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The Indonesian archipelago is well-known for volcanic activity and has been the location of three catastrophic
eruptions in the last million years: Krakatau, Tambora and Toba. However, there are no reports of large
magnitude eruptions during the earlier Cenozoic despite a long volcanic record in Indonesia during
subduction of Indian Ocean lithosphere since the Eocene. Here we report an Early Miocene major eruption,
the Semilir eruption, in south Java, the main phase of which occurred at 20.7±0.02 Ma. This major volcanic
eruption appears similar in scale, but not in type, to the 74 ka Toba event. Its products can be identified
elsewhere in Java and are likely to have been distributed widely in SE Asia and adjacent oceans. The Semilir
eruption could have triggered a climate response, but cannot yet be linked with certainty to Early Miocene
climatic events such as glaciations.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

Indonesia is well-known for spectacular volcanic activity, includ-
ing the 1883 eruption of Krakatau, Java, the 1815 eruption of Tambora,
Flores, and the 74 ka eruption of Toba, Sumatra (Fig. 1). Intriguingly,
there are no records of earlier, pre-Pleistocene, large eruptions from
SE Asia despite the long history of subduction along the Indonesian
archipelago (Hall, 2002). Mason et al. (2004) reported large eruptions
from New Zealand, Australia, Africa, and North and South America but
none from SE Asia and proposed that there were two major Cenozoic
global eruptive pulses from 36 to 25 Ma and 13.5 to 0 Ma. However, it
is notable that 33 of the largest 47 eruptions listed by Mason et al.
(2004) are fromNorth America and it is not clear if the lack of a record
from SE Asia reflects an absence of large eruptions, or a comparative
lack of work in a relatively understudied tropical region. On the basis
of the study reported in this paper we suggest the latter is the case.
We present evidence for a very large Early Miocene eruption in Java,
the Semilir event, which occurred between the pulses identified by
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Mason et al. (2004) and appears comparable in size to the 74 ka
eruption of Toba in Sumatra.

Volcanic eruptions, especially large events, are an important natural
cause of climate change (Robock, 2000) as they inject huge volumes of
ash and gases into the atmosphere. The Quaternary eruptive history of
someof SEAsia's numerous volcanoes iswell-known. The1815eruption
of Tambora resulted in the “yearwithout a summer” in 1816 (Harington,
1992; Oppenheimer, 2003; Stommel and Stommel, 1983; Zeilinga de
Boer and Sanders, 2002). Furthermore, the Late Pleistocene Toba
eruption, the largest magnitude explosive eruption in the last million
years, has been suggested by some workers to have accelerated
Pleistocene global cooling as it occurred during the interval of most
rapid ice accumulation in the last glacial cycle (Rampino and Self, 1992).
The 74 ka eruption of Toba is thought to have expelled 2800 km3 of
material, 800 km3 of which was deposited as ash fall (Oppenheimer,
2002; Rose and Chesner, 1987; Song et al., 2000). It has been suggested
that the event led to a human population bottleneck due to a climate
deterioration (Lee et al., 2004; Rampino and Self, 1993a), but other
workers have argued that the eruption had little effect on mammal
populations (Ambrose, 2003b; Gathorne-Hardy and Harcourt-Smith,
2003; Louys, 2007; Oppenheimer, 2002), including humans (Petraglia
et al., 2007). The Greenland ice core records include a major sulphur
anomaly associated with the 74 ka Toba eruption, but recent models
suggest the eruption had no long term effect on climate (e.g.,
Oppenheimer, 2002). We discuss the possibility that the Semilir
eruption influenced climate in the Early Miocene.
hts reserved.
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Fig. 1. The modern plate tectonic setting of Indonesia, shown on a Digital Elevation Model from SRTM (Shuttle Radar Topography Mission, NASA). The volcanoes of the Sunda Arc
(small white triangles) and the locations of the eruptions of Toba, Krakatau and Tambora are indicated (large white triangles). The star marks the approximate position of the
volcanic centre which produced the Semilir eruption. The arrow indicates the current Indian–SE Asia platemotion vector (McCaffrey, 1996). Also shown are the location of ODPwells
referred to in the text.
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2. Geological background

Java is between Asia and Australia at the centre of the Indonesian
archipelago (Fig. 1) where the Indo-Australian Plate subducts beneath
the Eurasian Plate. There has been subduction at the Java Trench since
the Early Cenozoic (Hall, 2002; Smyth et al., 2008b). The almost east–
west elongation of the island follows the Benioff zone contours and
most of the active volcanoes on Java are situated about 100 km above
the subducting slab (England et al., 2004). The present-day volcanic
chain, which forms the elevated axis of the island (Fig. 2A), has been
active since the Late Miocene (Soeria-Atmadja et al., 1994) and is part
of the Sunda Arc. An Eocene to Early Miocene volcanic arc in East Java,
the Southern Mountains Arc (Smyth, 2005), is parallel to and south of
the modern arc (Figs. 1 and 2). Thick volcanic and volcaniclastic
deposits related to this arc are well preserved in East Java and
identified volcanic centres are separated by similar distances to
volcanoes of the modern arc (Smyth et al., 2008a). However, unlike
the modern Sunda Arc, the Southern Mountains Arc was a chain of
small volcanic islands separated by intra-arc basins (Fig. 2C).

2.1. Geology of the Southern Mountains of East Java

New field investigations and stratigraphic studies (Smyth, 2005;
Smyth et al., 2008b) in East Java have identified the most important
features of arc activity in the Southern Mountains. The oldest
sedimentary rocks are conglomerates and sandstones that lack
volcanic material and were deposited unconformably on a basement
that included ophiolitic and continental rocks (Smyth et al., 2007,
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Fig. 2. A. Digital elevation model from SRTM of East Java, showing the centres of Oligo-Miocene volcanism marked with open circles (Smyth et al., 2008a). The white star marks the
location of the Jaten Formation sandstones. B. Structure of Java, showing the three structural provinces, Southern Mountains Arc, Kendeng Basin, and the edge of the Sunda Shelf, and
the modern Sunda Arc built on top of these provinces (adapted from Smyth et al., 2008a). C. Sketch of the Eocene to Miocene profile across East Java depicting the volcanoes as an
island arc. D. Summary of the major element geochemical analysis of samples from the Southern Mountains Arc (Smyth, 2005), plotted on the TAS (Total Alkalis-Silica) diagram of Le
Bas et al. (1986).
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2008b). In the overlying sedimentary rocks volcanic debris and
detrital zircons indicate initiation of the arc, and subduction beneath
Java, by the Middle Eocene (42 Ma) (Hall and Smyth, 2008; Smyth
et al., 2008a). The arc was active until the Early Miocene (18 Ma) and
volcanic activity was most abundant during the Oligocene to Early
Miocene. In contrast to present-day Java, the Southern Mountains Arc
was a chain of small volcanic islands (Fig. 2C) surrounded by
carbonate and volcaniclastic shelves, separated by intra-arc basins,
resembling the present-day Izu–Bonin–Mariana arc and the Aleutian
Islands (Smyth, 2005; Smyth et al., 2005, 2008b). Volcanic activity
was commonly explosive and of Plinian-type (Smyth et al., 2008b;
Soeria-Atmadja et al., 1994). The erupted products range from

image of Fig.�2
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andesite to rhyolite (Fig. 2D) and formed lava flows, lava domes,
volcanic breccias and extensive pyroclastic deposits including flow,
air-fall and surge deposits (Smyth et al., 2008b; Soeria-Atmadja et al.,
1994). Volcanic activity along the SouthernMountains Arc culminated
in the Early Miocene in a climactic phase of eruptions preserved in the
Batu Agung Escarpment, near Yogyakarta (Smyth et al., 2008b). It was
during this climactic phase that the Semilir Eruption occurred.

2.1.1. Stratigraphy of the Batu Agung Escarpment
In the area around Yogyakarta, southern East Java (Figs. 2 and 3),

there are thick sections of volcanic and sedimentary rocks recording the
final stages of volcanic activity in the Southern Mountains Arc. In this
region, north-flowing rivers dissect the steep northern flank and the
gently dipping southern slope of the BatuAgung Escarpment (Fig. 2A) to
expose over 2000 mof almost continuous section. The volcanic deposits
are fresh anddip uniformly towards the south at approximately 30°. The
sequence is divided into three formations (Rahardjo et al., 1995; Surono
and Sudarno, 1992) which are, from base to top, the Kebobutak, Semilir
and Nglanggran Formations (Fig. 3). They are overlain by a sequence of
reworked volcanogenic and carbonate rocks assigned to the Sambipitu,
Kepek andWonosari Formations (Fig. 3) (Harahap et al., 2003; Rahardjo
et al., 1995; Surono and Sudarno, 1992).

The Kebobutak Formation is exposed at the base of the northern
flank of the escarpment and consists of at least 400 m of interbedded
rocks that were deposited as crystal-rich volcaniclastic sands,
tuffaceous muds and mantling ashes. Upper bedding surfaces are
intensely bioturbated by a Cruziana-type assemblage. The formation is
interpreted to be air-fall deposits reworked in a shallow marine sub-
littoral setting (Smyth et al., 2008a). Conformably above the
Kebobutak Formation lies at least 600 m of dacitic pumice, volcanic
lithic and crystal-rich tuffs and breccias assigned to the Semilir
Formation (Fig. 3). Unlike the underlying Kebobutak Formation there
is very little bioturbation and little evidence of reworking in the
Semilir Formation. In tropical settings such as those of Java it is often
difficult to trace formation boundaries due to the lack of continuous,
unweathered exposure. However, in East Java the base of the Semilir
Formation can be identified by the abrupt termination of bioturbated
reworked deposits characteristic of the Kebobutak Formation. The
volcanic rocks of the Semilir Formation are characterised by features
typical of terrestrial air-fall, pyroclastic surge and flow deposits
including dune and antidune structures, crystal layering, well-sorted
granular laminations, diffuse bedding, breccias (with metre-scale
pumice blocks), thick mantling ashes, and abundant fragments of
charcoal. Locally there are water-laid deposits, with scoured irregular
bases, flame, traction and suspension structures, and large slump folds
indicating an unstable marine slope. We interpret these observations
to indicate the Semilir Formation was erupted in a subaerial setting in
which pyroclastic flows travelled across vegetated slopes picking up
and baking plant fragments, with some of these flows entering the
sea. Some of the primary material would have been redeposited as
lahars in distal settings.

Overlying the Semilir Formation is a 200 to 500 m thick sequence
of massive, resistant, monomict andesitic volcanic breccias (Fig. 3F
and G), crystal-rich sandstones and minor lava flows of the
Nglanggran Formation. The breccia beds are 1 to 10 m thick and can
be mapped for several kilometres. Interbedded crystal-rich sand-
stones are much thinner. The breccias are both clast- and matrix-
supported with angular fragments commonly 2 to 75 cm across with
some blocks up to 3 m. Fragment imbrication within the breccias
records diverging west and southwest flow from a source in the
Fig. 3. Distribution of the products of the Southern Mountains Arc in the Batu Agung esca
Rahardjo et al., 1995; Surono and Sudarno, 1992) and location of dated samples. B. Compos
sections). C. Schematic stratigraphic column with published biostratigraphic and new U–Pb
Jhs4_SEM4 showing the character of the Semilir Formation at Jhs_SEM7. E. Semilir Formatio
breccia beds are up to 10 m thick. G. Coarse, matrix-supported, poorly sorted angular, ande
northeast part of the Batu Agung Escarpment. There is no evidence of
any marine influence, and we interpret the Nglanggran Formation as
terrestrial deposits formed by sector or repeated dome collapse,
marking the end of arc activity in the Southern Mountains. The top
and base of the Nglanggran Formation forms topographic breaks in
slope, because the andesitic breccias are muchmore resistant than the
underlying and overlying units, and the feature and the formation can
be easily mapped across the area over a distance of 46 km.

Based on examined exposures, measured sections and published
geological maps, the combined thickness of the Semilir and
Nglanggran Formations is between 250 and 1200 m, exposed over
800 km2, and the total volume of volcanic material at least 480 km3.

Conformably overlying these primary volcanic deposits are
calcareous volcanogenic turbidites of the Sambipitu Formation
(Fig. 3C). This formation records the erosion, submergence, subsi-
dence and reworking of the volcanic deposits of the extinct Southern
Mountains Arc in a deep marine setting. The formation represents a
time interval of approximately 10 million years (based on identifica-
tions made by Kadar, 1986). At the top of the Sambipitu Formation
there are several unreworked ash beds which mark the resurgence of
volcanic activity in the Late Miocene. The formation is laterally
equivalent to the Wonosari Formation, a carbonate platform which
formed a fault-bounded high in nearby south Java. In places the
Wonosari Formation onlaps the Semilir and Nglanggran Formations
(Fig. 3B).

The entire sequence (Kebobutak, Semilir, Nglanggran and Sambi-
pitu Formations) has previously been suggested to range in age from
Late Oligocene to Middle Miocene, and the Semilir and Nglanggran
Formations to be of Early to Middle Miocene age (N5-N9: 21.2–
14.2 Ma) based on microfossils from unidentified localities (Harahap
et al., 2003; Kadar, 1986; Rahardjo et al., 1995; Surono and Sudarno,
1992). However, in the many sections of the Batu Agung Escarpment
examined in this study, the Semilir and Nglanggran Formations
consist entirely of non-fossiliferous volcanic rocks with no significant
break within or between the formations. Zircons from the succession
were dated using SIMS (Secondary Ion Mass Spectrometry). This was
part of a larger programme of reconnaissance dating across Eastern
Java (Smyth et al., 2007). This initial analysis (e.g., sample Jhs3PRAMB
Smyth et al., 2007) indicated that the entire Semilir Formation could
have been deposited in a very short period in the Early Miocene.
Additional samples were collected through the formation in order to
date the sequence. Zircons separated from these samples were first
analysed using SIMS and then by ID-TIMS (Isotope Dilution–Thermal
Ionization Mass Spectrometry) in order to achieve a higher level of
precision.
2.2. Age of the Semilir and Nglanggran Formations

2.2.1. Methods

2.2.1.1. SIMS. Zircon grains separated from rock samples were
mounted in resin blocks together with pieces of zircon standard
CZ3, and imaged using cathodoluminescence (CL) on a Philips XL30
SEM prior to isotopic analysis by SHRIMP-II at the John de Laeter
Centre, for Mass Spectrometry, Western Australia. SIMS was the
dating method used in our first detailed study of the Semilir
Formation (Smyth et al., 2007). Our previous work in Java had
highlighted the presence of ancient inherited cores in many zircons
from volcanic rocks (Smyth, 2005; Smyth et al., 2007).
rpment, Yogyakarta region, East Java. A. Geological map (adapted from (Lokier, 2000;
ite sections of the volcanic and sedimentary rocks (black lines mark the location of the
zircon ages. D–G. Field photographs. D. Semilir Formation being quarried at the site of
n in small quarry at Jhs4_SEM7. F. Nature of the exposure of the Nglanggran Formation,
sitic breccia of the Nglanggran Formation.
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A selection of the CL images, used to guide analytical spot selection,
is provided in Fig. 4. Generally, domains characterised by simple
oscillatory zoning were selected for analysis, avoiding structural cores
and other areas of complexity, inclusions, resorption and/or recrys-
tallisation. Operating conditions for SHRIMP analyses were routine,
namely 25 μm analytical spot size, primary beam current 2–3 nA,
mass resolution 5000 (1% valley) and sensitivity for Pb isoto-
pes≥12 cps/ppm/nA. Pb/Pb and Pb/U isotopic ratios and U, Th and
Pb concentrations were measured in 20 min, 7-scan duty cycles. Data
for Semilir samples Jhs4SEM 1–7 were acquired in a continuous 36 h
analytical session, interspersed with sixteen analyses of zircon
standard CZ3. The remaining samples were run separately but
under similar conditions. Because of the young age of the rocks,
correction of isotope ratios for common Pb was based on the
measured 208Pb, with the common Pb composition modelled upon
that of Broken Hill ore Pb. Pb/U isotopic ratios were also corrected for
instrumental inter-element discrimination using the method of
Compston et al. (1992) in which the measured ratios are normalized
via a calibration curve to analyses of the zircon standard. Data were
processed using PDK's KRILL software and ISOPLOT 3 (Ludwig, 2003).
The normalizing 206Pb/238U ratio used for CZ3 was 0.0910 (561.5 Ma),
which is a recently revised value (previously 0.0914, 564 Ma). Ages
were calculated using standard U–Pb decay constants (Jaffey et al.,
E. Jhs4SEM1

A. Jhs4SEM2

C. Jhs4SEM4

B

D

F

2.1

4.2

1.3

200 µm

200 µm

200 µm

Fig. 4. SEM-CL images of zircons analyzed in this study. ImagesA–ESemilir Formation (A. Jhs4SE
1971). Uncertainties in ages of individual spot analyses are quoted as
2σ values (Supplementary data table).
2.2.1.2. TIMS. In addition to the SIMS dating, two samples (Jhs4SEM4
and Jhs4SEM7) were selected for dating by isotope dilution thermal
ionization mass spectrometry (ID-TIMS). ID-TIMS yields the highest
analytical precision of any U–Pb dating technique; it was utilised here
to assess the preliminary results from SIMS dating in order to
determine if different levels of the volcanic Semilir Formation were
produced by several separate eruptive events, or whether the
formation as a whole formed within a time-frame less than that
which can be resolved by the technique. Zircons were thermally
annealed and leached by a process modified from that of Mattinson
(2005). Zircons were annealed as bulk fractions at 850 °C in quartz
glass beakers for 60 h. Once cooled, the zircon crystals were
ultrasonically washed in 4 N HNO3, rinsed in ultra-pure Milli-Q
water, then further washed in warm 4 N HNO3 prior to rinsing with
water to remove surface contamination. The annealed and cleaned
zircon fractions were then chemically leached in Teflonmicrocapsules
enclosed in a Parr bomb using 200 μl 29 N HF and 20 μl 8 N HNO3 at
180 °C for 12 h. This procedurewas carried out in order tominimise or
eliminate damaged zones in which Pb loss may have occurred. Zircons
. Jhs4SEM5

. Jhs4SEM7

. Jhs2PAC43

jv-2

5.2

7.1

200 µm

200 µm

500 µm

M2.B. Jhs4SEM5C. Jhs4SEM4,D. Jhs4SEM7andE. Jhs4SEM1) andF Jaten sample Jhs2Pac43.
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were then handpicked avoiding any grains with obvious inherited
cores or inclusions.

A mixed 205Pb–233U–235U EARTHTIME tracer was used to spike all
fractions, which once fully dissolved, were converted to chloride and
loaded onto degassed rhenium filaments in silica gel, following a
proceduremodified afterMundil et al. (2004). A Thermo Electron Triton
17

18

19

20

21

22

box heights are 2ó 

Jhs2PAC43

16

18

20

22

24

20
6 P

b
/23

8 U

20
7

20
6

20
7

20
6

20
6 P

b
/23

8 U
20

6 P
b

/23
8 U

box heights are 2ó 

Jhs4SEM1 TOP

17

18

19

20

21

22

23

24

box heights are 2ó 

Jhs4SEM2 BASE

Mean = 20.0
MSWD = 0.78, probability = 0.66

(error bars are 2σ)

± 0.6 [2.8 %] 95% conf.

Mean = 20.9
MSWD = 0.20, probability = 0.999

(error bars are 2σ)

± 0.5 [2.4 %] 95% conf.

Mean = 19.6
MSWD = 0.22, probability = 0.992

(error bars are 2σ)

± 0.5 [2.5 %] 95% conf.

A

B

C

D E

Fig. 5. U–Pb data for zircon analysed by SIMS. A. 206Pb/238U plot with weighted mean age
Jhs2SEM2. C. Terra–Wasserberg diagram combining data from Jhs4SEM1 and Jhs4SEM2. D. 2

diagram for Jhs2PAC43.
at the Natural Environment Research Council (NERC) Isotope Geos-
ciences Laboratory (NIGL) was used to collect all U–Pb TIMS data.
Approximately 100 to 150 ratios of Pb isotopic data were dynamically
collected using a new generation of MassCom Secondary Electron
Multiplier (Noble et al., 2006). Between 60 and 80 ratios were statically
collected using Faraday cups for U. Pb ratios were scrutinised for any
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evidence of organic interferences using an in-house raw ratio statistical
and plotting software, but these were found to be negligible or non-
existent. Errors were calculated using numerical error propagation
(Ludwig, 1980). Isotope ratios were plotted using Isoplot version 3.63
(Ludwig, 1993, 2003); error ellipses on concordia diagrams (Fig. 5)
reflect 2σuncertainty. Total procedural blankswere1.0 pg for Pb and ca.
0.1 for U. Samples were blank corrected using the measured blank
composition. Correction for residual common lead above analytical
blank was carried out using the Stacey–Kramers common lead
evolutionary model (Stacey and Kramer, 1975).

2.2.2. Results
The sample location data are summarised in Table 1 and results

obtained from the SIMS method are provided in Supplementary data
table and plotted on Fig. 5. ID-TIMS data are presented in Table 2 and
Fig. 6.

The Kebobutak Formation underlies the Semilir Formation. This
formation is not a primary volcanic deposit but rather an epiclastic
succession. Reworking, clearly seen in outcrop, petrographic exam-
ination, and in the biostratigaphy, it is also observed in the age range
of the zircons from two samples (Smyth, 2005). Zirconswere analysed
from two volcaniclastic sandstones, close to the base of the Kebobutak
Formation, underlying the Semilir Formation. The ranges in zircon
SIMS spot ages for the two samples were 30.2±2.5 to 21.1±3.6 Ma
(Jhs2JKB21), and 32.2±2.2 to 24.7±1 Ma (Jhs2Sat1) (Smyth, 2005).
Other samples from the upper parts of the Kebobutak Formation were
either too fine grained or yielded too few zircons for dating. The range
of zircon ages (SIMS data) suggests mixing of material from a number
of eruptions. Reassessment of the data presented by Harahap et al.
(2003) shows the presence of planktonic foraminifera age markers
Paragloborotalia kugleri, Globigerinoides primordius, Globigerinoides
trilobus and Globoquadrina binaiensis, indicating an Early Aquitanian
age and planktonic foraminiferal zone N4, between 23 and 20.5 Ma
(Marcelle BouDagher–Fadel pers. comm.). Unfortunately, Harahap
et al. (2003) do not provide information on numbers of samples
examined, sample locations or lithological descriptions. The majority
of Kebobutak Formation samples examined in this study did not yield
any bioclasts.

Five tuffs from the base (Jhs4SEM2), middle (Jhs4SEM5, 4 and 7)
and top (Jhs4SEM1) of the Semilir Formation (Fig. 3C), yielded
euhedral and elongate prismatic zircons (Fig. 4). As the grains
analysed are geologically young, and therefore do not contain
abundant radiogenic Pb, and several grains have experienced Pb
loss, a 208Pb correction could potentially add uncertainties to the
calculated age. The uncorrected lower intercept was therefore chosen
Table 1
Sample location information.

Formation Sample
number

Latitude,
Longitude

Lithology

Jaten Jhs2Pac43 8.14868S,
111.26359E

Crystal-rich sandstone, quartz- and pumice-rich

Semilir Jhs4SEM1 7.85585S,
110.58601E

Thick medium grained calcareous (but not fossilife

Jhs4SEM7 7.88056S,
110.72066E

Thick non-calcareous mantling ash bed. Alternatin
pumice and crystals.

Jhs4SEM4 7.81354S,
110.69958E

Massive white non-calcareous ash bed.

Jhs4SEM5 7.81354S,
110.69958E

Well laminated (colour banding reflecting compos
calcareous ash.

Jhs4SEM2 7.84794S,
110.59071E

Pumiceous, non-calcareous, grey, rich in charcoal f
and well defined laminations.

Kebobutak Jhs2Sat1 7.78863S,
110.6665E

Volcaniclastic, granular, crystal-rich white sandsto

Jhs2JKB21 7.80938S,
110.592E

Volcaniclastic grey sandstone,
as the most suitable method of sample age calculation. Regardless of
stratigraphic position, SHRIMP ages for samples of the Semilir
Formation are within error of each other. In stratigraphic order from
base to top these are 20.6±0.5, 20.8±0.5, 20.7±0.6, 20.9±0.5 and
20.0±0.6 Ma (uncorrected 206Pb/238U weighted mean ages with 2σ
error are shown in Supplementary data table and Fig. 5). The
stratigraphically lowest sample (Jhs4SEM2) contains a number of
older grains that may be xenocrysts (Fig. 5), and which may reflect
protracted growth in the magma-chamber preceding eruption (as
discussed in Reid, 2008).

Samples Jhs4SEM4 and Jhs4SEM7were selected for ID-TIMS analysis
(Fig. 6, Table 2) in order to achieve a higher precision age and test the
hypothesis that the Semilir Formation was erupted in a single
recognisable event. The small size of the zircons and their low radiogenic
Pb concentrations favoured analyses of multi-grain fractions. Analyses
display radiogenic to commonPb ratios (Pb*/Pb) of 4 to 14with between
11 and 30 pg of radiogenic Pb (Pb*). Intermediate decay products in the
U–Pb decay chains have been taken into consideration. Magmatic
processes are not known to result in fractionation of 234U from 238U
and the effect of 231Pa on U–Pb systematics in zircon appears to be an
extremely rare phenomenon only reported from pegmatites (e.g.,
Anczkiewicz et al., 2001). The presence of 232Th, however may
significantly affect measured U/Pb ratios. Disequilibrium between
minerals and magma was quantified using concentration ratios and the
formula: ƒ=[Th/U]mineral/[Th/U]magma. The [Th/U]mineral was obtained
from measured radiogenic 208Pb and the uranium isotope dilution
measurements for each zircon fraction. [Th/U]zircon ranges from 0.75 to
0.85 and for samples Jhs4SEM4 and Jhs4SEM7. Th/U will decrease with
increasing magmatic differentiation, so finding an appropriate [Th/U]-
magma can be problematic in that any measured Th/U from the final
products of crystallisation or from volcanic glass may differ from the
[Th/U]magma at the time when zircon was crystallising in the paragenetic
sequence. Dacites typically have a Th/U 2.8 to 3.3, but variations outside
this range are known (e.g., Zartman and Cunningham, 1995). For
example, Alves et al. (2004) state that Miocene volcanic rocks from Java
have an anomalously high Th/U ratio of ca 4.2 which may be due to the
pre-diagenetic preferential leaching of U relative to Th in sedimentary
material entering the subduction zone and influencing the resultant
composition of subduction-related lavas. The ages reported below use a
[Th/U]magma=4.0, which is considered the best estimate of magma
composition at the time of zircon crystallisation because it is a value close
to that of the fully crystallised Miocene andesites and dacites from Java
(Alves et al., 2004). Taking an extreme range of [Th/U]magma from 2.8 to
4.5 results in only a ca 11 k.y. (0.05%) difference in the 230Th-corrected
206Pb/238U mean ages for samples JhsSEM4 and JhsSEM7. For sample
Location description

Road cut section near Tulakan, Pacitan

rous) ash bed. River cliff at the top of Semilir Formation. Sample taken from the
base of a 3 m thick bed.

g laminations of Small quarry cut to the south of Desa Semin. Beds are thick and
gently dipping.
New road and quarry cut section very fresh exposure. Thick well
bedded sequence.

ition), grey non- New road and quarry cut section very fresh exposure.

ragments, diffuse On valley side small quarry cut very fresh and well exposed. Bed is
more than 1 m thick.

ne. Road cut near Desa Santren.

Roadside exposure on the north flank of Batu Agung Escarpment.



Table 2
U–Pb ID-TIMS data.

Compositional parameters Radiogenic isotope ratios Isotopic ages

U Th

U
Pb 206Pb* mol% Pb�

Pbc

Pbc
206Pb
204Pb

208Pb
206Pb

207Pb
206Pb

207Pb
235U

206Pb
238U

corr. 207Pb
206Pb

207Pb
235U

206Pb
238USample Wt. mg ppm ppm ×10−13 mol 206Pb* (pg) % err % err % err coef. ± ± ±

(a) (b) (c) (d) (c) (e) (e) (e) (e) (f) (g) (g) (h) (g) (h) (g) (h) (i) (h) (i) (h) (i) (h)

Jhs SEM4
Z1 0.010 404 0.740 1.6 0.5183 95.63% 7 1.93 426 0.239 0.046766 0.696 0.020677 0.763 0.003207 0.161 0.504 26.80 16.65 20.78 0.16 20.73 0.03
Z2 0.056 85 0.781 0.4 0.6342 95.08% 6 2.68 377 0.254 0.047099 0.756 0.020808 0.839 0.003204 0.212 0.497 43.92 18.03 20.91 0.17 20.71 0.04
Z3 0.020 211 0.870 0.9 0.5673 95.32% 7 2.28 397 0.281 0.046815 0.649 0.020642 0.711 0.003198 0.127 0.551 29.63 15.54 20.75 0.15 20.67 0.03
Z4 0.020 145 0.863 0.7 0.3930 91.70% 4 2.91 224 0.280 0.046881 1.200 0.020639 1.285 0.003193 0.222 0.456 32.99 28.69 20.74 0.26 20.64 0.05
Z5 0.032 83 0.747 0.3 0.3497 94.47% 6 1.66 336 0.241 0.046642 0.707 0.020637 0.762 0.003209 0.163 0.434 20.45 16.94 20.74 0.16 20.74 0.03
Z6 0.023 273 0.745 1.1 0.8825 97.66% 14 1.72 794 0.242 0.047136 0.587 0.021734 0.699 0.003344 0.291 0.563 46.13 13.99 21.83 0.15 21.61 0.06
Z7 0.029 181 0.803 0.8 0.7256 95.94% 8 2.51 458 0.260 0.046869 0.403 0.021733 0.465 0.003363 0.115 0.624 32.72 9.64 21.83 0.10 21.73 0.02
Z8 0.040 188 0.865 0.8 1.0222 97.39% 13 2.23 713 0.280 0.046856 0.496 0.021234 0.564 0.003287 0.150 0.559 31.99 11.87 21.34 0.12 21.24 0.03

Jhs SEM7
Z1 0.006 597 0.758 2.4 0.4959 95.51% 7 1.90 414 0.245 0.046804 0.520 0.020714 0.605 0.003210 0.222 0.538 28.80 12.45 20.82 0.12 20.75 0.05
Z2 0.026 139 0.641 0.7 0.5920 96.08% 8 1.93 476 0.205 0.046456 1.070 0.024840 1.112 0.003878 0.144 0.349 12.24 25.70 24.91 0.27 25.05 0.04
Z3 0.021 165 0.782 0.8 0.5623 95.51% 7 2.12 416 0.252 0.046794 1.048 0.024677 1.106 0.003825 0.257 0.334 29.82 25.09 24.75 0.27 24.70 0.06
Z4 0.024 85 0.622 0.4 0.2941 94.27% 5 1.45 325 0.202 0.046957 1.035 0.021901 1.108 0.003383 0.215 0.428 36.81 24.72 22.00 0.24 21.86 0.05
Z5 0.026 158 0.828 0.7 0.5387 95.66% 7 1.99 428 0.268 0.046879 0.632 0.020734 0.724 0.003208 0.249 0.519 32.81 15.10 20.84 0.15 20.73 0.05
Z6 0.023 77 0.729 0.4 0.2418 91.03% 3 0.15 207 0.237 0.047143 1.576 0.021035 1.672 0.003236 0.265 0.429 46.07 37.59 21.14 0.35 20.92 0.06

(a) z1, z2 etc. are labels for fractions composed of zircon grains or fragments; all fractions annealed and chemically abraded after Mattinson (2005).
(b) Nominal fraction weights estimated from photomicrographic grain dimensions, adjusted for partial dissolution during chemical abrasion.
(c) Nominal U and total Pb concentrations subject to uncertainty in photomicrographic estimation of weight and partial dissolution during chemical abrasion.
(d) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U age.
(e) Pb* and Pbc represent radiogenic and common Pb, respectively; mol % 206Pb* with respect to radiogenic, blank and initial common Pb.
(f) Measured ratio corrected for spike and fractionation only. SEM analyses, based on analysis of NBS-981 and NBS-982.
(g) Corrected for fractionation, spike, and common Pb; up to 1 pg of common Pb was assumed to be procedural blank: 206Pb/204Pb=18.70±0.80%; 207Pb/204Pb=15.56±0.32%; 208Pb/204Pb=36.82±0.74% (all uncertainties 1-sigma).
Excess over blank was assigned to initial common Pb 206Pb/204Pb=18.55±0.80%; 207Pb/204Pb=15.62±0.32%; 208Pb/204Pb=38.45±0.74%.
(h) Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).
(i) Calculations are based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb ages corrected for initial disequilibrium in 230Th/238U using Th/U [magma]=4.5.
(j) Corrected for fractionation, spike, and blank Pb only.
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Fig. 6. U–Pb concordia diagrams for zircons analysed by ID-TIMS. A. All data for
Jhs4SEM4 and Jhs4SEM7 (shaded). B. Younger data for both samples. Note that the
analysis with dashed ellipse is not used for age calculation (due to possible Pb loss).
C. Mean 206Pb/238U age calculation.
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JhsSEM4,five zircon fractions give amean 206Pb/238U age of 20.69±0.05,
but with a high degree of scatter probably due to some residual Pb loss.
Three fractions (Z1, Z2andZ5)give amore robustmean 206Pb/238Uageof
20.72±0.02 (MSWD=0.71, probability=0.49). The remaining three
zircon fractions for JhsSEM4 yield analyses indicative of older compo-
nents with 206Pb/238U ages between 21.23±0.03 and 21.72±0.02 Ma.
Two out of five fractions from sample JhsSEM7 (Z1 and Z5) give
206Pb/238U ages which overlap within error of the ca. 20.7 cluster from
sample JhsSEM4. When combined, the seven fractions give a mean
206Pb/238U age of 20.73±0.02 Ma (MSWD=0.48, probability=0.75).
Zircon fraction Z1 from sample JhsSEM7 is the only single grain fraction
analysed from either sample and gives a 206Pb/238U age of 20.74
±0.05 Ma. The remaining fractions from sample JhsSEM7 give older
206Pb/238U ages ca. 21–22 and ca. 25 Ma.

In the case of both samples dated by ID-TIMS, older zircon fractions
may be evidence either for zircon growth in a pre-eruptive magma
chamber, or alternatively may represent partially assimilated prod-
ucts of older magmatism (i.e., xenocrysts/antecrysts) at the site of the
Semilir eruption. CL images of representative grains from each of the
dated samples (Fig. 3) demonstrate complex zones of resorption and
or overgrowth. Some of these textures are likely to have resulted from
magmatic overgrowths on xenocrystic cores (e.g., Fig. 3), but some of
the CL images display subtle disequilibrium textures (partial
resorption and truncated magmatic zoning) which may have a
different origin. Nevertheless, although disequilibrium textures are
common in the imaged zircons, a cluster of four multi-grain fractions
and one single grain fraction give a weighted mean 206Pb/238U age of
20.72±0.02 Ma. This suggests that if these textures reflect protracted
magma-chamber residence and associated chemical disequilibrium of
separate magma pulses, the duration of this process is less than 20 ka
(i.e., the 2σ error calculated from ID-TIMS 230Th-corrected 206Pb/238U
ages). With the exception of Mount St. Helens, where zircons record
protracted magma storage durations in the order of hundreds of
thousands of years (Claiborne et al., 2010), most known examples of
magma-chamber residence, as deduced from variations in U–Pb
zircon ages, are generally less than 800 ka (e.g., ca 500 ka for the
youngest Toba tuff (Reid, 2008)) and generally much less than 20 ka
e.g., Bishop Tuff, Crowley et al. (2007). It is therefore likely that the
apparent U–Pb ages older than 20.7 Ma represent inherited xeno-
crystic zircon components. Given the low MSWD of five zircon
fractions from two separate samples, we interpret 20.72±0.02 Ma as
being the best estimate for a final eruptive event which generated the
Semilir Formation.

The Nglanggran Formation samples contained no zircons but its
age is constrained by biostratigraphic dating of turbidites from the
overlying Sambipitu Formation (Kadar, 1986) which span the
nannofossil zones NN2-NN8 corresponding to 22.8–10.5 Ma (Lourens
et al., 2004). Re-examination of the data of Kadar (1986) shows that a
sample 100 m above the base of the formation can be precisely dated
by the first occurrence of the short-lived species Globigerina binaensis
as 20–19.1 Ma. The Nglanggran Formation must therefore be older
than 19 Ma.
3. Distribution of the ash deposits

The Semilir and Nglanggran Formations were deposited very close
to an active volcanic centre that must have been near the Batu Agung
Escarpment (Fig. 3) based on the character of the erupted material.
The U–Pb zircon ages and fossil evidence indicate that the entire
1200 m succession was deposited in an interval of less than one
million years. The U–Pb ID-TIMS zircon data for the Semilir Formation
indicate that two samples record events with a duration of less than
50 ka which were likely to have been a single eruptive event. We
suggest that the eruption was Toba-scale but not Toba-type as
discussed below.

image of Fig.�6
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3.1. Influence of tropical weathering

The study area is today located just to the south of the equator
(~8°S), as it was throughout much of the Cenozoic (Hall, 2002).
Therefore the influence of tropical weathering must be taken into
consideration when assessing the preservation and distribution of the
products of the Semilir Event. Tropical weathering would have altered
the strata during the eruption, immediately after deposition, and
today, at intervals when they were exposed at the surface. Tropical
environments with high temperatures and precipitation rates are
sites of rapid weathering and erosion (Dosseto et al., 2006; White and
Blum, 1995). Unconsolidated volcanic deposits and sediments which
are subject to tropical weathering would be expected to break down
much more rapidly than lithified sediments or resistant igneous rocks
such as granite. It is generally accepted that tropical climatic settings
will have higher rates of chemical disaggregation of source rocks and
resultant daughter products than in high latitude settings.

The 1883 eruption of Krakatau is an excellent case study which
shows how rapidly products of an eruption, exposed to tropical
conditions, can be removed by tropical weathering. The cataclysmic
eruption of 27th August destroyed much of Krakatau Island, but thick
ash and pumice deposits created new land area. However, by October
1883, some three months after the eruption, much of the new land
area that was created by the thick volcanic deposits had been lost, and
the new islands of Steers and Calmeyer and the islet off eastern
Sertung had disappeared (Thornton, 1996). In subsequent decades
the slopes of the remnant volcanic edifice were stabilised by
vegetation, soil profiles developed and altered by renewed volcanism
from Anak Krakatau, but the sedimentation rates in the area were still
high with rates of between 1 and 3.5 m/year reported (Thornton,
1996 and references therein). This modern, well-studied, example
serves to show how quickly the volcanic products can be reworked
and the record of major events could potentially be lost.

The absence of significant weathering or gully formation, lack of
soil profiles or bioturbation within the thick ash pile that comprises
the Semilir Formation suggests that they are the products of a single
event. These labile ashes must have been covered immediately, or
soon after their deposition, by the coarse resistant andesitic breccias
of the Nglanggran Formation, which protected the ashes from further
alteration.
3.2. Comparison with the scale of the 74 ka of Toba

To assess the importance of this eruption, we compared the
products with the most proximal deposits of Toba in Sumatra (Figs. 1
and 7). It should be noted that we are comparing the scale of the
eruption rather than the type of the eruption. The Semilir volcanic
centre is interpreted to have been an isolated volcanic island, and part
of an island arc chain (Fig. 2), whereas Toba was located within an
extensive emergent land area within a chain of volcanoes on Sumatra
(Gasparon, 2005). Many of the volcanic products would therefore be
different. Toba erupted over an interval of about 1.2 million years with
4 events known at 1.2 Ma, 840, 501 and 74 ka (Chesner et al., 1991).

The time span of eruptive activity, thicknesses, area and estimated
volumes of volcanic deposits in the vicinity of the Toba volcanic centre
are similar to those at Semilir (Fig. 7). Considering the much greater
age of the Semilir and Nglanggran Formations, the effects of
compaction and erosion, duration and intensity of tropical weath-
ering, and the likely extent of unobserved parts of the formations now
covered unconformably by younger rocks, these observations suggest
an eruptive event comparable in magnitude to the Pleistocene
eruptions of Toba. Most of the volcanic rocks preserved near Toba
are the product of the 74 ka event, and it is likely that the Batu Agung
succession is also mainly the product of a climactic eruption because
of its proximity to the volcanic centre.
Material from the 74 ka eruption of Toba is distributed over a very
large area west of Sumatra, including eastern India and the Indian
Ocean seafloor, and was dispersed by prevailing winds at the time of
eruption (Chesner et al., 1991; Song et al., 2000). Such a large-scale
eruption would have transported vast amounts of the finer particles
straight into the stratosphere and, due to its near equator position, the
material would have been transported across both hemispheres
(Bains and Sparks, 2005). The larger particles would have been
predominantly transported by the local winds. Unfortunately, the
pattern of atmosphere circulation during the Early Miocene cannot be
determined. In addition, finding a record offshore is likely to be
difficult because about 1300 km of ocean crust (Fig. 8) has been
subducted at the Java Trench since 20 Ma (Hall, 2002). Using the
distributions of Neogene tephra from Toba as a guide suggests that if
ash had been carried west or south all but the most distal material
would have been subducted or would be difficult to identify in
deformed accretionary complexes (Fig. 8). However, if material had
been carried east or north it could be preserved on land, offshore on
the Australian NW Shelf, or in basins of SE Asia.

There are many unusual, compositionally mature but texturally
immature, widely distributed volcanic quartz-rich sandstones of Early
Miocene age exposed in East Java that may be Semilir products but
have not been precisely dated. One such sandstone is the Jaten
Formation, exposed near Pacitan, 80 km east of the Batu Agung
Escarpment (Fig. 2.). The location and character of this formation are
described in detail in Smyth et al. (2008a,b). Zircons from the Jaten
Formation have a weightedmean SIMS age of 19.6±0.5 (MSWD 0.22,
Smyth et al., 2005) and this is consistent with them being reworked
products of the Semilir eruption. Other quartz-rich sandstones from
Java have not yet been dated using U–Pb methods.

Published records of sedimentary basins drilled for hydrocarbons
provided insufficient detail to identify volcanic ash. However, in the
deepermarine areas there is volcanicmaterial which is the correct age
and composition at DSDP and ODP sites near the NW Shelf (Sites 260,
760, 762, 765, 766), Celebes Sea (Site 767) and South China Sea (Site
1148) (Fig. 1). Unfortunately the stratigraphic resolution of the critical
time interval at these sites is insufficient to identify Semilir eruptive
products with certainty.

3.3. Impact of the eruption

The impacts of major eruptions, such the 74 ka eruption of Toba,
are the subject of some debate. Smaller modern analogues have been
used to suggest that all life in the immediate vicinity of the crater
would have been destroyed (Gathorne-Hardy and Harcourt-Smith,
2003) but would recover very quickly (e.g., Thornton, 1996).

Theclimatic consequences are evenmoreuncertain.While it hasbeen
speculated that eruption of Toba led to a “volcanic winter”, accelerated
glaciation and a bottleneck in human evolution (Ambrose, 2003a;
Rampino and Self, 1992, 1993a,b), others suggest that the impact on
mammalian populations, including humans, was much less severe
(Gathorne-HardyandHarcourt-Smith, 2003; Louys, 2007;Oppenheimer,
2002; Petraglia et al., 2007). Recent archaeological studies, based on
archaeological finds and tephra chronology, suggests that hominids
persisted, rather than perished (Petraglia et al., 2007). Ash and gases
would have been transported into the stratosphere and subsequently
dispersed from their equatorial origin viaWalker Circulation (Rietmeijer,
1993;Trepte andHitchman, 1992) tohigher latitudesbut thedistribution
of coarse particulates is strongly influenced by the prevailing wind
direction (Bühringet al., 2000;Chenet al., 2000). Eruption footprintmaps
of Toba (e.g., Chen et al., 2000; Miller andWark, 2008; Song et al., 2000)
showthatmostof thematerialwas transported towards thewest into the
IndianOcean and to the Asian sub-continent. The distribution ofmaterial
erupted by the Semilir event is not known but the broad similarities of
palaeogeography (Hall, 2002) suggest that a pattern similar to that of
Toba's products is plausible (Fig. 8).
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Semilir's products, notably the sulphur aerosols, would have
reflected sunlight and cooled the Earth like those the Mount Pinatubo
eruption (e.g., Robock, 2000). The Early Miocene was an interval of
general global warmth, interrupted by several large-scale Antarctic
glaciations (Wright et al., 1992). The major glaciation, Mi1, at 23 Ma
predates the Semilir eruption. The time of the Semilir eruption is an
interval associated with an increase in δ18O values of benthic
foraminifers, indicating cold climates and/or an increase of ice build
up, of a similar magnitude to that recorded during Mi1 (Pälike et al.,
2006). The shift in δ18O at the time of eruption of Semilir coincides
with a low eccentricity associated with the 400-ky astronomical cycle
and additionally the 40-ky obliquity cycle. It is possible that a very
high resolution analysis of the amplitude and duration of this cycle,
indicating abnormalities compared to previous events, could identify
influences of the Semilir eruption on Early Miocene climate. However,
the Early Miocene was also a time of other important changes, such as
tectonic restriction of the oceanic gateway between the Pacific and
Indian Oceans (Kuhnt et al., 2004) and the rise of mountains due to
Australia–SE Asia collision (Hall, 2002), which are also likely to have
had a climatic impact. Any potential relationship between the length
and amplitude of glaciations and the Semilir eruption should be
tackled in the future by combining regional and temporal climate
patterns with additional radiometric dating.

4. Conclusions

The deposits of the Semilir Formation were erupted at 20.72±
0.02 Ma and the Nglanggran Formation was deposited soon after-
wards, before 20 Ma. The Semilir eruption is the first pre-Pleistocene
Fig. 7. Comparison of Toba and Semilir volcanic deposits. A. Map showing the distribution of
1987) and the Semilir eruption. B. Thickness profile of the Youngest Toba Tuff erupted at 74 k
of the Semilir Formation.
record of a Toba-scale event in SE Asia despite the long history of
volcanism in this region. This suggests that the absence of a record of
large eruptions in Indonesia (and possibly more widely in the west
Pacific) is a reflection of preservation, rapid tropical weathering and
sampling rather than diminished volcanic activity. Indonesia, SE Asia
and theWest Pacific remain understudied compared to other regions,
notably North America, from which most of the very large eruptions
have been recorded. The products of the Semilir eruption may have
covered large parts of SE Asia and adjacent oceans. Large eruptions are
known to influence global climate and an event such as Semilir could
certainly have triggered a climate response, but the eruption and
climatic consequences such as Early Miocene glaciations cannot yet be
linked with certainty.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.lithos.2011.07.010.
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