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Merapi volcano (Central Java), located within the Quaternary
volcanic front of the Sunda arc, is one of the most active
volcanoes of the Indonesian archipelago. During the Holocene,
Merapi erupted basalts and basaltic andesites of medium-K
affinity during its earlier stages of activity and high-K compo-
sitions over the past �1900 years. Merapi lavas and pyroclastic
rocks are characterized by enrichment in large ion lithophile
elements (LILE) and light rare earth elements (LREE)
relative to high field strength elements (HFSE) and higher
87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios and
lower 143Nd/144Nd ratios compared with Indian Ocean
mid-ocean ridge basalt (MORB). Merapi high-K series
rocks are enriched in LILE and LREE and slightly depleted
in heavy REE (HREE) and HFSE compared with rocks from
the medium-K series. The increase in K2O is accompanied by a
marked increase in 87Sr/86Sr and a general decrease in 143Nd/
144Nd, but not by systematic variations in d18O values. The low
d18O nature of the Merapi magmas, and the lack of any major
shift in isotopic compositions along the evolutionary trend of
the two individual series, precludes extensive crustal assimila-
tion during magma ascent and differentiation, emphasizing
the importance of subducted continental material in the genesis
of Merapi magmas. The compositional contrast between
medium-K and high-K series volcanics largely reflects
variable contributions from subducted sediment to the mantle

wedge, which was similar to a MORB-source mantle before
any subduction-related modification. The temporal change in
the K2O content of the magmas reflects compositional variation
in the mantle wedge rather than intracrustal processes occurring
within the shallow volcanic system.

KEY WORDS: arc magma series; geochemistry; Merapi; sediment

subduction; Sunda arc

INTRODUCTION

Understanding the origin of magmatic rocks associated
with island arcs and active continental margins is of
prime interest in igneous petrology. The suites of rocks
formed above Benioff zones commonly belong to dis-
tinct magmatic series that may cover most of the com-
positional range between basalt and rhyolite but differ
often in their potassium content. In general, volcanic
rocks with intermediate K2O contents of the calc-
alkaline series dominate volcanic zones associated
with convergent plate boundaries involving continental
crust. However, subduction-related rocks with lower
and higher K2O contents also occur, giving rise to
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characteristic magma series in arc settings that range
from tholeiitic to calc-alkaline, high-K calc-alkaline,
shoshonitic and in some cases K-rich alkaline or leuci-
titic series (Wilson, 1989).
It is generally accepted that multiple source compo-

nents are required to explain the range of geochemical
and isotopic characteristics of subduction-related
volcanic rocks (Arculus & Powell, 1986; Ellam &
Hawkesworth, 1988; Stolz et al., 1990; Hawkesworth
et al., 1993). One of these components is the mantle
wedge above the subducted lithospheric slab, which is
usually inferred to have the geochemical and isotopic
characteristics of mid-ocean ridge basalt (MORB)
source (Perfit et al., 1980) or even depleted MORB-
source mantle (McCulloch & Gamble, 1991;
Woodhead et al., 1993; Elliott et al., 1997) before any
modification by components derived from the sub-
ducted slab. However, in some cases, the trace element
and isotopic characteristics of arc magmas resemble
those of ocean island basalts (OIB) rather than
MORB, implying the existence of more enrichedmantle
source components in arc magma genesis (Morris &
Hart, 1983; Stolz et al., 1990; Edwards et al., 1994).
Although the mantle wedge is considered to be volu-
metrically the most significant source of the majority of
basaltic arc magmas (Arculus & Powell, 1986), satis-
factory interpretation of the trace element and isotopic
characteristics of island arc volcanic rocks requires the
involvement of additional components from the sub-
ducted basaltic oceanic crust and associated sediments
(Kay, 1980; Whitford & Jezek, 1982; Tera et al., 1986;
White & Dupr�e, 1986; Ellam & Hawkesworth, 1988;
McDermott et al., 1993; Vroon et al., 1993, 2001;
Gamble et al., 1996, 1997; Price et al., 1999; Turner &
Foden, 2001). Varying contributions of these subduc-
tion-related components to the source region of arc
magmas, the transfer mechanisms of specific trace ele-
ments from the slab to the sub-arc mantle (Ellam &
Hawkesworth, 1988; Elliott et al., 1997; Hoogewerff
et al., 1997), and the composition and amount of sub-
ducted sediments involved in the genesis of arc magmas
(Plank & Langmuir, 1998) are the most important
parameters that determine the compositional diversity
of primary arc magmas. Further complexities may
arise from the modification of mantle-derived magmas
by assimilation of crustal material during ascent or
storage in a crustal magma reservoir (Davidson,
1987; Hildreth & Moorbath, 1988; Davidson &
Harmon, 1989;Davidson et al., 1990; Ellam&Harmon,
1990; Thirlwall et al., 1996).
The large number of factors affecting magma

compositions in volcanic arc settings precludes a
universally valid model for the petrogenesis of arc
magmas. Therefore, detailed stratigraphic, geo-
chemical and isotopic studies of individual volcanic

centres are required to assess the relative importance
and contributions of the various potential source com-
ponents and processes involved in magma genesis and
evolution. Lessons learnt from investigations of indi-
vidual volcanoes may be used to evaluate the processes
of magma generation on a regional scale within a
particular arc setting.
In this paper we present new major element, trace

element, and radiogenic (Sr, Nd, Pb) and stable (O)
isotope data for a stratigraphically well-characterized
suite of lavas and pyroclastic rocks from Merapi
volcano, in the central part of the Sunda arc. This arc
provides a classic example of subduction-related vol-
canism, because the K2O content of the volcanic rocks
having the same degree of differentiation increases
regularly with depth to the underlying Benioff zone
(Whitford & Nicholls, 1976; Whitford et al., 1979;
Nicholls et al., 1980; Hutchison, 1982; Wheller et al.,
1987; Stolz et al., 1990; Edwards et al., 1993). Merapi,
currently one of the most active volcanoes in Indone-
sia, is situated within the active volcanic front of the
Sunda arc and �190 km above the subducting slab
(Whitford & Nicholls, 1976). During the Holocene,
Merapi erupted basalts and basaltic andesites of
medium-K and high-K affinity (Andreastuti, 1999;
Gertisser, 2001; Gertisser & Keller, 2003) that are
typical of the volcanic associations of most island arcs
and active continental margins. Similar volcanic pro-
ducts account for 490% of the eruptive rocks of the
Sunda arc (Whitford et al., 1979). The eruption of
medium-K and high-K lavas and pyroclastic rocks
over a very short time from the same volcanic complex
clearly restricts the role that changes in crustal thick-
ness or composition or depth to the Benioff zone may
have had on the compositional variations observed in
subduction-zone volcanoes. Moreover, it provides an
excellent opportunity to evaluate the genetic relation-
ship between geochemically distinct arc volcanic suites
and the possible roles of subvolcanic (intracrustal) vs
mantle wedge processes involved in generating the
geochemical variations observed in different arc series.

TECTONIC AND GEOLOGICAL

SETTING

The active volcanoes of the Indonesian archipelago are
related to several distinct subduction-zone systems,
namely the Sunda, Banda, Sangihe and Halmahera
arc systems (Fig. 1). Merapi volcano, located 25 km
north of the city of Yogyakarta in Central Java,
belongs to the Sunda volcanic arc, which forms a con-
tinuous geological structure from the northern tip of
Sumatra in the west to the island of Flores in the east.
The Quaternary volcanism of the Sunda arc is related
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to the northward subduction of the Indo-Australian
plate beneath the Eurasian plate at a rate of 6 cm/yr
near Sumatra and 7 cm/yr near Java (Hamilton, 1979;
Jarrard, 1986; Widiyantoro & Van der Hilst, 1996,
1997). Along the Sunda arc, both the age of the sub-
ducting lithosphere and the composition and thickness
of the overriding plate change significantly; the latter
reflecting the progressive eastward migration of a series
of subduction zones in the evolution of the Indonesian
archipelago since the late Palaeozoic (Katili, 1975). In
Sumatra, oceanic lithosphere younger than 100Ma
is subducting obliquely beneath a 25 km thick, mature
continental crust consisting of late Palaeozoic,
Mesozoic and Tertiary rocks (Van Bemmelen, 1949;
Katili, 1975), whereas in Java and the eastern Sunda
arc, older oceanic lithosphere is subducting almost
perpendicular to the arc front (Hamilton, 1979; Pus-
pito & Shimazaki, 1995; Widiyantoro &Van der Hilst,
1996, 1997). The 20 km thick, quasi-continental crust
beneath Java has a seismic velocity structure inter-
mediate between typical continental and oceanic
crust (Curray et al., 1977; Jarrard, 1986) and consists
of Cretaceous and Tertiary rocks (Van Bemmelen,
1949). East of Java in the eastern Sunda arc, the arc
crust is oceanic in character (Hamilton, 1979; Edwards
et al., 1993). Seismic data indicate a crustal thickness of
5±10 km beneath the island of Flores at the eastern end
of the Sunda arc (Curray et al., 1977; Stolz et al., 1990).

Compared with most volcanic arcs the Java±Bali
sector of the Sunda arc is characterized by a relatively
simple plate tectonic setting. Earthquake foci define a
north-dipping Benioff zone that can be traced from the
6±7 km deep Java trench south of the arc to a depth of
�670 km beneath the Java Sea, although a seismic gap
exists between 300 and 500 km depth (Hamilton, 1979;
Puspito & Shimazaki, 1995; Widiyantoro & Van der
Hilst, 1996, 1997). Tomographic imaging reveals a
seismic anomaly beneath the Sunda arc that is detected
to a depth of at least 1500 km. Beneath Java, the litho-
spheric slab appears to be continuous and to penetrate
into the lower mantle (Puspito & Shimazaki, 1995;
Widiyantoro & Van der Hilst, 1996, 1997). The shal-
low slab dips in a northward direction at a low angle to
a depth of�100 km and at an angle of�60� below that
depth, whereas the deep slab sinks almost vertically
into the lower mantle (Hamilton, 1979; Jarrard,
1986; Widiyantoro & Van der Hilst, 1996, 1997).
The Merapi volcanic complex, which is the youngest

and southernmost of a volcanic chain extending NNW
to Ungaran volcano (Van Bemmelen, 1949) (Fig. 2), is
situated�350 km north of the Java trench. It is located
at the western end of the Solo zone (Van Bemmelen,
1949); a longitudinal depression in East±Central Java
that consists of Tertiary and older rocks underneath a
thick cover of alluvial deposits. Marine limestones
are typical of the subvolcanic basement of Merapi
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(Van Bemmelen, 1949), which is further illustrated by
the presence of abundant calc-silicate xenoliths in the
Merapi volcanics (e.g. Camus et al., 2000).

GEOLOGY OF THE MERAPI

VOLCANIC COMPLEX

Merapi is a basalt to basaltic andesite volcanic com-
plex of 2911 m height rising above the lowlands north
of Yogyakarta in Central Java (Fig. 2). Pyroclastic
flows and lahars accompanying growth and collapse
of the active summit lava dome of the modern Merapi
cone (New Merapi) have devastated populated areas
on the southern and western flanks of the volcano and
caused many fatalities during recent and historical
time (Voight et al., 2000). Pyroclastic deposits of
Holocene age cover large areas of the volcano's lower
flanks (Andreastuti et al., 2000; Camus et al., 2000;

Newhall et al., 2000; Gertisser, 2001) and are herein
collectively referred to as the Holocene Pyroclastic
Series (HPS). These deposits are underlain by a thick
sequence of basaltic andesite lavas and intercalated
pyroclastic deposits of an eroded older volcanic edifice
(Old Merapi) that is now exposed in the deeply dis-
sected northern and eastern flanks of the volcanic com-
plex (Van Bemmelen, 1949; Newhall et al., 2000). The
horseshoe-shaped morphology of this older edifice sug-
gests the occurrence of one or possibly several flank
collapses that left a somma rim high on the volcano's
northern and eastern flanks and may have sent one or
more debris avalanches down its western slopes
(Van Bemmelen, 1949; Berthommier, 1990; Camus
et al., 2000; Newhall et al., 2000). Volcanic construction
of the older volcanic edifice may have begun as early as
9630 � 60 years BP (14C dating: Newhall et al., 2000)
or even before 11 792 � 90 years BP (14C dating:
Gertisser, 2001). However, volcanism at Merapi cer-
tainly began earlierÐpossibly as early as 40 000 years
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BP (Berthommier, 1990; Camus et al., 2000)Ðwith a
Proto-Merapi (Newhall et al., 2000) or Ancient Merapi
stage (Berthommier, 1990; Camus et al., 2000), whose
relics are preserved in the two steep-sided hills of
Gunung Turgo and Gunung Plawangan on the south-
ern flank of Merapi (Fig. 2). Ancient Merapi has been
interpreted by Berthommier (1990) and Camus et al.
(2000) to lie on an even older volcanic structure,
Gunung Bibi, which is exposed in the northeastern
sector of the volcanic complex (Fig. 2). A K±Ar age
of 0�67 � 0�25Ma for a lava flow from Gunung Bibi
(Berthommier, 1990; Camus et al., 2000) supports this
hypothesis, although Newhall et al. (2000) interpreted
Gunung Bibi as a vent of Old Merapi.

SAMPLE SELECTION AND

ANALYTICAL TECHNIQUES

The sample suite that forms the basis of this study is
representative of the younger eruptive stages of
Merapi. It includes (1) the lava sequences of the
somma rim, (2) pyroclastic-flow and tephra-fall depo-
sits of the overlying HPS and (3) eruptive products
of selected effusive (dome-forming) and pyroclastic
flow-forming eruptions of the recent and historical
activity of Merapi, which can be traced back to the
late 18th century (Voight et al., 2000).
A total of 178 whole-rock samples (Gertisser, 2001)

was analysed for major and trace elements by X-ray
fluorescence (XRF). A subset of samples was chosen for
high-precision trace element analysis by inductively
coupled plasma mass spectrometry (ICP-MS), for B
analysis by absorption spectrometry, and for radio-
genic (Sr, Nd, Pb) and stable (O) isotope determina-
tions. Additional O isotope compositions were
determined on plagioclase phenocrysts from some of
the same samples. To estimate the isotopic composition
of the subvolcanic basement, two Tertiary calcareous
sediment samples from the local upper crust and a calc-
silicate xenolith found in the Merapi lavas were
selected for Sr, Nd, Pb and O isotopic analyses. Analy-
tical results are reported in Tables 1 and 2.
Abundances of major elements (SiO2, TiO2, Al2O3,

Fe2O3*, MnO, MgO, CaO, Na2O, K2O, P2O5) and
selected trace elements (Ba, Rb, Sr, Zr, Ni, Cr, Co, V)
were determined using a Philips PW 2404 automated
XRF spectrometer at the Universit�at Freiburg. Before
analysis, exposed portions and weathered surfaces of
the samples were carefully removed and, where possi-
ble, fresh interior slabs of lava and pyroclastic samples
were processed. Tropical weathering has apparently
affected pumiceous clasts from older air-fall deposits,
as indicated by elevated loss on ignition (LOI) values.
All samples were ground in an agate mill. Major and

trace elements were determined on fused discs and
pressed powder pellets, respectively. Reproducibility
and accuracy for major and minor elements is better
than 1% relative. Analytical uncertainty varies from
1 to 10 ppm for trace elements, depending on the
element. Accuracy and precision were monitored
using several international rock standards. LOI was
determined by weight difference at heating to 1050�C
for 90min. LOI, as listed in Table 1, is the total effect of
dehydration (loss of weight) and oxidation (gain of
weight).
Rare earth elements (REE) and other trace elements

were analysed by ICP-MS at the CRPG-CNRS in
Nancy (France). Typical analytical precision ranges
from �5 to �10% depending on the concentration of
the specific element. Boron concentrations were deter-
mined by absorption spectrometry at the same labora-
tory. The detection limit for the B analysis is 1 ppm.
Analytical precision varies with B concentration and
ranges from 10 to 15% at the concentrations deter-
mined for the Merapi rocks.
All isotopic measurements were made on bulk-rock

powders and plagioclase separates without further pre-
treatment at the Universit�at T�ubingen using analytical
methods described in detail by Hegner et al. (1995a,
1995b).
Strontium, neodymium and lead isotopic composi-

tions were determined by thermal ionization mass
spectrometry on a Finnigan MAT 262 mass spectro-
meter. Strontium was loaded with a Ta±Hf activator
on pre-conditioned W filaments and was measured in
single-filament mode. Nd was loaded as phosphate on
pre-conditioned Re filaments and measurements were
performed in an Re double-filament configuration.
The 87Sr/86Sr isotope ratios were normalized to
86Sr/88Sr � 0�1194 and the 143Nd/144Nd isotope ratios
to 146Nd/144Nd � 0�7219. Measured values of the
NBS 987 Sr standard over the period of this study
( January±December 2001) were 0�710261 �
0�000016 (2s, n � 29, reference value � 0�710248).
Analyses of the Ames Nd standard within the same
period gave a 143Nd/144Nd ratio of 0�512119 �
0�000009 (2s, n � 40, reference value � 0�512130).
Pb was loaded with a Si-gel onto a pre-conditioned
Re filament and measured at 1250±1300�C in single-
filament mode. Total procedure blanks were 550 pg.
A factor of 1½ per mass unit for instrumental mass
fractionation was applied to all Pb analyses, using NBS
SRM 981 as reference material. The estimated 2s
uncertainty of the reported Pb isotope ratios is better
than 0�01%.
Oxygen isotope ratios were measured using a

Finnigan MAT 252 gas source mass spectrometer
(Hegner et al., 1995a). The results are reported as
per mil (½) deviations relative to Standard Mean
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Table 1: Major element (wt %), trace element (ppm) and isotopic compositions of the Merapi volcanics

Series: Merapi medium-K series

Eruptive stage: Lava flows, Merapi-Somma Holocene Pyroclastic Series (HPS)

Sample: M95-026 M96-056 M96-071 M98-047 M98-107 M96-073 M96-137 M96-163 M98-0532

Major elements (XRF)

SiO2 55.50 55.41 56.60 55.58 55.70 54.50 54.12 51.40 54.39

TiO2 0.78 0.76 0.73 0.79 0.69 0.86 0.80 0.73 0.82

Al2O3 18.33 18.69 18.75 18.45 18.54 18.85 18.77 21.46 18.59

Fe2O3
* 8.33 8.07 7.51 7.79 7.44 8.28 8.47 7.56 7.87

MnO 0.17 0.18 0.16 0.17 0.15 0.20 0.18 0.17 0.19

MgO 3.41 3.17 2.26 2.56 2.28 2.75 3.17 2.56 2.68

CaO 8.44 8.43 8.01 8.08 8.04 8.50 8.75 7.69 8.28

Na2O 3.43 3.59 4.00 3.67 3.97 3.77 3.61 3.09 3.81

K2O 1.71 1.67 1.72 1.88 1.73 1.71 1.61 1.25 1.77

P2O5 0.21 0.22 0.24 0.32 0.24 0.28 0.27 0.25 0.27

LOI 0.10 0.29 0.49 1.03 1.14 0.30 0.38 4.24 1.77

Total 100.41 100.47 100.49 100.33 99.90 100.00 100.14 100.40 100.45

Trace elements (XRF)

Ba 492 458 418 495 479 487 409 402 437

Rb 46 33 40 47 46 46 39 38 43

Sr 488 516 497 506 557 528 530 511 518

Zr 92 100 104 115 112 119 99 107 112

Ni 7 b.d. 3 3 4 b.d. 3 b.d. 3

Cr 15 41 11 13 12 12 57 5 23

Co 21 13 15 17 20 9 17 9 15

V 225 179 135 162 205 183 165 154 177

Trace elements (ICP-MS)1

Ba 451 454 430 434 458 478 445 411 439

Rb 46.1 38.3 42.7 47.7 49.0 42.5 40.6 38.7 44.0

Sr 496 519 519 520 573 532 552 533 547

B 10 12 15 16

Be 1.01 0.81 0.63 1.25 1.13 1.14 0.86 1.15 0.88

Mo 0.82 0.89 0.70 1.12 1.11 0.93 1.12 0.95 1.00

Pb 14.8 15.3 18.3 17.3 15.7 13.0 19.6 15.1 14.7
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Series: Merapi high-K series

Eruptive stage: Holocene Pyroclastic Series (HPS) Recent and historical eruptive products

Sample: M97-0781 M98-030 M98-031 M98-066 M98-096 M95-011 M96-142 M97-068

Hf 2.58 2.24 2.32 2.15 2.74 2.14

Ta 0.26 0.24 0.25 0.23 0.34 0.21

Th 8.26 6.77 6.68 7.23 8.04 6.16

U 1.56 1.51 1.46 1.29 1.43 1.02

Y 23.3 22.1 22.3 23.0 23.9 22.8

Ni 0.1 3.1 4.1 3.1 0.8 2.6

Cr 6.0 4.9 9.7 11.7 8.2 16.0

Co 18.8 20.4 19.8 21.6 14.2 27.8

V 206 220 211 222 156 249

La 18.8 18.4 19.0 17.2 20.2 17.3

Ce 38.6 36.4 36.5 34.5 39.0 34.6

Pr 4.63 4.24 4.37 4.18 4.79 4.28

Nd 19.1 18.8 19.1 17.8 19.9 18.0

Sm 4.70 4.37 4.27 4.34 4.57 4.33

Eu 1.31 1.37 1.40 1.34 1.38 1.36

Gd 3.84 3.96 4.00 4.13 4.20 3.65

Tb 0.615 0.595 0.636 0.588 0.622 0.627

Dy 3.68 3.77 4.07 3.46 3.88 3.45

Ho 0.785 0.732 0.747 0.708 0.837 0.724

Er 2.13 2.12 2.21 2.11 2.32 1.93

Tm 0.348 0.361 0.340 0.314 0.386 0.318

Yb 2.10 2.16 2.12 2.22 2.35 2.01

Lu 0.360 0.323 0.338 0.325 0.379 0.330

Isotopic ratios

87Sr/86Sr 0.705725 � 10 0.705561 � 09 0.705826 � 09 0.705643 � 10 0.705737 � 11 0.705711 � 11

143Nd/144Nd 0.512721 � 06 0.512735 � 09 0.512675 � 10 0.512686 � 10 0.512723 � 10 0.512671 � 09

206Pb/204Pb 18.780 18.775 18.773 18.727

207Pb/204Pb 15.699 15.702 15.714 15.671

208Pb/204Pb 39.175 39.178 39.195 39.038

d18O w.r. (½) �7.1 �7.5 �6.6 �6.5 �6.7 �6.3
d18O pl. (½) �6.6 �6.6

1Boron analyses by absorption spectrometry.
d18O values are reported in ½ relative to SMOW. d18O analyses were obtained for whole-rock samples (w.r.) and plagioclase separates (pl.). Fe2O3*, total Fe as Fe2O3;
LOI, loss on ignition; b.d., below detection limit.
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OceanWater (SMOW) and refer to a certified value of
9�6 � 0�1% measured on NBS 28. For the O isotope
determinations at least two measurements were per-
formed for a given sample and the average d18O values
are reported in Table 1. All values were reproduced
within an analytical error of 0�1±0�2½.

PETROGRAPHY AND MINERAL

CHEMISTRY

This section briefly describes the petrography of the
Merapi medium-K and high-K series rocks and sum-
marizes the compositions of the major mineral phases
from selected samples of both series, as determined by
electron microprobe. Analytical techniques and the
complete dataset have been given by Gertisser (2001).
The basalts and basaltic andesites of the medium-K

and high-K series of Merapi display similar petro-
graphic characteristics that reflect the overall restricted
range of whole-rock compositions. Typical mineral
assemblages in the mafic rock types consist of plagio-
clase, clinopyroxene, rare olivine and titanomagnetite.
Some samples also contain phenocrysts of amphibole.
The major phenocryst phases in the more evolved
compositions include plagioclase, clinopyroxene,
orthopyroxene, titanomagnetite and often amphibole.
Apatite is a common accessory mineral in the Merapi
lavas and occurs as microphenocrysts or inclusions in
plagioclase and pyroxene crystals.
The Merapi rocks are generally highly porphyritic

with phenocryst contents up to 50±60% of the total
rock volume. Phenocrysts, microphenocrysts and
mineral aggregates are enclosed within a glassy or
fine-grained groundmass that consists of plagioclase,
clinopyroxene and titanomagnetite. Plagioclase and
Ca-rich clinopyroxene are ubiquitous in the Merapi
rocks and dominate the phenocryst assemblage. Plagio-
clase is by far the most abundant phenocryst phase,
followed by clinopyroxene, a characteristic feature of
many arc volcanic rocks (Gill, 1981).

Plagioclase crystals can be euhedral, rounded,
broken or twinned and are often sieve-textured.
Zoning can be normal, reverse or oscillatory. Plagio-
clase compositions in the Merapi volcanics range from
An 30 to An 95. In many cases, the geochemical varia-
tions within individual samples or even within single
crystals are as large as the total range of variation of
plagioclase compositions. The orthoclase content of the
plagioclase phenocrysts increases systematically as the
anorthite content decreases and reaches maximum
values of 8 mol % in the most sodic compositions. The
volcanic rocks of the high-K series are characterized by
slightly higher orthoclase contents at a given anorthite
content compared with the medium-K series rocks.
Clinopyroxene phenocrysts are typically euhedral to

subhedral and unzoned or only weakly zoned. In a few
samples, clinopyroxene can be found as overgrowth
rims on earlier formed orthopyroxene crystals. The
clinopyroxene phenocrysts of Merapi are augites,
with a few compositions extending into the diopside
field (Morimoto, 1988). They span a restricted compo-
sitional range (Wo 39±47, En 37±47 and Fs 7±19)
typical of clinopyroxenes from arc volcanic rocks
(Gill, 1981). Elevated Wo contents (444 mol %) are
limited to the high-K series rocks and appear to be
directly related to the K-enriched character of the
high-K magmas.
Unzoned or slightly normally zoned olivine pheno-

crysts and microphenocrysts with forsterite contents
ranging from 60 to 80 mol % are present in trace
amounts in the more mafic rock types of the two series.
In a few cases, microphenocrysts of olivine and ortho-
pyroxene coexist in rocks with 52±54 wt % SiO2. In
more evolved rock types orthopyroxene replaces oli-
vine as a phenocryst phase. Orthopyroxene crystals
are fairly homogeneous in composition (En 62±71,
Fs 26±35, Wo 2±4) and may be classified as enstatite
(Morimoto, 1988).
In the Merapi rocks, amphibole may occur as an

accessory, minor or major phenocryst phase, often sur-
rounded by reaction rims composed of small plagio-
clase, pyroxene and Fe±Ti oxide crystals. Merapi

Table 2: Isotopic compositions of selected crustal rocks of Java

Sample 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb d18O (½ SMOW)

Crustal xenolith (calc-silicate)

MX-6 0.706507 � 09 0.512154 � 09 19.728 15.750 41.440 �11.5

Calcareous sediments (local upper crust)

MX99-1 0.707350 � 09 0.512564 � 09 18.989 15.660 39.865 �20.5
MX99-2 0.706932 � 09 0.512749 � 10 18.720 15.637 39.209 �18.9
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amphiboles display a narrow range of compositions
and are classified as Mg-hastingsite or pargasite
(Leake et al., 1997), depending on the assumed ferric
iron content.
Titanomagnetite is always present in moderate

amounts in the basaltic andesites, whereas it is rare in
the basalts. The ulv�ospinel contents vary from 20 to
40 mol %.

GEOCHEMISTRY

Major element geochemistry
Representative major and trace element data for
Merapi are listed in Table 1. Variations inK2O content
(Fig. 3) clearly divide the eruptive products of Merapi
into a medium-K series and a high-K series (Le Maitre
et al., 2002), which are characterized by K55 (K2O at
55 wt % SiO2) values of 1�67 and 2�14, respectively.
Some of the lowest K2O contents can be found in
highly altered and hydrated pumiceous clasts, which
suggests that K is leached from the glassy groundmass
of these samples by low-temperature alteration pro-
cesses. It is worth mentioning, however, that the high
degree of alkali mobility during the hydration process
does not affect the geochemical affinity of these rocks,
which may still be classified as medium-K (Gertisser,
2001). New stratigraphic and chronological data
(Gertisser, 2001; Gertisser & Keller, 2003) suggest
that the K2O abundance at a given SiO2 content varies
with time at Merapi. The lavas from the somma rim
and the older HPS deposits display the lowest K2O
contents and define the Merapi medium-K series,
whereas the pyroclastic sequences younger than
�1900 14C years BP, including those from historical
and recent eruptions, are distinctly more potassic and
therefore are designated as the Merapi high-K series.
Compared with the wide range in K2O content,

Merapi lavas and pyroclastics comprise a rather nar-
row SiO2 variation between 48�3 and 57�3 wt % (nor-
malized, on a volatile-free basis). In terms of Al2O3

(>18 wt %) and TiO2 (51�2 wt %) contents, the
Merapi volcanics have chemical characteristics typical
of subduction-related volcanic rocks (Gill, 1981).
Variation diagrams of major elements vs SiO2 are

illustrated in Fig. 4. In general, the medium-K and
high-K series rocks do not display any significant dif-
ferences in major element oxides other than K2O.
Within the two magmatic series, TiO2, Fe2O3*, MgO
and CaO abundances decrease systematically with
increasing silica content, whereas Na2O and K2O
(Fig. 3) increase. The Al2O3 content of the rocks
always exceeds 18 wt % and is scattered without any
systematic correlation with SiO2. Extremely high
Al2O3 contents (421 wt %) occur only in highly
altered samples with 42�5 wt % LOI.

Trace element geochemistry
Variations of selected trace elements with SiO2 are
shown in Fig. 5. Although the trace element arrays
are generally more scattered than the major element
data, systematic variations with SiO2 are observed.
Abundances of incompatible trace elements, such as
Rb and Ba, increase systematically with increasing
SiO2 content and the variation of these elements
mirrors that of K2O. In accordance with most incom-
patible trace elements, Zr tends to increase with
increasing SiO2 content. Vanadium and Co abun-
dances are negatively correlated with SiO2. Variation
of Cr mirrors that of Ni, whose concentrations are
generally very low (Table 1). In the SiO2 variation
diagram (Fig. 5), Cr displays a curved trend of strongly
decreasing abundance in the mafic compositions and

52 56 60

SiO2 (wt %)

48 585450

high-K

1

2

3

0

K
2
O

 (
w

t 
%

)

Merapi High-K series

Merapi Medium-K series

Altered samples (LOI > 2.5 wt %); Medium-K series

Basalt Basaltic Andesite Andesite

medium-K

low-K

< 1900 yr B.P.

> 1900 yr B.P.

Fig. 3. K2O vs SiO2 classification diagram (Le Maitre et al., 2002)
for Merapi volcanics. Data points include samples from selected lava
flows from the somma rim, pyroclastic-flow and fallout deposits from
the overlying Holocene Pyroclastic Series (HPS) as well as dome
components and clasts from pyroclastic-flow deposits of the recent
and historical activity of Merapi. Lavas from the somma rim and
HPS deposits older than �1900 14C years BP are medium-K; all
younger eruptive products are high-K (Gertisser, 2001; Gertisser &
Keller, 2003).°, Pumiceous clasts, which may have lost K through
low-temperature alteration and hydration by meteoric water. All
analyses are recalculated to 100 wt % on a volatile-free basis.
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rather constant Cr contents in the more evolved rock
types. Additionally, a few samples of intermediate
composition display anomalously high Cr contents
and follow a linear trend of decreasing Cr abundances
with increasing SiO2 contents. Strontium abundances
(Table 1) do not display any systematic variation
with SiO2.
The trace element patterns of the Merapi medium-K

and high-K series volcanics normalized to N-MORB
(Sun & McDonough, 1989) have a shape that is
typical of magmas from subduction-related tectonic
settings with enrichment in large ion lithophile
elements (LILE), U, Th and Pb and to a lesser extent
in light REE (LREE) relative to the heavy REE
(HREE) and high field strength elements (HFSE),
such as Zr, Hf, Nb, Ta and Ti. Elements such as
Nb, Ta and Ti form distinct negative anomalies in
the trace element patterns (Fig. 6). In all Merapi

volcanics, the HREE are slightly depleted relative to
N-MORB.
Chondrite-normalized REE concentrations of the

medium-K and high-K series rocks are illustrated in
Fig. 7. All Merapi rocks are characterized by fractio-
nated LREE and flat HREE patternsÐas is typically
found in subduction-related volcanic rocksÐbut lack
significant Eu anomalies. LREE enrichment ranges
from 60 to 90 times that of chondrites, whereas chon-
drite-normalized La/Yb ratios vary from 5�0 to 7�0.
Middle REE (MREE) and HREE exhibit relatively
flat patterns (GdN/YbN � 1�3±1�7), generally within
the range of 10±15 times chondritic values.
The relatively small compositional differences

between the two magmatic series and the effects of frac-
tional crystallization on trace element abundances lar-
gely prevent variations in trace element concentrations
being detected in N-MORB or chondrite-normalized
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trace element plots (Figs 6 and 7). Therefore, the
comparison between the trace element abundances of
the medium-K and high-K series rocks has been exam-
ined further using rocks characterized by the same
degree of differentiation, as summarized in Fig. 8.
Relative to the medium-K series rocks, the high-K
series volcanics exhibit higher concentrations of fluid-
mobile elements, such as B, K, Rb, Sr, Ba, Pb and U,
and elevated abundances in LREE (La, Ce, Pr, Nd,
Sm) at a fixed SiO2 content. Thorium, an element
generally considered to be much less readily trans-
ported in an aqueous fluid phase (Tatsumi et al.,
1986; Brenan et al., 1995a, 1995b; Keppler, 1996),
is also enriched in the high-K series relative to the
medium-K series rocks. In contrast, concentrations of
the MREE, HREE (including Y) and HFSE, such as
Zr, Hf, Nb and Ta, are similar or slightly lower in
the high-K series compared with the medium-K series
volcanics.

Isotope geochemistry

Sr, Nd and Pb isotope data
The 87Sr/86Sr ratios of the Merapi volcanics display
significant variations between 0�70501 and 0�70583
(Table 1). Previously published Sr isotope ratios for
Merapi indicate a similar range from 0�70498 to

0�70594 (Whitford, 1975a, 1975b; Whitford et al., 1981;
Del Marmol, 1989; McDermott & Hawkesworth,
1991; Turner & Foden, 2001). 143Nd/144Nd ratios
range from 0�51267 to 0�51277 (Table 1) and show a
broad negative correlation with 87Sr/86Sr ratio (Fig. 9).
Systematic variations in the Sr and Nd isotopic ratios
at Merapi are most pronounced between the two mag-
matic series. In general, the high-K series rocks have
the highest 87Sr/86Sr ratios and the lowest 143Nd/144Nd
ratios, except for some lavas of medium-K composition
from the somma rim that are also characterized by
comparatively low 143Nd/144Nd ratios within the range
of the high-K series rocks (Table 1). Strontium isotopic
ratios in the Merapi high-K series range from 0�70554
to 0�70583 and contrast significantly with those in
the medium-K series that vary between 0�70501 and
0�70539. The observed compositional gap in Sr isotope
ratios between the two magmatic series at Merapi
coincides with the transition from the normal to the
anomalous calc-alkaline association of the Sunda arc
(Whitford, 1975b).
In the 143Nd/144Nd vs 87Sr/86Sr diagram (Fig. 9a),

the Merapi rocks define an elongate array well below
the field for MORB. TheMerapi data plot between the
field for MORB and sediments from the Indian Ocean
and partly overlap the field of Indian Ocean OIB.
In terms of 87Sr/86Sr and 143Nd/144Nd, the Merapi
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volcanics display a rather restricted compositional
range displaced from the mantle arrayÐdefined by a
line passing through average MORB and Bulk Earth
valuesÐtowards more radiogenic 87Sr/86Sr ratios.
A close-up of the 143Nd/144Nd vs 87Sr/86Sr diagram
(Fig. 9b) shows the new Merapi data from this
study together with previously published data for
other Javanese volcanoes that were used to define the
Java field in Fig. 9a. As already indicated in Fig. 9a,
the Merapi data extend to the high 87Sr/86Sr side of the
field defined by volcanic rocks from elsewhere in Java
and define a separate field displaced to somewhat
higher 87Sr/86Sr at similar 143Nd/144Nd ratios com-
pared with many Javanese volcanoes and the mantle
array (Fig. 9b).

206Pb/204Pb ratios for the studied Merapi rocks range
from 18�73 to 18�78 (Table 1) and fall more or
less within the range of published 206Pb/204Pb ratios
(Whitford, 1975a; Del Marmol, 1989; McDermott &
Hawkesworth, 1991; Turner & Foden, 2001). Slightly
larger variations can be observed in 207Pb/204Pb ratios,
which range from 15�68 to 15�72, and 208Pb/204Pb
ratios, which vary from 39�02 to 39�22 (Table 1).
Compared with the results from McDermott &
Hawkesworth (1991), the Pb isotope ratios for Merapi
from this study show a wider compositional range and
generally more radiogenic values. In contrast to the
Sr and Nd isotopic ratios there is no apparent syste-
matic difference in Pb isotopic ratios between the two
magmatic series.
Despite the small compositional differences, well-

defined positive correlations can be observed in dia-
grams of 207Pb/204Pb and 208Pb/204Pb vs 206Pb/204Pb
(Fig. 10). In terms of 206Pb/204Pb ratios, the Merapi
data plot towards and beyond the radiogenic 206Pb/
204Pb end of the Indian Ocean MORB array. 207Pb/
204Pb and 208Pb/204Pb ratios for Merapi are signifi-
cantly higher than typical Indian Ocean MORB
values and within the range of volcanic rocks from
Java and marine sediments from the Indian Ocean,
which generally overlap the field of the Merapi volca-
nics in plots of 207Pb/204Pb and 208Pb/204Pb vs 206Pb/
204Pb. The Merapi rocks plot well above the Northern
Hemisphere Reference Line (NHRL) and close to or
within the field of OIB from the Indian Ocean in
diagrams of 207Pb/204Pb vs 206Pb/204Pb and 208Pb/
204Pb vs 206Pb/204Pb, respectively.

Oxygen isotope data
Oxygen isotopedata ofMerapi are presented inTable 1.
Whole-rock d18O values exhibit a range from �6�0 to
�8�3½. These values are slightly above typical values
for MORB, which have uniform oxygen isotopic com-
positions with a total range in d18O values between

�5�2 and �6�4½ and average d18O values of �5�7 �
0�2½ (Harmon & Hoefs, 1995). The elevated d18O
values of the Merapi volcanics relative to MORB
may point to the assimilation of crustal material during
magma ascent or storage in a shallow magma reservoir.
However, secondary processes such as hydration and
weathering can also cause substantial increases in d18O
values of fine-grained, porous and glassy volcanic rocks
(e.g. Taylor, 1968; Taylor & Turi, 1976; Ferrara et al.,
1985). Whole-rock data from Merapi show a marked
positive correlation of d18O with LOI (Fig. 11). This
finding is consistent with an increase in d18O by hydra-
tion and oxygen exchange between meteoric waters
and the glassy groundmass of the pumiceous Merapi
rocks, which are particularly susceptible to low-
temperature alteration processes. Oxygen isotope
analyses were made on plagioclase separates from
some of the same rocks, as plagioclase is not as suscep-
tible to secondary alteration as glass. The d18O values
determined on plagioclase separates range from �6�5
to �7�0½. The plagioclase phenocrysts have d18O
values that are 0�2±1�3½ lower than those of the corres-
ponding whole-rock composition (Table 1). In unal-
tered rocks, where the groundmass is in equilibrium
with the phenocrysts, the maximum difference between
whole rock and plagioclase should be between 0�2 and
0�5½, the whole rock having the higher values (Taylor
& Turi, 1976). At Merapi, the difference between
whole rock and plagioclase is about 0�2±0�3½ in the
unaltered samples and reaches a maximum of 1�3½ in
the most altered rocks (Table 1). This result is best
explained by hydration of glass in pumiceous samples.
Therefore, only oxygen isotope data from plagioclase
separates and unaltered whole-rock samples can be
used to make inferences about magma genesis at
Merapi. Maximum magmatic d18O values of approxi-
mately �7�0½ might be inferred from the linear
relationship between d18O and LOI used to correct
the effects of low-temperature alteration, as illustrated
in Fig. 11, and the d18O values of plagioclase pheno-
cryst separates. An important observation is that even
without adjustment for secondary water take-up, both
medium-K and high-K series volcanic rocks display a
similar range in oxygen isotope ratios (Table 1).

DISCUSSION

The role of crustal contamination in the
petrogenesis of the Merapi magmas
Many studies on arc magma genesis have provided
clear evidence for the assimilation of crustal material
as an important process of modification of the trace
element and isotopic composition of mantle-derived
arc magmas (Davidson, 1987; Hildreth & Moorbath,
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1988; Davidson & Harmon, 1989; Davidson et al.,
1990; Ellam & Harmon, 1990; Thirlwall et al., 1996).
In a general evaluation of crustal contamination vs
subducted sediment input in western Sunda arc
volcanics, Gasparon & Varne (1998) strongly argued

for contamination of the primary magmas by the
arc crust as an important feature of Sunda arc
magmatism. Therefore, before characterizing the
source components of the Merapi volcanics, it is essen-
tial to evaluate the likelihood of crustal contamination
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of mantle-derived magmas during ascent through the
arc crust and possible effects on magma compositions
at Merapi.
As in most volcanic arcs, what are considered pri-

mary magma compositions are comparatively rare in
the Sunda arc (Whitford et al., 1979; Carn & Pyle,
2001) and apparently absent at Merapi (Del Marmol,
1989; Berthommier, 1990; Andreastuti, 1999;
Gertisser, 2001). This indicates that even the most
primitive Merapi rocks have been affected to some
degree by evolutionary processes during magma ascent
and may have assimilated crustal material en route to
the surface. At first sight, the elevated LILE concen-
tration in the high-K relative to the medium-K series
rocks and the general correlation with 87Sr/86Sr isotope
ratios appear consistent with a model involving con-
tamination of mantle-derived magmas during ascent,
with differentiation processes at shallower depths
generating the observed compositional variations.
In fact, the abundance of calcareous xenoliths within
the Merapi volcanic rocks provides evidence for the
interaction of magmas with crustal lithologies typical
of the subvolcanic basement of the volcano. Neverthe-
less, the geochemical characteristics of the Merapi
volcanics suggest that any compositional effects from
interaction with the arc crust are negligible. The
inferred magmatic d18O values estimated for Merapi
(d18O � 7�0½) still lie within the mantle range for
oceanic basalts and only slightly above d18O values
typical of MORB (Harmon & Hoefs, 1995), indicating

that the extent of crustal contamination is limited. An
important observation is that the high-K series rocks
have fairly constant oxygen isotope ratios similar to
those of the medium-K series rocks (Table 1; Fig. 12).
This is strong evidence that the K-enriched character
of the Merapi high-K series rocks is not related to
contamination by 18O-enriched crust at shallow crustal
levels, as such a process would result in a sharp increase
in oxygen isotope ratios concomitant with compara-
tively small 87Sr/86Sr variations within the series. As
illustrated in Fig. 12, radiogenic and oxygen isotopic
ratios within the individual magmatic series at Merapi
are rather homogeneous. The high-K series rocks have
nearly constant 87Sr/86Sr ratios that are distinctly
higher than those of the medium-K series volcanics
and generally lower 143Nd/144Nd ratios. Moreover,
both magmatic series lack any systematic variation in
87Sr/86Sr and 143Nd/144Nd ratios with SiO2. Lead and
oxygen isotope ratios are scattered and independent of
the geochemical affinity and the degree of differentia-
tion of the samples. The combined radiogenic and
oxygen isotopic data thus preclude a significant role
for crustal contamination by combined assimilation±
fractional crystallization (AFC) (DePaolo, 1981) or
bulk crustal contamination in the petrogenesis and
evolution of the magmas. As the isotopic ratios
of the magmas appear to remain relatively un-
changed during magmatic differentiation (Fig. 12),
similar isotopic ratios might be inferred for the evolved
and basic or parental magma compositions of each
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magmatic series, which may ultimately reflect the
isotopic composition of the mantle source. Accord-
ingly, models involving the derivation of the Merapi
high-K magmas by crustal contamination of less
K-rich primary magmas appear to be less likely.
Instead, the rather low d18O values and the difference
in radiogenic isotope composition between the Merapi
volcanics and MORB-source mantle are interpreted to
result to a great extent from the relative contributions
of different components in the source region of the
Merapi magmas.

Source characteristics of the Merapi
magmas

Composition of the mantle wedge before the
addition of slab-derived components
As discussed above, the Merapi magmas appear to
be largely unaffected by crustal contamination.
Accordingly, the geochemical characteristics of the
most primitive volcanic rocks are interpreted to reflect
their mantle source region, which must be heteroge-
neous. Introduction of slab-derived material may cause
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substantial and heterogeneous changes in the radio-
genic isotope composition of the mantle wedge and
hence the isotopic signature of melts derived from it.
However, the extent of these subduction-related
changes on arc magmas critically depends on the
inferred isotopic composition of the unmodified mantle
wedge before subduction modification. This is illu-
strated by the 87Sr/86Sr and 143Nd/144Nd ratios of the
Merapi volcanics that are displaced from the field of
Indian Ocean MORB and show restricted overlap
with the field defined by OIB from the Indian Ocean
(Fig. 9a). Thus, in the case of an assumed unmodified
MORB-like mantle source, the generation of the
isotopic signatures of Merapi requires rather strong
subduction-related changes in the mantle wedge.
Alternatively, in the case of a more enriched mantle
with higher 87Sr/86Sr and lower 143Nd/144Nd ratios
than MORB, the addition of subduction-zone compo-
nents, although still required to account for many of
the isotopic and trace element characteristics of the
Merapi volcanics, would have comparatively little
effect on the isotopic composition of the mantle wedge.
In the case of the Sunda arc, MORB-like 3He/4He

ratios of mantle xenoliths from Bukit Telor Volcano
in Sumatra (Gasparon et al., 1994) and volcanoes
between western Java and Flores (Hilton & Craig,
1989) suggest a MORB-like mantle as the dominant
source of primary magmas along the entire length of
the arc. This finding is corroborated by studies of
tholeiitic and calc-alkaline volcanic rocks from Flores
(Stolz et al., 1990) and Java (Gerbe et al., 1992;
Edwards et al., 1993; Turner & Foden, 2001), which
have 143Nd/144Nd ratios only slightly below those of
Indian Ocean MORB and at the upper limit of typical
Indian Ocean OIB values. In addition, there are indi-
cations for a contribution from an enriched mantle
component (e.g. Stolz et al., 1990; Edwards et al.,
1991, 1994; Van Bergen et al., 1992). Further
constraints on the nature of the mantle wedge below
Merapi may be placed by the concentrations of HREE
and the HFSE in particular. In contrast to LILE and
LREE, these elements are assumed to be fluid immo-
bile and not enriched in the mantle wedge by processes
related to slab dehydration (Pearce, 1983). Accord-
ingly, the abundances and ratios of HFSE in the source
of volcanic arc magmas should be insensitive to the
introduction of components from the slab and may be
used to examine the composition of the sub-arc mantle
before metasomatism by slab-derived components
(McCulloch & Gamble, 1991; Woodhead et al.,
1993). Assuming that inter-element fractionation of
highly incompatible trace elements is insignificant dur-
ing relatively high-degree partial melting of peridotitic
mantle, element ratios such as Zr/Nb in the magma
should reflect the composition of the unmodified

mantle wedge. At Merapi, Zr/Nb ratios are similar
for the medium-K and high-K series eruptive products
(Zr/Nb �24�2±33�5 and �26�2±32�2, respectively;
Table 3) and vary within the range typical of MORB
(Zr/Nb �30; Sun & McDonough, 1989). The mantle
source of the Merapi magmas may, therefore, be simi-
lar to an N-type MORB source. Furthermore, the
Merapi volcanics are characterized by higher Ta/Nb
ratios than MORB and OIB, which have chondritic
Ta/Nb ratios ( Jochum et al., 1986). Although compar-
ison of Ta/Nb ratios measured for Merapi rocks with
those of other subduction-related volcanics is restricted
because of the lack of high-precision Ta and Nb data,
the Ta/Nb ratios (with an average value of 0�07±0�08;
Table 3) obtained for theMerapi medium-K and high-
K series rocks largely overlap with those from other arc
volcanoes (e.g. Feeley & Davidson, 1994; Elliott et al.,
1997; Peate et al., 1997). Non-chondritic Ta/Nb ratios
in arc volcanics may be taken as indicative of a more
depleted MORB-like mantle source beneath many
subduction zones (Woodhead et al., 1993), as Nb is
thought to be slightly more incompatible than Ta
during partial melting of peridotitic mantle (Green et
al., 1989). Repeated episodes of melt extraction from
the upper mantle will therefore create increasingly
depleted residues with elevated Ta/Nb ratios. Accord-
ingly, incompatible trace element ratios in the Merapi
volcanics may be used to infer a MORB-like mantle
wedge or possibly the depleted residue of MORB-
source mantle following a previous episode of melt
extraction.
The ratios of immobile trace elements such as Ta/

Nb, Zr/Nb and Zr/Hf are similar for most Merapi
volcanics (Table 3) and not systematically related to
temporal relations or stratigraphy. The similarity of
these trace element ratios in the medium-K and
high-K series eruptives provides good evidence for a
homogeneous mantle source with affinity to that of the
source of N-MORB before subduction-related compo-
sitional change in the mantle wedge. Previous melt
depletion of the sub-arc mantle makes it highly suscep-
tible to the addition of material rich in incompatible
trace elements from the subducted plate, which is con-
sidered a controlling factor in determining the overall
compositional variation in the abundances and ratios
of incompatible trace elements between the medium-K
and high-K series rocks of Merapi.

Identification of slab-derived components in the
genesis of the Merapi magmas
Constraints from isotope data. Given that the mantle
wedge beneath Merapi appears to have characteristics
of an N-type MORB source, the co-variation of Sr and
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Nd isotope ratios defining a linear trend parallel to the
mantle array and the displacement of Merapi Sr and
Nd isotopic data away from the Indian Ocean MORB
field (Fig. 9a) suggest the involvement of either a sedi-
mentary or a crustal component in the genesis of
the Merapi magmas. As discussed above, the Merapi
magmas appear to be significantly unaffected by shal-
low crustal contamination. Therefore, the shift in Sr
and Nd isotope ratios must be due to the addition of
crustal material to the upper mantle from the descend-
ing slab. Variations in the Sr and Nd isotope composi-
tions of the Merapi volcanics may be attributed to
two-component mixing between a MORB-like mantle
source and marine sediments from the Indian Ocean.
Trace element characteristics of the Merapi volcanics,
such as low Ce/Pb and high Th/Nb ratios (Ce/
Pb � 1�4±2�9, Th/Nb � 1�2±2�7; Table 3) relative to
MORB (Ce/Pb� 25, Th/Nb� 0�05; Table 3), provide
good evidence for the introduction of sedimentary
material into the mantle source of the magmas. This
is corroborated by the 207Pb/204Pb and 208Pb/204Pb
ratios of the Merapi rocks that are significantly higher
than Indian Ocean MORB values and lie within the
range of Indian Ocean marine sediments (Fig. 10).
Mixing of two isotopically distinct components in
plots of 207Pb/204Pb and 208Pb/204Pb vs 206Pb/204Pb
ratios will yield linear arrays that project through the

compositions of the end-member components involved.
Hence, the linear trends defined by the Pb isotope
data support our model involving mixing between a
MORB-like mantle source and subducted Indian
Ocean sediments. It is emphasized, however, that
such a model requires a comparatively radiogenic
Indian Ocean MORB composition and a rather speci-
fic sediment composition to be involved in the mixing
process. This contamination of a MORB-like mantle
and sediments from the slab is also considered to be the
dominant process affecting the geochemical composi-
tion of the mantle source of other Quaternary volca-
noes from Java (Figs 9, 10, 13 and 14) and the Sunda
arc in general (Turner & Foden, 2001).
The model has, however, been questioned by

Gasparon & Varne (1998), who concluded that assim-
ilation of crustal material by ascending melts better
accounts for the range and spatial distribution of the
Sr, Nd and Pb isotope systematics of western Sunda arc
volcanics than source contamination by subducted
sediments. Support for their conclusion may be derived
from the low 10Be abundances in the Sunda arc volca-
nics (Tera et al., 1986; Edwards et al., 1993) and con-
comitant along-arc variations in crustal composition
and thickness and isotope compositions of mafic arc
volcanics. Although crustal assimilation cannot be
excluded for some Sunda arc volcanoes, it is apparently

Table 3: Average trace element ratios for N-MORB (Sun &McDonough, 1989) and Indian Ocean

sediments (see Fig. 13) (Gasparon & Varne, 1998; Plank & Langmuir, 1998) and the average and

range for the Merapi medium-K and high-K series rocks

N-MORB Indian Ocean sediments Merapi

Sed.-A Sed.-B Sed.-C Medium-K series High-K series

Zr/Nb 31.8 13.2 11.9 20.1 27.8 (24.2±33.5) 28.8 (26.2±32.2)

Ta/Nb 0.06 0.08 0.06 0.09 0.08 (0.07±0.09) 0.07 (0.07±0.08)

Zr/Hf 36.1 30.6 35.8 36.1 42.1 (39.7±43.9) 40.1 (36.4±43.5)

B/Nb ÐÐ ÐÐ ÐÐ ÐÐ 3.5 (2.6±4.1) 5.7 (4.2±7.3)

Ba/Nb 2.7 97.8 6.8 20.8 122.4 (93±172) 162.2 (129±192)

Th/Nb 0.05 0.9 0.4 1.2 1.6 (1.2±2.4) 2.3 (2.0±2.7)

Ce/Nb 3.2 7.9 3.0 4.8 9.1 (8.2±11.1) 11.6 (9.6±13.1)

B/Zr ÐÐ ÐÐ ÐÐ ÐÐ 0.13 (0.11±0.15) 0.20 (0.16±0.24)

Ba/Zr 0.09 7.38 0.81 1.03 4.37 (3.82±5.12) 5.61 (4.88±6.36)

Th/Zr 0.002 0.068 0.042 0.058 0.057 (0.044±0.071) 0.080 (0.073±0.090)

Ce/Zr 0.10 0.60 0.36 0.24 0.33 (0.29±0.37) 0.40 (0.36±0.42)

Ce/Pb 25.0 3.4 3.9 2.2 2.1 (1.7±2.7) 2.1 (1.4±2.9)

B/Be ÐÐ ÐÐ ÐÐ ÐÐ 14.4 (9.6±18.2) 18.1 (15.0±21.5)

Ba/La 2.5 27.3 5.9 9.3 27.4 (22.6±31.6) 27.7 (24.9±33.0)

Th/U 2.6 6.6 8.1 3.7 4.5 (3.8±5.1) 5.2 (4.5±6.0)
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insignificant for Merapi, where the compositional eff-
ects of subducted sediment input prevail. Geophysical
data suggest that the bulk of the marine sediments
accumulating off the coast of Java are added to the
accretionary wedge (Hamilton, 1979). A fraction of the
sediment approaching Java is transported into
and subducted along the Java trench and eventually
carried into the mantle wedge (Hamilton, 1979; Plank
& Langmuir, 1998). Even the overall low 10Be concen-
trations of the Sunda arc volcanics do not preclude
recycling of subducted sediments in the source region
of the Merapi magmas. Taking into account modern
subduction-zone geometry models and a subduction
rate of 6±7 cm/yr (Hamilton, 1979; Jarrard, 1986;
Widiyantoro & Van der Hilst, 1996, 1997), it will
take �6 Myr for subducted sediment to reach a depth
of 190 km beneath Merapi. 10Be would then be difficult
to detect in the arc volcanics because of its half-life of
1�5Ma (Yiou & Raisbeck, 1972).
In Fig. 13, 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb

ratios are chosen to illustrate the effects on these iso-
topic systems of adding various amounts of Indian
Ocean sediments to an Indian Ocean MORB source.
As already illustrated in the 143Nd/144Nd vs 87Sr/86Sr
diagram (Fig. 9a) the Merapi volcanics and those from
elsewhere in Java do not overlap with the MORB field.
Instead, 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb ratios
for Merapi and other Javanese volcanoes are shifted
away from the MORB field towards the Indian Ocean
sediment field. Interestingly, the high-K series rocks
are displaced further away from MORB towards the
sediment field. There is limited overlap between the
field defined by the Merapi rocks and that of Indian
Ocean OIB, but some of the Merapi and Java data
extend to values outside of this field, plotting between
the fields for OIB and sediments. Two-component
mixing arrays (Fig. 13) between an average Indian
Ocean MORB and several Indian Ocean sediment
compositions, which include (1) a composition repre-
sentative of the sedimentary component approaching
and entering the Java trench (Plank & Langmuir,
1998), (2) an Upper Cretaceous ooze from DSDP Site
211 (Gasparon & Varne, 1998) and (3) the average of
terrigenous±biogenic sediments V33-75, -77 and -79
(Ben Othman et al., 1989; Gasparon & Varne, 1998),
suggest that, as a first approximation, all Java volca-
nics can be fitted with bulk-mixing curves between a
MORB-source mantle and typical Indian Ocean sedi-
ments. The same applies to the Merapi medium-K and
high-K series rocks that also plot along possible bulk
mixing arrays. The low Pb abundances in the MORB
source relative to those in the sediment component
require the addition of only a few percent of sediment
to significantly alter the Pb isotope composition of the
unmodified mantle source. In general, the calculations

show that the addition of �1±2% sediment to MORB-
source mantle may be sufficient to generate the 87Sr/
86Sr, 143Nd/144Nd and 206Pb/204Pb ratios of the Merapi
magmas. In extreme cases, and using the average of
terrigenous±biogenic sediments V33-75, -77 and -79
(Sed.-C, Fig. 13), up to 10% sediment is required,
although these sediments could be compositionally
and isotopically different from those being subducted
along the Java trench, as they were sampled in the
vicinity of Java (Fig. 1) and might be largely derived
from the arc itself (Gasparon & Varne, 1998). To
account for the Sr, Nd and Pb isotopic signatures of
the Merapi high-K series volcanics a slightly higher
percentage of sediment is required in the mixture
(Fig. 13). This result is consistent with the higher
87Sr/86Sr and generally lower 143Nd/144Nd ratios of
the high-K series rocks relative to those of the
medium-K series (Fig. 9), which may also be attribu-
table to a slightly higher sediment component in the
source of the high-K magmas.
Although the radiogenic isotope systematics of the

Merapi volcanics are consistent with a process of source
contamination by subducted sedimentary material,
they cannot alone unequivocally exclude the assimila-
tion of crustal material by the ascending magmas. The
overall low oxygen isotope ratios of the Merapi volca-
nics provide more conclusive evidence that the
contaminantÐcharacterized by high Sr and Pb isotope
ratios and low Nd isotope ratiosÐis essentially derived
from subducted sediment added to the mantle source
before the generation of the Merapi magmas. It is
emphasized that this interpretation does not argue
against contamination of uprising magmas, as indi-
cated by the occurrence of calcareous xenoliths in
the Merapi lavas, but that any possible compositional
effect of contamination from the arc crust on the
Merapi magmas is limited and merely superimposed
on the effect of sediment subduction. As shown in
Fig. 13, even small amounts of sediment mixed into
peridotitic mantle may cause substantial changes in its
radiogenic isotopic composition, whereas such a pro-
cess will have little effect on oxygen isotope systematics.
The effects of contamination of the mantle source on
magmatic compositions may be visualized by consider-
ing the mixing relationships with respect to Sr and O
isotope ratios (Fig. 14). Because of higher Sr concen-
trations in the crustal component than in the mantle
source, mixing curves will be strongly convex down-
ward, reflecting large changes in 87Sr/86Sr ratios at
nearly constant d18O values produced by relatively
small amounts of contamination. In contrast, crustal
contamination of ascending magmas with initial Sr
concentrations higher than those in the assimilated
crustal material will more markedly affect O isotopes
rather than Sr isotope ratios ( James, 1981). The
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inferred magmatic d18O values of the Merapi volcanics
within the upper range of typical mantle values and the
displacement of the radiogenic isotope ratios from the
MORB field are therefore consistent with admixing of

continent-derived sediments into the mantle source.
The Merapi medium-K and high-K series rocks all
plot in a narrow range on the d18O vs 87Sr/86Sr dia-
gram (Fig. 14), shifted from the MORB and the Java
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field to higher 87Sr/86Sr ratios. Mixing calculations
between Indian Ocean MORB mantle and Indian
Ocean sediments (Fig. 14) yield results that are in
general agreement with those obtained based on the
interpretation of the 87Sr/86Sr, 143Nd/144Nd and 206Pb/
204Pb data (Fig. 13). Although the exact mixing ratio
varies as a function of the sediment composition used
in the model, the calculations suggest that (1) a small
percentage of sediment may be sufficient to increase the
87Sr/86Sr ratios of the mantle wedge to values typical of
the Merapi volcanics and (2) a slightly higher propor-
tion of subducted sediment may be necessary to
account for the average 87Sr/86Sr ratio of the high-K
series rocks.
It may be noteworthy that the 87Sr/86Sr ratios of

subduction-related magmas can also be shifted to
somewhat higher values than MORB mantle as a
result of the modification of the mantle wedge by fluids
released from hydrothermally altered oceanic crust. In
a way, this may reduce the amount of sediment addi-
tion required to explain the overall variation in 87Sr/
86Sr ratios. However, as such a process does not affect
Nd, it is not able to account for the observed variation

in Nd isotope ratios. The mixing calculations (Fig. 14)
also illustrate that the magmatic d18O values of Merapi
are slightly higher than the predicted values for the
MORB±sediment mixture. Although this may criti-
cally depend on the precise sediment composition
used in the mixing model and the mode of transfer of
the sedimentary material into the mantle wedge, the
small increase in d18O values could, in fact, reflect
small degrees of crustal contamination affecting the
oxygen isotope composition of ascending magmas at
Merapi. Although certainly an oversimplification of
the actual contamination process, bulk mixing may
be used to place an upper limit on the extent of con-
tamination by shallow crustal material, as the isotopic
and geochemical data are difficult to reconcile with
simple AFC models. As depicted in Fig. 14, mixing
models between primary, mantle-derived magmas
and crustal material compositionally similar to the
calcareous sediments of the local upper crust indicate
that the theoretically maximum bulk crustal contam-
ination of the Merapi magmas during ascent or storage
in a shallow reservoir may be something in the order of
a few percent, realistically less.

0.708

MORB
Indian Ocean

Merapi

Sediments
(local upper crust)

Crustal xenolith
(calc-silicate)

Sediments
Indian Ocean

OIB

Sed.-B

(87Sr/86Sr ~0.706-0.717)

Sed.-C

Sed.-APP

0.702 0.704 0.706

δ1
8
O

 (
‰

 S
M

O
W

)

87Sr/86Sr

+5

+9

+13

+17

+21

δ1
8
O

 (
‰

 S
M

O
W

)
87Sr/86Sr

0.7048 0.70600.70560.7052

9

7

8

6

Java
(excl. Merapi)

2%

3%

2%1%

5%

10%

1%

1%

20%

40%

60%

80%

Merapi High-K series

Merapi Medium-K series

Altered samples; Medium-K series
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Constraints from trace elements. In the previous section it
was shown that bulk-mixing models between sediment
and unmodified MORB-source mantle are capable of
explaining the variation of radiogenic and oxygen iso-
topic ratios in the Merapi volcanics. Moreover, it was
proposed that derivation of the parental magmas of the
medium-K and high-K series from isotopically distinct
mantle sources, variably enriched by the addition of a
sediment component from the subducted slab, can
account for the systematic isotopic differences between
them. However, although models involving bulk addi-
tion of subducted sediment to the mantle wedge are
consistent with the observed variation of radiogenic
and oxygen isotopes, they fail adequately to explain
some of the incompatible trace element characteristics
of the Merapi volcanics. Closer observation of the trace
element data requires certain incompatible trace ele-
ments to be fractionated during transport of slab-
derived components into the mantle wedge, suggesting
that both aqueous metasomatism by slab fluids and
hybridization by partial melts are important processes
enriching the mantle source of the Merapi magmas
rather than simple bulk addition of subducted sedi-
ment. For example, the typically spiked incompatible
trace element patterns of the Merapi volcanics in a
MORB-normalized multi-element diagram (Fig. 6)
are highly distinctive features of arc lavas. These are
commonly interpreted as evidence for the involvement
of a fluid or melt contribution from the subducted slab.

The resulting elevated LILE/HFSE, LREE/HFSE
and Th/HFSE ratios of the Merapi rocks that are
higher than typical MORB and, in many cases, exceed
those of bulk Indian Ocean sediments (Table 3) sug-
gest that bulk addition of subducted sediment to the
mantle wedge or any two-component mixing array
between bulk sediment and unmodified depleted man-
tle is unable to reproduce the observed trend in the
Merapi volcanics.
The geochemical differences between the medium-K

and high-K series rocks appear to reflect a mantle
source region that has been influenced by the addition
of variable amounts of a slab-derived component. The
most enriched Merapi rocks (Merapi high-K series)
display the highest abundances in fluid-mobile ele-
ments (B, K, Rb, Sr, Ba, Pb, U), LREE and Th
(Fig. 8) and the most elevated LILE (and B)/HFSE,
LREE/HFSE and Th/HFSE ratios (Table 3; Fig. 15).
The concomitant enrichment of fluid-mobile elements
and elements, such as LREE and Th, that are thought
to be much less readily transported by an aqueous fluid
phase, suggests that both aqueous fluids and silicate
melts were involved in transferring material from the
slab to the mantle wedge.
The HREE concentrations of 10±15 times chondritic

values (Fig. 7) and the isotopic evidence for the
involvement of subducted sediment argue against a
significant role of residual garnet in the petrogenesis
of the Merapi magmas and suggest that the subducted
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sediment component was added as a partial melt car-
rying Th and LREE into the source region of the
Merapi magmas. However, it is clear that, to be able
to reproduce the elevated Th/HFSE and LREE/
HFSE of the Merapi volcanics relative to some of the
bulk sediment compositions (Table 3) by mixing of
a subducted sediment component with MORB-source
mantle, the added sediment-derived partial melt
is required to have higher Th/HFSE and LREE/
HFSE ratios than the bulk sediment and to fractionate
significantly LREE and Th from other HFSE, such
as Zr and Nb, which have to be largely retained in the
sediment residue (Elliot et al., 1997).
Because of the relative mobility of LILE in aqueous

fluids compared with HFSE, the enrichment of the
former in subduction-related volcanic rocks relative
to MORB is commonly linked to the flux of water
derived from dehydration reactions in the subducting
slab (Tatsumi et al., 1986; Brenan et al., 1995a, 1995b,
1998; Liu et al., 1996; You et al., 1996; Kogiso et al.,
1997; Tatsumi & Kogiso, 1997; Ayers, 1998). Accord-
ingly, LILE/HFSE ratios should be highly sensitive to
the addition of a slab-derived fluid phase to the mantle
source. The elevated LILE concentrations and LILE/
HFSE ratios (e.g. Ba/Zr) in the high-K relative to the
medium-K series rocks (Table 3; Fig. 15) are therefore
taken as indicative of a higher fluid componentÐiden-
tified by high LILE/HFSE ratiosÐin the mantle
source of the high-K series magmas. The positive Ba/
Zr vs 87Sr/86Sr trend (Fig. 15) suggests that the fluid
component lies at higher 87Sr/86Sr values (and lower
143Nd/144Nd ratios) than the Merapi volcanics. Sub-
ducted sediment is, therefore, considered a major
source of fluid-mobile elements in the source region of
the Merapi magmas. It is worth stressing that this does
not necessarily argue against a contribution of hydrous
fluids from altered oceanic crust as inferred for many
Sunda arc lavas (Turner & Foden, 2001). However,
our data suggest that the subducted sediment compo-
nent dominates both the flux of hydrous fluids and the
addition of partial melts to the sub-arc mantle source of
the Merapi magmas, largely controlling the overall
isotopic and geochemical variation observed at
Merapi. The degree of partial melting in the mantle
wedge, which may be directly related to the fluid flux
from the slab, might be another factor determining the
concentrations of incompatible trace elements in the
primary magmas of the different magmatic series. A
slightly higher degree of partial melting induced by a
higher flux of water from the slab may account for the
lower abundances of immobile trace elements in the
high-K relative to the medium-K series rocks (Fig. 8).
Trace element ratios that are assumed to be largely
unaffected by the subduction process (e.g. Ta/Nb, Zr/
Nb, Zr/Hf) suggest that the mantle wedge beneath

Merapi was relatively homogeneous in composi-
tion before any modification related to subduction
processes, providing further evidence for variable
mantle source enrichment beneath Merapi.

SUMMARY AND CONCLUSIONS

Lavas and pyroclastic rocks erupted from Merapi over
the past few thousand years and possibly back to
pre-Holocene time show a restricted range in SiO2

(48�3±57�3 wt %) but vary significantly in their K2O
contents, allowing a medium-K and a high-K series to
be distinguished. Both magmatic series show enrich-
ment in LILE and LREE relative to HFSE, and ele-
vated LILE/HFSE and LREE/HFSE ratios compared
with MORB. The negative correlation between 87Sr/
86Sr and 143Nd/144Nd and the displacement of the
Merapi data away from the MORB field towards
more radiogenic Sr isotopic compositions are sugges-
tive of a contribution from a crustal component to the
genesis of the Merapi magmas. Consistent with this
conclusion are Pb isotope compositions that lie outside
the range of MORB and within the field defined by
Indian Ocean marine sediments. Oxygen isotope ratios
for whole-rock samples from Merapi range from �6�0
to�8�3½ relative to SMOW. Trends towards elevated
d18O values are interpreted to reflect post-eruptive
hydration and exchange of oxygen between ground
water and volcanic glass. Plagioclase d18O values are
generally lower (d18O � 7�0½) than those measured
for whole-rock samples. The low d18O values of the
Merapi magmas limit the amount of high-level crustal
contamination and provide evidence for contributions
from subducted continental material to the source
region of the Merapi magmas. This interpretation is
corroborated by the lack of systematic variation
between isotopic ratios and SiO2, which suggest that
crustal contamination by assimilation processes or bulk
crustal contamination has not contributed significantly
to the isotopic composition of the Merapi suite. In this
respect, Merapi is similar to other Javanese volcanoes,
such as Galunggung (Gerbe et al., 1992), Guntur
(Edwards et al., 1993) and Ringgit±Beser (Edwards
et al., 1994), where low d18O values suggest that con-
tamination by the arc crust is of minor importance
compared with mantle source enrichment by a sub-
ducted sediment component.
Contrasts between the geochemical and radiogenic

isotope compositions of eruptives from the medium-K
and high-K series of Merapi and the similarity of oxy-
gen isotope ratios within both suites can be reconciled
with a model of variable source enrichment by sub-
ducted sedimentary material. Isotopic mixing calcula-
tions between MORB-source mantle and typical
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Indian Ocean sediments suggest that, in general,
addition of a few percent (�1±10%) sediment into
the mantle wedge is sufficient to explain the radio-
genic isotope compositions of the Merapi volcanics.
A slightly larger contribution from sediment-derived
aqueous fluids and partial melts to the source of the
high-K series magmas can account for the trace ele-
ment and isotopic contrasts between the two series.
The stratigraphy and chronology of the Middle to

Late Holocene pyroclastic successions of Merapi pro-
vide clear evidence for an abrupt shift in the K2O
content of the eruptive products with time. Lavas
from the somma rim and HPS deposits older than
�1900 14C years BP belong to the medium-K series,
whereas all younger eruptive products have high-K
composition (Gertisser, 2001; Gertisser & Keller,
2003). The transition from medium-K to high-K mag-
mas is not believed to be directly related to processes
occurring within the volcanic system nor to the struc-
tural evolution of the shallow volcanic complex, as
might be inferred from the apparent coincidence with
a possible major structural modification caused by a
collapse of the western flank of the volcanic edifice
(Newhall et al., 2000). The temporal change in the
K2O content is instead interpreted to be source-related
rather than a reflection of shallow (intracrustal) pro-
cesses and is a response to variations in the mantle
wedge, with the primary high-K magmas being
derived from a mantle source more markedly enriched
by a subducted sediment component.
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