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ABSTRACT. Holocene eruptions of Merapi have produced both medium-K and high-K
calc alkaline series which correspond to products older and younger than 1900 years re-
spectively. The change has been attributed to increasing sediment input as the volcano
matures. This study presents two Merapi samples which represent Ancient and Modern
Merapi. The two samples are analyzed for subduction components including B, Ba, Sr, and
Pb using X-ray fluorescence (XRF) spectrometer and prompt gamma ray analysis (PGA).
Our finding shows that Ancient Merapi sample from Plawangan Hill lava is close in affini-
ties with younger than 1900 years high-K magma series. On the other hand, Modern Mer-
api sample from 2006 eruption juvenile is plotted within medium-K magma series which
are observed in eruption products older than 1900 years. Ratios of fluid mobile elements to
high field strength element (HFSE) (i.e. B/Nb, Ba/Y, Pb/Nb) consistently show that An-
cient Merapi sample has higher input of slab derived fluid than Modern Merapi sample.
A model using B/Nb and Ba/Nb suggests that Plawangan magma requires 1.5 % of sedi-
ment derived fluid, higher than estimated in 2006 eruption magma (1.2 %) and medium-K
series magma, and within the range of high-K series magma, to explain its slab component
enrichment. This evidence suggests that slab derived component addition to the sub-arc
mantle wedge highly fluctuates over short period of evolution of a volcano. One possible
explanation is the presence of veined hydrous metasomatized sub-arc mantle as Merapi
magma source which allows melting of different mantle area to produce fluctuation of
slab components in the course of evolution of Merapi magmas.

Keywords: Boron · Slab component · Slab derived fluid contribution · Ancient and Mod-
ern Merapi · Sunda arc.

1 INTRODUCTION

Minor addition of fluids from subducting
slab to the mantle wedge, either from altered
oceanic crust (AOC) or from its overlying sedi-
ment (SED) or both, has been considered as an
important factor that shapes geochemical char-
acteristics of arc magmas (Whitford and Jezek,
1982; Tera et al., 1986; Vroon et al., 1993, 2001;
Ishikawa and Nakamura, 1994; Turner and Fo-
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den, 2001; Gertisser and Keller, 2003a,b; Hanyu
et al., 2012). Slab components are elements
that are transferred from the slab to the mantle
wedge during slab dehydration and/or melting
in some cases (Pearce et al., 2005; Hanyu et al.,
2012). Some of these elements have high mo-
bility in fluid and extensively partition into the
fluid phase during dehydration of both AOC
and SED. Consequently, fluid mobile element
such as B, Ba, Pb, and Sr is strongly partitioned
into the fluid phase in equilibrium with the de-
hydrated slab (Moran et al., 1992; Bebout et al.,
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1999; Sano et al., 2001). Elliott (2003) suggests
that Pb, for example, is abundant in marine
SED, while Ba and Sr are abundant in AOC.
Boron is specifically abundant in subducting
SED more than in AOC (Morris et al., 1990;
Ishikawa and Nakamura, 1993; Ishikawa and
Nakamura, 1994; Ryan et al., 1995; Smith et al.,
1995; Sano et al., 2001). Accordingly, slab com-
ponent is a convenient proxy to evaluate slab
derived fluid contribution to the mantle wedge
in a magmatic arc.

Previous studies have suggested that
Holocene eruptions of Merapi have produced
both medium-K and high-K calc alkaline se-
ries (Andreastuti, 1999; Gertisser and Keller,
2003a,b). Furthermore, Gertisser and Keller
(2003b) recognize that the medium-K series
corresponds to samples older than 1900 years,
while the high-K series corresponds to samples
younger than 1900 years. They suggest that
the older than 1900 years medium-K magma
series requires less input from subducting sedi-
ment than the younger than 1900 years high-K
magma series. This result implies that subduct-
ing sediment input increases as the volcano
matures.

This study focuses on two samples whose
ages are well defined. One sample is taken from
Plawangan Hill lava which represents Ancient
Merapi while the other sample is a juvenile
of 2006 pyroclastic flow deposit which repre-
sents Modern Merapi. The finding of this study
shows that Ancient Merapi sample is plotted in
high-K calc-alkaline field which corresponds to
eruption products younger than 1900 years. On
the other hand, Modern Merapi sample is plot-
ted within the medium-K calc-alkaline magma
series which corresponds to eruption products
older than 1900 years. The two samples provide
estimation of how slab component changes in
a wide span of evolution of a volcano in an
island arc setting. Our findings suggest that
slab derived fluid contributions highly fluctu-
ate and change of slab input at a same level of
Wadati -Benioff zone appears to be more fre-
quent than it is thought. This rate of changes in
slab components can be explained using veined
mantle model where slab-derived component is
concentrated in veins in the hydrous metaso-
matized mantle. Partial melt of different area
of this veined mantle may produce Ancient

and Modern Merapi magmas which show rapid
fluctuation of slab components.

2 GEOLOGY OF MERAPI VOLCANO

Merapi is the Quaternary volcanic front of cen-
tral section of Sunda arc, Java Island, Indonesia,
and corresponds to 180 km depth of Wadati Be-
nioff zone. This volcano, dubbed as the most
active volcano in Indonesia, has erupted a wide
range of magma compositions.

History of Merapi volcano can be summa-
rized into four stages. The earliest activity of
Merapi was thought to be Gunung Bibi, lies in
the NNE of modern edifice of Merapi. Bher-
tommier (1990) and Camus et al. (2000) sug-
gest that K-Ar age of a lava flow from this Pre-
Merapi is 0.67±0.25 Ma. This stage is thought
to be Pre-Merapi activities. Many consider that
the first stage of Merapi volcanism is Proto Mer-
api or Ancient Merapi which is represented by
Turgo-Plawangan Hills in the south of Mer-
api (Berthommier, 1990; Newhall et al., 2000;
Camus et al., 2000). This stage is thought to
have begun 40000 yBP. The K-Ar age mea-
surement of Plawangan Hill lava is dated to
135±3 ka (Gertisser et al., 2012). Middle Mer-
api period or Old Merapi is the second stage of
Merapi volcanism. This period is represented
by Batulawang and Gadjah Mungkur (Bahar,
1984) which mainly produced scoria flow or
St. Vincent-type nueeds ardentes (Camus et
al., 2000). Bhertommier (1990) suggests that
Kukusan fault is a remnant of an avalanche
caldera. Several 14C dating results suggest that
this stage may have started at 9630±60 yBp
(Newhall et al., 2000) or older 11792±90 yBP
(Gertisser, 2001). The third stage, Recent Mer-
api period, is thought to have started at ap-
proximately 2220 yBP and some of its last erup-
tions are recorded in 15th century (Camus et
al., 2000). The fourth stage is Modern Mer-
api period which first recorded eruption was
in 17th century (van Boekhold, 1972; Camus et
al., 2000). This period is indicated by episodes
of dome growth and collapse throughout its
history. Many reports detail the 2006 eruption
event (Charbonnier and Gertisser, 2008; Ratdo-
mopurbo et al., 2013). This eruption is a classic
example of Modern Merapi which is character-
ized by Merapi type eruption which produces
dome collapse pyroclastic flow.
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3 SAMPLE AND METHOD

The two samples in this study are presented
in Table 1. Sample M01 is a lava flow from
Plawangan Hill, representing Ancient Merapi.
Sample M19 is a juvenile of June 2006 pyroclas-
tic flow (Figure 1). Lava and pyroclastic sam-
ples from Holocene Merapi reported by Ger-
tisser and Keller (2003b) are also used for com-
parison. In order to minimize the uncertainty of
different measurements between analyzed and
published samples, standard error of sample is
presented as error bars in Figure 3, Figure 4, and
Figure 5. The standard error (SE) is calculated
using formula SE = SD/

√
(N), where SD is

standard deviation and N is the number of mea-
surements.

Major and trace elements of the two sam-
ples were determined with a Philips PANalyt-
ical MagiX PRO XRF spectrometer using 1:5
dilution glass beads at the Kitakyushu Mu-
seum of Natural History and Human History,
following the calibration method of Mori and
Mashima (2005). Boron concentration is ana-
lyzed by prompt gamma ray (PGA) analysis at
the thermal neutron beam guide JRR-3M reac-
tor using the facility described in Yonezawa et
al. (1992) and Yonezawa and Wood (1995), at
the Japan Atomic Energy Agency (JAEA) lab-
oratories, following the method explained in
Sano et al. (1999, 2004).

4 RESULTS

Petrography
Sample from Plawangan lava (M01) is basalt.
In thin section, this sample shows porphyritic
texture. Plagioclase is present as the main
phenocryst phase, followed by clinopyroxene
and olivine phenocrysts, mounted in ground-
mass composed of minute crystals of clinopy-
roxene, plagioclase, and Fe-Ti oxide. Zoning is
common in plagioclase phenocryst. This phe-
nocryst mostly shows resorbed interior and has
clinopyroxene rim (Figure 2a). Olivine shows
mild alteration to iddingsite along its cracks
and rim.

Sample from 2006 eruption is a juvenile
fragment of a pyroclastic flow deposit and
is basaltic andesite in composition. The hand
sample shows porphyrictic texture and is rich in
visible plagioclase. Thin section shows that pla-
gioclase is the predominant phenocryst phase

Table 1: Major and trace elements of analyzed
samples.

Sample M01 M19
ID Plawangan 2006 PFJ*

Major element (wt.%)
SiO2 49.71 54.88
TiO2 0.89 0.78
Al2O3 19.05 18.61
Fe2O3 10.07 8.41
MnO 0.17 0.16
MgO 4.47 2.93
CaO 9.99 7.93
Na2O 2.92 3.46
K2O 1.59 1.71
P2O5 0.2 0.24

Total 99.06 99.12

Trace element (ppm)
Sc 24 14
V 336 213
Ni 27 3
Cu 143 28
Zn 79 79
Rb 25 38
Sr 535 531
Y 22 22
Zr 65 139
Nb 2.02 5.09
Ba 481 406
La 10 15
Ce 32 45
Hf 1.86 3.3
Ta 0.15 0.37
Th 29 7
Nd 11 14
Pb 19 18
B** 14.52 20.4
Sm** 5.79 4.62

* PFJ stands for pyroclastic flow juvenile.
** Analyzed using PGA.

in this sample, followed by clinopyroxene,
hornblende, and Fe-Ti oxide microphenocryst.
Resorbed interior is found common in plagio-
clase phenocryst. The groundmass is mainly
composed of minute crystals of clinopyroxene
and plagioclase. The hornblende phenocryst
shows both black Fe-oxide rim and clinopy-
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roxene microphenocryst rim (Figure 2c and
2d).

Major and trace elements
The two samples from Plawangan Hill and 2006
eruption juvenile are plotted within the trends
observed by Gertisser and Keller (2003b). The
SiO2 versus K2O plot (Figure 3) shows that sam-
ple from Plawangan is plotted in high-K calc-
alkaline field and is in linear trend with high-
K series, while 2006 eruption sample is plotted
within medium-K series trend described in Ger-
tisser and Keller (2003b). Most of the medium-
K series samples are basaltic andesite in com-
position. Their SiO2 content is predominantly
greater than 54 wt.%, except for one basaltic
sample. On the other hand, samples form high-
K series fall in a wide range of SiO2 and extend
to basaltic compositions.

Major element variation diagram is summa-
rized in Figure 4. Olivine basalt lava from
Plawangan tends to be plotted in the lowest end
of SiO2 content. This lava sample, however,
has lower MgO, Cr, and Ni contents (4.47 wt.%,
65 ppm, and 27 ppm, respectively) than typ-
ical unfractionated magma, indicating a read-
ily fractionated magma. Distinctive separated
trend of both magma series is only apparent in
SiO2 vs K2O plot. Plots of SiO2 versus other
trace elements show a rather mixed trend. A
detailed look into SiO2 versus TiO2 suggests a
slight separate trend of both series which shows
that for similar SiO2 content, slightly higher
TiO2 is observed in medium-K samples than in
high-K samples. Al2O3 is scattered in all sam-
ples and shows no apparent correlation with
SiO2. The observed separate trend of MgO and
Fe2O3 in high-K basalt is negligible considering
the distribution of other samples from this se-
ries.

Trace element variation diagram in Figure 5
largely shows obscure trend as SiO2 increases,
except for Ba, Pb, and Sr which show possi-
ble increasing trend in both series. Samples
with B concentration do not provide observable
trend. However, B in 2006 eruption sample is
higher than that from Plawangan Hill sample.
Ni contents of shown samples display unclear
trend and are all smaller than 5 ppm, except for
Plawangan Hill sample (27 ppm). Other HFS el-
ements (High Field Strength), including La, Nb,

and Y, also show similar range of values and
lack of apparent trend in both series.

5 DISCUSSION

Gertisser and Keller (2003b) suggest that both
medium-K and high-K series from Merapi are
independent of shallow processes such as frac-
tional crystallization and crustal contamination
despite the lack of primary magma composi-
tion. Similar assumption is also applicable to
the two selected samples which are basalt (M01)
and basaltic andesite (M19) in composition,
since they are both geochemically well fitted to
each series. Gertisser and Keller (2003b) also
strongly suggest that both series are produced
by different level of source contamination by
subducting sediment as well displayed by ra-
diogenic isotopes of the samples. They further
argue that medium-K magma series (older than
1900 years) show lower input of subducting
sediment than high-K magma series (younger
than 1900 years).

All rock series from Merapi, including both
Plawangan lava and 2006 eruption juvenile,
show similar range of immobile element ratios
(Zr/Nb, Nb/Y) within a wide range of fluid
mobile element/HFSE ratio (Figure 7), suggest-
ing a homogeneous mantle source prior to mod-
ification by slab derived components. Indian
Ocean Mid Oceanic Ridge Basalt (IMORB) has
been introduced as a sub-arc mantle source
beneath Sunda arc (e.g., Gertisser and Keller,
2003b; Handley et al., 2007; Sendjaja et al., 2009;
Handley et al., 2011; Gertisser et al., 2012). A
wide range of IMORB composition has been
reported by Chauvel and Blichert-Toft (2001).
Figure 6 and Figure 7 suggest that a depleted
IMORB (low Zr/Nb and Nb/Y ratios, plotted
on the left side of range of mantle compositional
variations) might have been the potential man-
tle source compared to others. The composition
of this mantle source is given in Table 2.

Plawangan lava and 2006 eruption juvenile,
and both medium-K and high-K series, show
Nb negative anomaly, a typical characteristic
of island arc magmas (Figure 6). This figure
also suggests that these samples are all show-
ing similar range of LILE and HFSE enrich-
ments compared to primitive mantle, indicating
that the two series are not produced by differ-
ent degree of partial melting of a similar man-
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Gertisser and Keller (2003b). Error bar represents calculated standard error. See text for explanation.
The same explanation goes to error bar in Figure 4 and Figure 5.

tle source. Range of these magma compositions
can be produced by 20 % to 30 % partial melt-
ing of the depleted IMORB mantle source (Fig-
ure 6). A detailed look on Pb enrichment of
these samples suggests a strong influence from
SED since the potential candidates for the sub-
ducting sediments are all enriched in Pb (light
shaded area in Figure 6). The partial melting
of depleted IMORB alone, however, is inade-
quate to produce B, Ba, and Pb enrichment in
all magma series from this study.

Fluid mobile elements to HFSE ratios sug-
gest initial variation of slab-derived component
in both magma series is existent. The changes
of slab-derived component, however, might
have not been restricted to samples which were
erupted prior to and over the past 1900 years.
Plawangan lava sample, together with other
high-K samples, have shown higher ratios of
fluid mobile element/HFSE (i.e. B/Nb, Ba/Nb,
Pb/Nb, Figure 7) than 2006 eruption juvenile
and other medium-K samples. Similar fluid
mobile element to Y ratios, however, display a
less certain gap between both samples and se-
ries.

The model shown in Figure 8 suggests a more
detailed estimation of slab derived fluids from

both AOC and SED to Merapi through the evo-
lution of both magma series. This model as-
sumes that the slab components are all trans-
ferred from the subdcuting slab to the mantle
wedge during slab dehydration. The model
uses the ability of the element to freely move
in fluid phase, defined as mobility (M) in Sano
et al. (2001). The mobility of each element
will determine their abundance in fluid derived
from both AOC and SED. The mobility of B,
Ba, and Nb during dehydration was estimated
from high-pressure experiments by Brenan et al.
(1995), Johnson and Plank (1999), and Aizawa
et al. (1999). The concentration of these ele-
ment in fluids derived from dehydrated slab is
calculated following Sano et al. (2001) assum-
ing 1.5 % of hydrous fluid extraction (Tatsumi
and Kogiso, 1997; Kogiso et al., 1997; Sano et al.,
2001). The equation is C f = C0 × M/F, where
C0 is the original content, M is mobility, and F is
extracted hydrous fluid. The end member used
in Figure 8 is provided in Table 2.

Figure 8 shows that B and Ba contents of sam-
ples from all series, including Plawangan lava
and 2006 eruption juvenile, are generated by
addition of a total slab derived fluid at 5 %
and 14 %, respectively. The high-K samples
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and Plawangan lava require greater addition
of total slab derived fluid to explain its B and
Ba compositions than the medium-K samples
and 2006 eruption juvenile. A detailed look ex-
plains that samples from all series received flu-
ids from both SED and AOC at 10:90 and 20:80
ratios (SED:AOC). The ratio quantifies addition
of 1.5 % SED derived fluid (11 % of 14 % total
slab fluid) to Plawangan magma and 1.2 % SED
derived fluid (20 % of 6 % total slab fluid) to
2006 eruption magma. The same model also es-
timates that high-K magma receives sediment
fluid contribution within the range of 1.4 to
1.7 %, higher than medium-K magma which re-
ceives 0.9 to 1.1 % of sediment derived fluid.
This confirms Gertisser and Keller (2003b) that
sediment contribution is increasing in Merapi
volcanic products younger than 1900 series.

This result is in agreement with estimation
using isotopic ratios which suggests ~1–2 %
sediment contribution to both series of Mer-
api magmas (Gertisser and Keller, 2003b). The
same quantification suggests that AOC fluid
decreases from 12 % in Plawangan magma
to 4.8 % in magma erupting in 2006. The
SED:AOC ratio is consistent regardless of the
type of subducting sediment, as long as it has
high Ba content in bulk sediment. AOC from

DSDP site 215, which has high-Ba basalts and
altered basalts, is required to generate a con-
sistent SED:AOC ratio. The weakness of this
B/Nb versus Ba/Nb plot is that the estima-
tion of SED and AOC fluids contribution is not
straightforward. This plot, however, provides
a contrast that displays abundance of B in SED
derived fluid and of Ba in AOC derived fluid.
This clear division allows the prediction of both
AOC and SED at the same time.

This result suggests that the changes of slab
derived fluids may not always be one direc-
tional event and linear with time. The evi-
dence that slab derived fluid is high in An-
cient Merapi magma and is low in Modern Mer-
api magma widen the perspective from pre-
vious study that suggests the younger prod-
uct of Holocene eruptions in Merapi (younger
than 1900 years) is receiving greater sediment
derived supplies than the products older than
1900 years. This calls for further question of
(1) how fast slab input changes over time and
(2) what causes a seemingly sudden changes
of slab input to the mantle wedge. One pos-
sible explanation for this rapid fluctuation of
slab components in magmas from one volcano
is veined mantle model. In this model, sub-arc
mantle that suffers from hydrous metasoma-
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Table 2: Composition of end member used in
model.

AOCa SEDb dIMORBc

(wt.%)
K2O 0.62 2.5 0.07
TiO2 1.7 0.71 1.5

ppm
B 5.2 115 0.5
Rb 14 82 0.56
Ba 15.6 1068 6.5
Th 0.17 9.78 0.12
Nb 2.89 10.92 1.6
La 3.4 39.08 1.92
Ce 11.4 86.08 7.5
Pb 0.44 25.5 0.3
Sr 180 218 90
Nd 6.68 34 4.3
Sm 3.95 7.06 1.3
Zr 112 145 29
Eu 1.34 1.43 0.54
Y 41 33 9
Yb 4.02 3.24 0.98
Lu 0.16
a AOC is altered oceanic crust from DSDP Leg 22, site

215 (Thompson et al., 1974), except B is from Smith et
al. (1995).

b SED is selected sediment from Ben Othman et al.
(1989).

c dIMORB is depleted IMORB, modified from IMORB
values in Chauvel and Blichert-Toft (2001).

tism instigated by addition of slab-derived fluid
may display veins that are more enriched in
slab-derived fluid components (Kepezhinskas
and Defant, 1996; Szabó et al., 1996; Demeny et
al., 2004; Halama et al., 2009). Partial melting of
the enriched veins in the mantle may increase
slab signature in the arc magmas (Grégoire et
al., 2001). Random melting of the veined man-
tle, therefore, may result in fluctuation of slab
components observed in the course of magma
evolution in a volcano.

6 CONCLUSION

Gertisser and Keller (2003b) have shown that
Holocene Merapi has erupted both medium-K
series and high-K series which requires higher
input of subducting sediment in the latter than
in the former. The high-K series is exclusive
to samples younger than 1900 years, as the
medium-K series is exclusive to samples older
than 1900 years. The evidence that Plawan-
gan lava has higher ratio of fluid mobile ele-

ment/HFSE (i.e. B/Nb, Ba/Nb, Pb/Nb) may
suggest that the slab derived component was,
at least once, high during the development of
Ancient Merapi. In contrast, the low ratio of the
same elements in 2006 eruption juveline, com-
pared to Plawangan lava, suggests that Modern
Merapi may also produce magma with low slab
derived component.

The model using B/Nb versus Ba/Nb de-
tails the addition of 1.5 % and 1.2 % of SED
fluid to Plawangan magma and 2006 eruption
magma respectively. Despite the close affini-
ties of Plawangan lava to high-K series and
2006 eruption juvenile to medium-K series, this
model suggests that the mantle source of An-
cient Merapi might have been received greater
contribution of slab derived fluid contribution
than that of Modern Merapi. This finding sug-
gests that the fluctuation of slab derived flux
may take a shorter time than it is expected.
It is however still unknown what controls the
changes of slab derived fluid flux in a relatively
short period of geologic time. One possible
explanation for this rapid fluctuation of slab-
derived fluid is veined hydrous metasomatized
mantle beneath Merapi volcano. This model al-
lows some areas of the mantle, mainly in the
form of veins, to be more enriched in slab com-
ponents than the rest. Random melting of this
mantle type enables fluctuation of slab compo-
nents in magmas from one volcano during its
evolutional course.
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