Several fragments
rifted off the Australian margin during the Mesozoic
in the phase of breakup preceding the separation of
India from Gondwana (Miller et al., 2000). An
alternative is that sediment eroded from Australia
could have been deposited on the Indian Ocean crust
and carried beneath Java during subduction. This is
much less likely as it would require a fan of sediment
extending from Western Australia across the India
Ocean covering ocean crust. Such a fan would be
larger than the Bengal Fan, there are no major river
systems in Australia which could have fed it, and
there is no trace of the proximal parts of the fan off
Western Australia at present. On the other hand, an
Australian crustal fragment could have arrived on the
Java margin during the Cretaceous, and possibly even
earlier. Collision with the SE margin of Sundaland
must have occurred before the Early Cenozoic, as
rocks of Middle Eocene age rest above it.
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Basement of East Java

As discussed in the previous section, the basement of
East Java is interpreted to be varied and include
metamorphosed terranes of accreted arc and ophiolitic
material in the north and west similar to the
Karangsambung Basement Complex, and some
continental material beneath the Southern Mountains.
Four distinct crustal domains have been identified
(Figure 4C).

a. Rembang High

The Rembang High was an elevated region
throughout much of the Cenozoic and has a thinner
sedimentary cover than the rocks on its flanks. The
basement lithologies reported from drilling in this
area include ophiolites, metamorphic rocks, and
sediments such as chert and sandstone (Nawawi et al.,
1996). These rock types are similar to those described
from the Meratus Mountains in Kalimantan,
interpreted to be an accreted assemblage of
Cretaceous arc and ophiolitic terranes (Wakita et al.,
1998). It is likely that the basement beneath these two
regions is similar.

b. Southern Mountains Zone

There are several lines of evidence that indicate that
there is a continental crust beneath the Southern
Mountains, including the long-lived intermediate to
acidic arc volcanism, strong positive Bouguer gravity
anomaly and the occurrence of Precambrian zircons.
This block is bounded to the south by the oceanic
crust of the East Java fore-arc basin (Kopp et al.,
2001).

c. Kendeng Zone

The nature of basement within the Kendeng Zone is
uncertain as it covered by a thick sedimentary
sequence. This zone is noted for its strong negative
Bouguer anomaly (Figure 1), which indicates that the
basement is deep, and it is suggested to contain more
than 8 km (de Genevraye and Samuel, 1972) to
around 11 km of sediment (Untung and Sato, 1978).
This zone must contain the transition or boundary
between the different basement types of the Rembang
High and the Southern Mountains Zone and therefore
may be arc and ophiolitic-type or continental. The
present-day volcanic arc is built on part of the
Kendeng zone. The average composition of the

present-day arc volcanic rocks is significantly more
basic than that of the Southern Mountains arc, and at
least one of the volcanoes (ljen) of the present arc (H.
Handley, pers. comm., 2004) shows no signs of
continental contamination. This suggests the change
from continental to arc and ophiolitic-type basement
is south of the present arc.

d. Western Block

The Progo-Muria fault is a significant NE-SW
trending structure that marks the abrupt termination of
the gravity anomalies of the Kendeng Depocentre and
Rembang High (Figure 4C). The crust to the west of
this structure, in Central Java, is known to be accreted
fragments of arc and ophiolitic terranes such as those
exposed within the Karangsambung Basement
Complex.

SEDIMENT PROVENANCE

This study, and an earlier progress report (Smyth et
al., 2003), have identified many important
characteristics of the sediments of East Java including
the presence of material derived from local basement
sources, the abundance of volcanic material and the
occurrence of volcanic quartz. In addition, U-Pb
SHRIMP dating of zircons has shed new light on the
origin of the sediments.

Influence of Cenozoic volcanism on sediment
character

The oldest sediments exposed onshore in East Java
are the basal conglomerates of the Wungkal-Gamping
and Karangsambung Formations, of the Southern
Mountains Zone. They are the only sediments on land
in East Java that contain no evidence of
contemporaneous or reworked arc volcanic material.
These terrestrial conglomerates were derived solely
from the reworking of local basement, like that
exposed at Karangsambung. The absence of volcanic
debris is important. The products of arc volcanism are
commonly explosive and widespread, but there is no
evidence of such material in the basal sediments, and
therefore this implies that before the Middle Eocene
there was no arc volcanism on land in East Java. As
arc volcanism is the result of active subduction, the
absence implies that there was no subduction to the
south of Java prior to the Middle Eocene.
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Above the basal conglomerates, the new provenance
work has indicated that there is a significant,
previously unrecognised, volcanic component in all of
the sediments on land in East Java. There is a clear
trend in the sediments of Synthem One in the
Southern  Mountains: a significant up-section
reduction of basement material in sediments
accompanied by an increase in volcanic material
(Figure 2). A significant proportion of quartz has a
volcanic  provenance, which was previously
unrecognised (Smyth et al., 2003). This volcanic
quartz was concentrated by pyroclastic and
subsequent epiclastic processes within the arc, and
deposited as air-fall in offshore regions on the shelf.
Many of the quartz-rich sands contain volcanic
zircons, which have been dated by the U-Pb SHRIMP
method and the ages confirm that volcanic activity
was contemporaneous with the deposition of these
sediments. In addition many of the clay interbeds are
rich in smectite, including those within the Ngrayong
Formation, and are the product of either the alteration
of air-fall deposits or reworking of pre-existing
volcanic sequences.

Origin of Cretaceous zircons

As reported above, many of the samples from the
north and west of East Java contain Cretaceous
zircons (Figure 4B). These samples include quartz-
rich sandstones such as the Middle Eocene Lukulo
Member, Karangsambung Formation, Nanggulan
Formation and the Miocene Ngrayong Formation.
There is a widely held belief that these source of these
sediments is the continental core of Sundaland (e.g.
Ardhana, 1993; Sharaf et al., 2005). This study
questions this view.

The Sundaland source regions that may have
contributed material to these sands include the
Schwaner Mountains, the Malay Peninsula and
Sumatra, and submerged parts of the Sunda Shelf, all
of which include Cretaceous granites (Cobbing et al.,
1986; Hamilton, 1979; Liew and Page, 1985). The
closest source region to East Java is the Schwaner
Mountains, SW Kalimantan where there are abundant
granites. These granites were elevated throughout the
Cenozoic and this region provided sediment to
northern Borneo (van Hattum, 2005). In order to
determine whether the Schwaner Mountains granites
were a source of sediment to East Java, the age range
of Cretaceous zircons separated from these granites
was compared to those obtained from the East Java

samples (Figure 5C). The Schwaner Mountains
granites have a very narrow range of zircon U-Pb
SHRIMP ages from 78-89 Ma with a peak around 85
Ma (van Hattum, 2005), but grains of this age range
have not been found in East Java. It is therefore
unlikely that the Schwaner Mountains contributed
sediment to East Java. There are no data on zircons
from Sumatra and the Malay Peninsula but since
these sources are even further from East Java, we
consider them to be even less likely, especially in
view of palaeogeographical arguments summarised
below.

An alternative source for Cretaceous zircons is the
basement rocks similar to those in the north and west
parts of East Java such as those exposed at
Karangsambung.  The  basement rocks  at
Karangsambung did not yield sufficient zircons for U-
Pb SHRIMP analyses, so the volcaniclastic rocks
which directly overlie the basement were analysed.
Assuming zircons in these rocks were derived from a
local source their ages will indicate the approximate
age range of the underlying basement. The
volcaniclastics contained Cretaceous zircons. The age
range of Cretaceous zircons from the Karangsambung
volcaniclastic rocks were compared to the those of
Cretaceous zircons from all other rocks in East Java.
The two populations are very similar, in striking
contrast to the Schwaner Mountains, and we therefore
suggest the Cretaceous zircons were derived from the
underlying basement.

Drainage Divide

The absence of a Sundaland signature in the East Java
sediments and in particular the lack of the range of
Cretaceous zircons similar to those of the Schwaner
Mountains granites, SW Kalimantan, suggests that
there was a major barrier or drainage divide between
Sundaland and East Java during the Cenozoic. The
granites of the Schwaner Mountains supplied material
to the sediments of northern Borneo during the
Cenozoic, but not to the sediments of East Java.
Therefore the barrier must have been situated
southeast of the Schwaner Mountains. The
Karimunjawa Arch is the most likely position of this
drainage divide (Figure 1). This NE-SW trending
basement high separates the East and West Java Seas
and pre-Tertiary basement rocks are exposed on small
islands and on the sea floor at present (Cater, 1981).
The arch is reported to have been elevated between
most of the period between the Late Eocene and Late
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Miocene (Bishop, 1980) and was a source of sediment
for the East and West Java Basins during this time
(Cater, 1981; Bishop 1980). To the east of the arch
Oligocene-Lower Miocene sediments are marine, but
to the west (in the West Java Sea) most of the Lower
Miocene and all of the Oligocene sediments are non-
marine (Cater, 1981). A ridge of this size and
longevity is likely to have prevented sediment from
Sundaland entering the basins of East Java.

CONCLUSIONS

Volcanic activity commenced in the Southern
Mountains volcanic arc during the Middle Eocene and
was active until the Early Miocene (from 42 to 18
Ma). There is no evidence of active subduction to the
south of Java along the Java Trench prior to the
Middle Eocene. Volcanic activity along the Southern
Mountains Volcanic Arc was extensive, explosive and
of Plinian-type, and the deposits ranged from andesite
to rhyolite in composition. From about 18 to 12 Ma
there was a lull in volcanic activity, and during the
Late Miocene volcanism resumed further north at the
position of the present-day volcanic arc. The products
of the present-day arc are significantly more basic
then the Southern Mountains Volcanic Arc suggesting
a non-continental basement beneath the Kendeng
Zone.

The Kendeng Depocentre contains in excess of 8 km
of sediment but the gravity data suggest that there is
no crustal thinning (C.Ebinger, pers. comm., 2004)
This is one of several features which are inconsistent
with previous interpretations of this basin as a rift and
we suggest that flexural loading of the crust by the
chain of volcanoes contributed significantly to
subsidence in the Kendeng Zone. This topic requires
too much discussion to be dealt with here but the
evidence of long-lived wvolcanic activity, its
abundance, and the closely spaced nature of the
volcanic centres indicate that volcanic loading must
have contributed to subsidence of the region now
exposed on land in East Java.

New U-Pb SHRIMP dating of zircon grains indicates
that a fragment of continental crust of Gondwana
origin, including Archean age material, is located at
depth beneath the Southern Mountains volcanic arc.
Its most likely origin is from Western Australia. New
provenance studies indicate that there were two main
sources of sediments in the Cenozoic sequences of
East Java: (1) Cretaceous accreted basement similar

to that exposed at Karangsambung and Jiwo and (2)
the Southern Mountains Volcanic Arc. There is little
or no evidence for sediment derived from continental
Sundaland. The lack of Sundaland material indicates
that there was a significant drainage divide in the Java
Sea, probably along the Karimunjawa Arch.

A previously unrecognised, potentially Toba-scale,
volcanic episode occurred during the Early Miocene
(20 Ma £1), the Semilir Super-eruption. This vigorous
phase of volcanic activity terminated arc volcanism in
the Southern Mountains. Later, the locus of volcanic
activity shifted north by about 50 km to the position
of the modern Sunda Arc.

Comparison of the results of this study with published
studies dealing with offshore areas to the north in the
East Java Sea suggest significant differences between
the histories of the two areas. It is important to make
a clear distinction in discussion of the East Java
region between offshore and onshore. Volcanic
material from the Southern Mountains volcanic arc
distributed over a large area by explosive volcanic
activity could help correlate across much of the
region on land and around Java. Precise dating of
zircons by SHRIMP would aid in this aim.
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Figure 1 - Location, zones and gravity character of the study area.
A. SRTM digital elevation model of East Java with the centres of Oligo-Miocene volcanism. Inset
shows present-day plate tectonic setting (S marks the location of the Schwaner Mountains).
B. East-west trending stratigraphic and structural zones of East Java based on van Bemmelen (1949).
C. Bouguer Gravity Anomaly map of East Java (based on Bouguer Anomaly Quadrangle Maps of

Java at 1:100,000 scale, produced by the Geological Research and Development Centre,
Bandung)

262



"SUIRIUNOIA] UIBYINOS ay1 Jo susodap 210Z0uad) ayl 10) UoITewolul adueuanod uawipss pue Aydesbiens paipjdwis - g aanbi4

263

© IN3N3SvE o
S30In0s Jayj0 2lued|on i SNOOVLIMD g
oz ot _._W._ if m
I | Z [
defb awi e OF 1sea| Iy
— ALIANLDY m
: o TLSIHEIL QINVDTOA ON g
o2 - ]
=
@ 4 BLTRE| 3| Zonzaisans ?
] 2 £
o o | anwwwmorivis | 8 ALIALLOY :
& & 2 DINVDTOA .
.m o ONIJWNTS m i
4 NIV i
g d330-N3do
i —
Q3aAYYLS LNSWIaSS AN3A3 DIlviSn3a =
- &
oz [+] o
snousBiua) Yol-pniN- | DHY-HOVE i m
ONY OMy-3804
‘oMY -YHLNI OuY
201 DIUED|OA [BLINOI
(you-e1sfio) SONSERIUED|OA PaXIOMaY me D1LSY10Id3
Juswiaseq > y = mm JWOS 3dOTS
s “SNIMYIN MO TIVHS WSINYDTOA
(S2)ipIgIny) SONSEDILED|OA PaXIOMaY 2 M “IVINISTIEEI L SNONINNTOA
i £ NI Slisod3a INSOTEXT
v @ 58 DINVOTION
ndques @ sjeiawo|Bucs jeseg z
Buppomal 3Us000 ‘ITUHL WIHLNAS
N uBWIpas onsepIls |, *. e
(=011 [~ =
' Buiseaou) - . waes W 353 JUIYNCEYYD
Guisesisap suaso|y-suei03 dnousg Gunby neg auoisyoed |elajiuiwelo @ 50 m Qv3ddS3am
SILEDDA [BUINDI SUBIOIN-OBIO "OML WAHLNAS Aax ANV DY
(oay) pue om] Walguis) @ m | DINYDTIOA LONILXET =
JSEIUBDOA PAYIOMAL pUE mquapyyssary B pnw you-euusbigolo ﬂ MW 40 ONIHMOMIN m
sauexon sussoiy-obio @ ®g 211SV10Id3 3
squap ey D L
i Aok TR auosaI| [BjERY E
(3uQ waypuks) Jnsepluesion o
aussofjjo-auacog ajeq equepsier B uondrus-iedng [l
mquepy nundmepy oy
abuwog ey () ; 1
(2u0 walpuAs) s aouapisans [l .
spues yau-zuenb sus03 PPN uoELLOS URINEBuUEN zoﬂ_umz.@zm_ W
f]
- 14ndn
e R iy @ uomsodap-uou ; uoisos3 [l m z
|eseq auaso3 sppIN-ald iequey oy B e L
uoneuwo4 GunquesBuesey WISIUED|OA 21B 3AIIOY i .u
Spiawpas useq Kjea a_.—tﬂba._ﬂ..ogm ANO W3HLNAS -
N3LOVAVHO LNIWIO3S "INSHNCUINS SNOISaL
3U07Z SUIBJUNOIA LIBLINOS 8y} JO Sjuawipas
3y} Joj weibelp JUBUIWLIOSIP SIBYIO-0IUED|OA-JUBWasSE] INOZ SNIVLNNOW NY3IHLNOS




‘souoz Buequiay pue Buapua ayr Jo Aydeibnens alozousa) pailjdwis - € aanbi4

‘sauoz Buequiay
pue Buspusy| ay Jo Aydesbness
olozoua) payldwis ‘¢ ainbi4

|

sjuawipas snouabiiia) Ysu-pniy

.

$)001 2IURD|OA |BLUIXOI]

SONSBIOIUBD|OA UoL-[eISAlo paxiomay
Sa)IpigIN} ONSEPIUED|OA PaXIoMaYy
sajelawo|Buoo [eseq

SjuaWipas o)seoloNIS

sauojsyoed |esajuiwelo

spnw you-euyabigolo

sauojsalll| |ejeay

FEEEENE

diysuoije|al }9BIUOD UMOUNUN

Bunep oydesBiensolg pue
21d0}jos| ‘'suoljeAIaSqo pjaly MaU LD

paseq pajep ||am - Ajwiojuosun

ainje.a}y uo
paseq pajep Apood - Alwuojuooun

uondnis-ladns i
aouapisqns -
uomisodap uou so uoisosg i

WsSIUBDjOA 0JB BARY |

[]
ININ3SYE
SNOFVIZHD
deb swug ey O 19e9| Iy
-
m TYIHLSTAL
» A -
< oIt TR= 1o} 2| 3onaasans B
= a3 z & 341N3D0430
I # SNIEYINmoTIvHS | 8 - - ] ShEIHEN
= @ o 30vaHNs E g |20 1NEndoT3A3g
= i 0L 3INOLSANYS =
o = SN m aNY 3LYHINOTONOD | i
= o €330-N30 | 9 INOLSIAIN ®
m 5 DILNNNINNN J0 SY0018 | @
E ONINE S3ONVOTOAaN | =
NOISOM3 g
sodanvis | & |00l o
UELISES ] 3
= L] EETFFRFFATT B EE e
w
=% e
= =
E o G 3
m E [} o
T 28 a ﬂ 2| 3nmwwasaa
2 hE 8 gz | “RRENGE NISYE MONNYN
2 3 g| 3onzamans &2 | wnmzomors NI3ON30ISENS
zz
m PRy =
(22222
NOISSINOIY IN3AZ NYENL $038 LN1N7130N008d OL
Y1¥H1S INZD03 40 NOISOHI ANY L4Mdn
»
= ”
] P 3dOISNO |2 m
z P | sauaiguny m 2
= - ANY J13HS | § m m
- 6 | NoaNmww (@ 3 8
3 M MOTIVHS |2 5 | snvd3auaEunL | & | NISYEMOYEYN
~ m g c | wismnawiass | &| mi3on3asEns
m = 2 | ousviomyoion | 8
- i
© |40 nNoiisodaaay
NOLLYNY Td3NTel NOISONS ONY 131dn INIA3 ONVENTN S | ANy Hines 3L
Py —p—_—r == = ™ | oLs3onvoIon
I | 2 EEE == Z 40 NOISON3
e L MOTIVHS @
= 147din GaNNILLNGD
I L et
NOILISOd30 SNOINYHOLNELNGD NOILISOH30 SNOANYHOLINGLNOD
ONY NOISON3 141dN NOISS3HINOD SN ONY NOISON3 LN NOISSIXCNOD SN
NOILIS0d30 40 SNILLSS NOILIS0d30 40 ONILLSS
H3LOVHYHO INIWIGIS _ INFWNORIANG SINOLOIL H3LOVHVHO INIWI3S ANINNONIANT 2INOLOTL

3903 J13HS - INOZ ONVYBIN3Y

JHLIN3D043A - INOZ ONIANIH

SN0

264



e — EEE— S—

A Inherited population contains
m MO Archean zircons
. ® Archean zircons
|
7S
|
=] ‘
®
® ® ] ®
8's
o A
®
W 1E 1ZE NIE 4E
e
e I
B Inherited population includes
Cretaceous zircons
€ NO Cretaceous zircons
s
»
*
a's
L 4
* @
iy, o ®
. L 4
o - x o
e 12E NIE 1N4E
e
C REMBANG ZONE: Basement probably accreted during the

—_— Cretaceous. The Rembang High remained a high all through the
Cenczolc. At the beginning of the Cenczole this was an area of thick
crust

CENTRAL JAVA: Thera >
Is a NE-SW orientated
structure separating East

and West Java. The
crust here is
metamorphosed arc and
ophiolitic type accreted
during the Cretaceous.
The zircon populations
lack Archean ages

KENDENG ZONE: Probably crust of metamorphosed ophiclitic
and arc character, The gravity data indicates that this zone was
not thinmed but it is depressed by loading of the volcanoes.
- o
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Progo-Muria Fault

SOUTHERN MOUNTAINS ZONE: The inherited U-Pb zircon ages and character of the
volcanic rocks indicate that this is an area of continental crust. The zone is characterised by
an exceptionally strong positive Bouguer anomaly.

Figure 4 - Details of the zircon U-Pb SHRIMP analyses and interpretation of basement terranes.
A. Distribution of samples with and without Archean zircons. The Archean ages are restricted to the
Southern Mountains Zone.
B. Distribution of samples with and without Cretaceous zircons. The Cretaceous zircons are
restricted to the western part of the Southern Mountains Zone.
C. Inferred character of the crust beneath East Java.
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