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Abstract Kelut volcano, East Java, is an active volcanic

complex hosting a summit crater lake that has been the

source of some of Indonesia’s most destructive lahars. In

November 2007, an effusive eruption lasting approxi-

mately 7 months led to the formation of a 260-m-high and

400-m-wide lava dome that displaced most of the crater

lake. The 2007–2008 Kelut dome comprises crystal-rich

basaltic andesite with a texturally complex crystal cargo of

strongly zoned and in part resorbed plagioclase (An47–94),

orthopyroxene (En64–72, Fs24–32, Wo2–4), clinopyroxene

(En40–48, Fs14–19, Wo34–46), Ti-magnetite (Usp16–34) and

trace amounts of apatite, as well as ubiquitous glomer-

ocrysts of varying magmatic mineral assemblages. In

addition, the notable occurrence of magmatic and crustal

xenoliths (meta-basalts, amphibole-bearing cumulates, and

skarn-type calc-silicates and meta-volcaniclastic rocks) is a

distinct feature of the dome. New petrographical, whole

rock major and trace element data, mineral chemistry as

well as oxygen isotope data for both whole rocks and

minerals indicate a complex regime of magma-mixing,

decompression-driven resorption, degassing and crystalli-

sation and crustal assimilation within the Kelut plumbing

system prior to extrusion of the dome. Detailed investiga-

tion of plagioclase textures alongside crystal size distri-

bution analyses provide evidence for magma mixing as a

major pre-eruptive process that blends multiple crystal

cargoes together. Distinct magma storage zones are pos-

tulated, with a deeper zone at lower crustal levels or near

the crust-mantle boundary ([15 km depth), a second zone

at mid-crustal levels (*10 km depth) and several magma

storage zones distributed throughout the uppermost crust

(\10 km depth). Plagioclase-melt and amphibole

hygrometry indicate magmatic H2O contents ranging from

*8.1 to 8.6 wt.% in the lower crustal system to *1.5 to
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3.3 wt.% in the mid to upper crust. Pyroxene and plagio-

clase d18O values range from 5.4 to 6.7 %, and 6.5 to

7.6 %, respectively. A single whole rock analysis of the

2007–2008 dome lava gave a d18O value of 7.6 %,

whereas meta-basaltic and calc-silicate xenoliths are

characterised by d18O values of 6.2 and 10.3 %, respec-

tively. Magmatic d18O values calculated from individual

pyroxene and plagioclase analyses range from 5.7 to

7.0 %, and 6.2 to 7.4 %, respectively. This range in

O-isotopic compositions is explained by crystallisation of

pyroxenes in the lower to mid-crust, where crustal con-

tamination is either absent or masked by assimilation of

material having similar d18O values to the ascending melts.

This population is mixed with isotopically distinct plagio-

clase and pyroxenes that crystallised from a more con-

taminated magma in the upper crustal system. Binary bulk

mixing models suggest that shallow-level, recycled volca-

niclastic sedimentary rocks together with calc-silicates and/

or limestones are the most likely contaminants of the

2007–2008 Kelut magma, with the volcaniclastic sedi-

ments being dominant.

Keywords Kelut volcano � Sunda arc � Lava dome �
CSD � Oxygen isotopes � Magma mixing � Crustal

contamination � Volcanic hazards

Introduction

Kelut volcano, East Java (Fig. 1), is one of the most haz-

ardous volcanoes in Indonesia due to its unpredictable style

of eruption and its capacity to generate devastating syn-

eruptive lahars (Bourdier et al. 1997; van Bergen et al.

2000; Siebert et al. 2011). The eruptive history of Kelut has

been dominated by plinian and phreatomagmatic eruption

styles (Siebert et al. 2011), the latest of which occurred in

1990 (Bourdier et al. 1997). However, in 2007, an effusive

eruption lasting approximately 7 months generated a new

lava dome within the summit crater that protruded from

and eventually displaced the active crater lake (Jeffery

et al. 2010). This latest, and in many respects, unusual

eruption of Kelut was in stark contrast with the preceding

six eruptions, which were dominantly short-lived, explo-

sive events of VEI between 3 and 5 (Siebert et al. 2011),

and unpredicted by volcanologists and local authorities.

Like other lava domes at andesite volcanoes (e.g. Merapi,

Indonesia; Colima, Mexico; Montserrat, Lesser Antilles;

Shiveluch, Kamchatka), the 2007–2008 lava dome of Kelut

contains a diverse mineral assemblage, including com-

plexly zoned crystals, glomerocrysts of varying mineral-

ogical assemblages as well as a range of magmatic and

crustal xenoliths that are indicative of a complex regime of

pre-eruptive processes, involving fractional crystallisation,

magma mixing and mingling, crystal recycling, decom-

pression-induced crystallisation and crustal contamination

(cf. Davidson and Tepley 1997; Tepley et al. 2000; Blundy

and Cashman 2001; Cooper and Reid 2003; Gamble et al.

2003; Price et al. 2005; Annen et al. 2006; Humphreys

et al. 2006; Martin et al. 2006; Chadwick et al. 2007, 2013;

Reubi and Blundy 2008; Dahren et al. 2012; Gardner et al.

2013; Troll et al. 2013).

The aims of this study are to (1) place constraints upon

the main magma storage zones beneath Kelut volcano, (2)

identify pre-eruptive magmatic processes occurring within

the magma plumbing system, (3) evaluate the conditions

250 km

(a) East JavaWest Java Central Java

110 °E 114 °E

6 °S
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Kelut

Kediri

BlitarTulungagung
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Fig. 1 a Location map showing major volcanoes and geographical

divisions of Java, Indonesia b Map showing Kelut, the local

topography and nearby major settlements c Photograph of the active

Kelut 2007–2008 lava dome, with permission and courtesy of Tom

Pfeiffer. All maps were generated using GeoMapApp�
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and processes that lead to a change from explosive activity

at Kelut, as exemplified by the penultimate eruption in

1990, to lava dome extrusion in 2007–2008, and (4) assess

the role of crustal contamination at Kelut and other vol-

canoes in East Java. These aims are addressed through a

combination of petrography, thermobarometry and quan-

titative textural analysis, as well as major element, trace

element and oxygen isotope geochemistry of the

2007–2008 Kelut lava dome, its crystal cargo and its

magmatic and crustal xenoliths. Four samples of pyro-

clastic material from the preceding explosive eruption in

1990 are included for comparative purposes to evaluate the

potential effect of magma compositions on eruption style.

Geodynamic setting, geology and eruptive history

of Kelut volcano

Kelut is part of the Quaternary volcanic front of the active

Sunda arc system, a 5,600-km-long volcanic chain that

extends from the Andaman Islands (north-west of Sumatra)

to the Banda Arc in the East (van Bemmelen 1949; Ham-

ilton 1979; Newcomb and McCann 1987; Hilton and Craig

1989; Widiyantoro and van der Hilst 1996). The Sunda and

Banda arcs mark a convergent boundary between the Indo-

Australian Plates and the Eurasian Plate (Hamilton 1979;

Silver et al. 1983). The boundary itself is marked by a

major trench, the Java Trench, where the Indo-Australian

Plates are subducting northwards beneath the Sunda Arc

(Hamilton 1979; Newcomb and McCann 1987). Kelut

volcano overlies 8–11 km of reworked, volcaniclastic

crustal sediments, overlain by shallow crustal limestones.

Beneath this, the Cretaceous basement is considered to

comprise arc/ophiolite material (Smyth et al. 2005 and

references therein).

Kelut is a basaltic andesite stratovolcano with a summit

elevation of 1,731 m, *27 km east of the city of Kediri in

East Java (Fig. 1a, b) (Wirakusumah 1991; Lesage and

Surono 1995; van Bergen et al. 2000; De Bélizal et al.

2012). It is located on the west side of the Kawi–Laksono–

Anjasmoro volcanic range and comprises two landslide

(sector collapse) scars derived from previous slope failures

(Thouret et al. 1998). The eastern caldera opens to the

south and is currently dormant. The western caldera con-

tains the lake-filled, active crater of Kelut and preserved

remnants of several older lava domes (Bourdier et al.

1997). The western slopes comprise mainly debris ava-

lanche deposits. These are overlain by scoria- and block-

rich pyroclastic flow deposits that grade into debris flows

(lahars) with increasing distance from the summit (Thouret

et al. 1998).

Over the past 1,000 years, Kelut has erupted 32 times

(Siebert et al. 2011). Seven eruptions have occurred since

A.D. 1900 (Lesage and Surono 1995; Siebert et al. 2011),

and due to the presence of a large crater lake (known to

have reached 7.8 9 107 m3 in volume in 1875; van Bergen

et al. 2000), the current crater complex is infamous for its

capacity to produce some of the world’s most destructive

lahars. These include primarily syn-eruptive, hot lahars

caused by activity in the crater lake, although secondary

(post-eruptive) lahars caused by heavy rainfall onto Kelut’s

unconsolidated flanks have also occurred (Siebert et al.

2011). In 1586, the most devastating of these lahars caused

*10,000 fatalities (van Bergen et al. 2000). The western

crater rim has been lowered by a series of wall collapses

during the 1848 and 1875 eruptive events, allowing for

devastating lake outbursts (Lavigne et al. 2007). The

western flank of the volcano is therefore most commonly

affected by lahars, transporting debris to the lowland plains

around Kediri, Tulungagung and Blitar (Fig. 1b), three

cities that cumulatively account for [160,000 inhabitants

(Thouret et al. 1998). The devastating lahars associated

with the 1919 eruption resulted in [5,000 fatalities and

prompted the drilling of several tunnels through the wes-

tern crater wall in an attempt to drain the crater lake.

Although complications delayed the project until 1926, it

proved to be successful, lowering the crater lake volume to

*2 9 106 m3 (Bourdier et al. 1997; van Bergen et al.

2000). Prior to the 1990 eruption, the crater was filled again

by a *2.5 9 106 m3 lake (Bourdier et al. 1997), but the

lake was displaced entirely during the 1990 eruption,

revealing a small (tens of metres high) embryonic lava

dome. Continued activity since then took the form of lake

re-establishment, fumaroles, secondary lahars and, imme-

diately prior to the 2007–2008 eruption, an increase in

crater lake temperature. Following 1990, continuous

monitoring revealed that the lake level was rising as much

as 5 cm in a single day and could potentially refill entirely

within a single year. Before the 2007–2008 events com-

menced, the crater lake was *34 m deep, *350 m in

diameter and contained once more *2.1 9 106 m3 of

water (Siebert et al. 2011).

The 2007–2008 eruption of Kelut volcano

On 11 September 2007, changes in the colour and tem-

perature of the crater lake water prompted the Ministry of

Energy and Mineral Resources and the Centre of Volca-

nology and Geological Hazard Mitigation (CVGHM) to

advise an off-limits zone within 5 km of the lake. About

4 months prior to this, echo sounding and floating accu-

mulation chamber studies identified anomalous CO2 fluxes

throughout 2007 compared to previous years (Caudron

et al. 2012). On 11 September, the total flux of CO2 was

noted to reach values in excess of 500 tons/day, more than
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ten times greater than measurements taken in 2005 and

2006 (Siebert et al. 2011). Crater lake chemistry and

temperatures continued to change throughout September

and October 2007, alongside increased seismic activity and

deformation, prompting an evacuation of villages within

10 km of the crater and the temporary displacement of

*50,000 people (Siebert et al. 2011).

By 4 November 2007, the lake water had reached tem-

peratures of 50 �C and white plumes of steam were

observed rising from the crater (*2 km above the crater).

A number of shallow earthquakes were recorded, and video

footage from within the crater revealed a large black mass

of rock that protruded from the crater lake on 4 November.

The growth of a lava dome surprised local authorities, who

were expecting an explosive eruption similar in style to the

1990 events (Bourdier et al. 1997; De Bélizal et al. 2012).

Steam plumes of varied size were continually emitted

throughout November (one plume reached 3.7 km altitude

on 11 November), and by early December 2007, the lake

water temperature reached 75 �C. The height of the lava

dome was then measured as 120 m above lake level and

*250 m in diameter at the same marker. Surface tem-

peratures of the dome rock were recorded between 150 and

210 �C at that point (Siebert et al. 2011).

The lava dome remained active throughout November

and December 2007, although with progressively reduced

seismic activity. The next 6 months, until 9 June 2008, saw

occasional steam plumes rising to *50 to 150 m above the

crater (Siebert et al. 2011), and by 12 May 2008, the crater

lake was almost entirely depleted. Water within the local

drainage system (*960 m away from the dome) reached

temperatures [65 �C at this stage. By May 2008, the lava

dome was considered to have stopped growing, having

reached an estimated size of *260 m in height, *400 m

in width at its base and 3.5 9 107 m3 in volume (Siebert

et al. 2011). Activity since May 2008 has taken the form of

occasional diffuse white plumes rising from the dome.

Methodology

Analytical techniques

Whole rock major and trace element analyses of the

2007–2008 lava dome (samples KLT-K2, KLT-71a, KLT-

K3, KLT-A) and additional samples of pyroclastic material

deposited during the 1990 eruption (samples KLT-901,

KLT-902, KLT-903, KLT-904) were undertaken at Acme

Analytical Laboratories Ltd, Canada, using inductively

coupled plasma atomic emission spectroscopy (ICP-AES)

for major element analysis and inductively coupled plasma

mass spectrometry (ICP-MS) for trace element analysis.

Weathered surfaces and visible xenoliths were removed

from samples prior to crushing in an agate mill. Samples

were dried at 60 �C prior to mixing with a LiBO2/Li2B4O7

flux and dilute nitric digestion. Loss-on-ignition was

reported as weight difference after ignition for 2 h at

1,000 �C. Base metals (Cu, Mo, Ni, Pb, Zn) were deter-

mined from samples that were digested in Aqua Regia.

Detection limits of trace elements were typically between

0.1 and 1 ppm, depending upon the element. Data quality

was monitored using a set of certified internal reference

materials.

Additional whole rock major element analyses of the

2007–2008 dome lava (K-A1A, K-L-6, K-A-1) and xeno-

liths contained therein (samples K-L ? XC-1, K-L ? XC-

4, K-L ? XC-9) were undertaken using a Philips PW 2400

X-ray fluorescence spectrometer at Vrije Universiteit

Amsterdam (VU), the Netherlands. Samples were crushed

in an agate mill and dried, before being heated to generate

fused glass beads. Major element contents were calibrated

using international reference standards, and in-house

standards were used as internal monitors.

Major element compositions of plagioclase, clinopy-

roxene, orthopyroxene, amphibole and Fe–Ti oxides were

analysed using a CAMECA SX 100 electron microprobe at

The Open University, UK, and a JEOL JXA-8200 Su-

perprobe at Vrije Universiteit. Peak counting times per

element were 12.5–25 s using a 10-lm defocused beam, an

acceleration voltage of 20 kV and a beam current of

20–27 nA. Major elements and volatiles (Cl and S) in

groundmass glass and plagioclase-hosted melt inclusions

were determined using a JEOL JXA 8900 RL electron

microprobe at the University of Göttingen, Germany. Peak

counting times ranged from 15 to 30 s for major elements

and 30 s for volatiles, using a 10-lm defocused beam, an

acceleration voltage of 15 kV and a beam current of 15 nA.

Detection limits for Cl and S were *45 and *115 ppm,

respectively (A. Kronz pers. comm. 2011). Natural silicate

minerals and pure metals were used as primary standards to

calibrate the instrument. Silicate mineral and volcanic glass

standards (VG-568, KN-18 and KE-12) were routinely

analysed as secondary standards.

Oxygen–isotope ratios of whole rock samples were

determined at the University of Cape Town (UCT), South

Africa, by conventional techniques, whilst orthopyroxene,

clinopyroxene and plagioclase separates were analysed by

laser fluorination. Samples were crushed in a jaw crusher,

and minerals or rock fragments were hand-picked from the

crushed materials under a stereo-binocular microscope,

making sure that only pristine materials were used for

analysis. Powders for conventional oxygen isotope analysis

were produced from the sand-sized crush via an agate ball

mill. Approximately 10 mg of sample was reacted with

ClF3 and the liberated O2 converted to CO2 using a hot

platinised carbon rod. Further details of the extraction
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methods for oxygen from silicates employed at UCT have

been given by Vennemann and Smith (1990) and Fagereng

et al. (2008). For samples K-L-XP-6 and K-A-1, pyroxenes

and plagioclase were analysed by laser fluorination fol-

lowing the method described by Harris and Vogeli (2010).

Each sample was reacted in the presence of *10 kPa BrF5,

and the purified O2 was collected onto a 5Å molecular

sieve contained in a glass storage bottle. All O-isotope

ratios were measured offline using a Finnegan DeltaXP

mass spectrometer. The results are reported in standard d-

notation, d = (Rsample/Rstandard - 1) 9 1,000, relative to

SMOW (Standard Mean Ocean Water). For the conven-

tional method, samples were run in batches of eight, along

with duplicate samples of the internal quartz standard

NBS-28 (d18O = 9.64 %). During the course of this study,

the analytical error for d18O is estimated to be ±0.1 %
(1r) based on long-term duplication of NBS-28. The

O-isotope ratios of samples analysed using laser fluorina-

tion were measured on O2 gas. Measured values of the

internal standard MON GT (Harris et al. 2000) were used

to normalise the raw data and correct for drift in the ref-

erence gas. The long-term average difference on d18O

values of duplicates of MON GT analysed is 0.13 % and

corresponds to a 2r value of 0.16 %.

Crystal size distribution analysis

To generate crystal size distributions (CSDs) for the Kelut

dome rocks, high-resolution photomicrographs were taken

and digitally joined to create single thin-section texture

maps. These images were imported into a vector graphics

editor, allowing the identification and digitisation of indi-

vidual crystals. Vesicles were also digitised to allow cal-

culation of vesicularity. For groundmass microlite CSDs,

BSE images were stitched together to create a single, high-

resolution image with an adequate number of crystals for

CSD analysis. Digitised images were exported as greyscale

tiff format images and imported into ImageJ, where best-fit

ellipses were applied to determine long- and short-axis

measurements. Mean crystal aspect ratios were calculated

using the CSDSlice methodology of Morgan and Jerram

(2006). These were used as inputs for the program CSD-

Corrections 1.39 (Higgins 2000) to generate CSDs. All

CSDs were calculated using a minimum of 200 crystals

(Mock and Jerram 2005; Morgan and Jerram 2006). Sam-

ples were classified as massive (lacking mineral alignment)

and given an approximate crystal roundness of 0.3, based

on a scale of 0 (angular) to 1 (spherical), with 5 bins per

decade. The total slide area, volumetric phase abundance

and vesicularity were calculated using image processing

software (ImageJ and ImageTool), to provide a scale and

allow accurate measurement of the CSD before vesicula-

tion. Where CSD slopes were curved or kinked, individual

segments were interpreted using least squares regression

calculated using Microsoft Excel. The maximum length

(Lmax) was calculated by averaging the largest four crystals

within each population (Boorman et al. 2004).

Plagioclase-melt thermometry/hygrometry

The recognition of distinctive relationships between pla-

gioclase composition and parameters such as temperature,

pressure and H2Omelt, combined with the relative abun-

dance of plagioclase within igneous rocks, has led to the

development of plagioclase-melt geothermobarometers and

hygrometers during the last 40 years (e.g. Kudo and Weill

1970; Drake 1976; Loomis 1979; Glazner 1984; Housh and

Luhr 1991; Putirka 2005, 2008; Lange et al. 2009). Whilst

the reliability of plagioclase-melt barometry is not well

constrained (Putirka 2008), the recalibrated form of the

models of Sugawara (2001) and Ghiorso et al. (2002) pro-

vides thermometers that can be applied to hydrous systems,

but requires an estimate of H2Omelt [standard error of esti-

mate (SEE) ±36 �C)] (Putirka 2008, equation 24a). This

model will be referred to as P08-24a and has been applied to

the dome lava plagioclase population, in addition to two

hygrometers; model H of Putirka (2005) (SEE ± 1.2 wt.%

and referred to here as P05-mH) and equation 25b of Put-

irka (2008) (SEE ± 1.1 wt.% and referred to here as P08-

25b). It should be noted that P08-25b is considered to be

more accurate than P05-mH for H2Omelt values.

Clinopyroxene-melt thermobarometry

Two clinopyroxene-melt models have been used to calculate

pre-eruptive P–T conditions. The first allows the determina-

tion of temperature and pressure for hydrous melts using

jadeite-diopside/hedenbergite exchange equilibria (Putirka

et al. 2003). This model (here referred to as P03) is considered

one of the most versatile of those currently available (SEE of

±33 �C and ±170 MPa) and has been applied successfully to

numerous studies aimed at constraining intensive parameters

for magma plumbing systems (e.g. Schwarz et al. 2004;

Longpré et al. 2008; Stroncik et al. 2009; Hildner et al. 2011;

Barker et al. 2012; Dahren et al. 2012).

The second model is based upon the partitioning of Al

between clinopyroxene and melt and is calibrated for

hydrous systems also (Putirka 2008, equation 32c). This

model (here referred to as P08-32c) requires an input for

temperature and H2O but produces pressure values with a

SEE of only ± 150 MPa.

Clinopyroxene composition thermobarometry

To act as an independent test of pressure and temperature

estimates derived from clinopyroxene-melt thermobarometers,
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the clinopyroxene thermometer of Nimis and Taylor (2000)

and clinopyroxene barometer of Nimis (1995) can be applied.

However, due to the reported errors produced by these models

when applied to hydrous systems, the recalibrated forms of

these models were used (Putirka 2008, equation 32d/32b). The

recalibrated barometer comes at the expense of an additional

H2Omelt input and is referred to in this study as P08-32d/b. The

SEE of these models are ±87 �C and ±260 MPa, respectively.

Amphibole thermobarometry/hygrometry

The presence of amphibole-bearing, cumulate xenoliths

(Group 2) allows application of the amphibole thermoba-

rometer and hygrometer of Ridolfi et al. (2010), a group of

formulations that are empirically calibrated for calc-alka-

line volcanoes in island arcs. This model is referred to as

Rd10 in this study and requires only compositional data of

calcic amphibole to produce estimates of P–T conditions,

H2Omelt and fO2 (SEE = ±54 MPa, ±57 �C, ±0.41 wt.%

H2O and ±0.41 log units fO2), rendering it highly versatile.

Results

Petrography of the 2007–2008 lava dome

The 2007–2008 dome lava (Supplementary material 1) con-

sists of highly porphyritic basaltic andesite with 50–55 vol.%

of complexly zoned plagioclase (30–35 vol.%), orthopy-

roxene (5–10 vol.%) and clinopyroxene (5–10 vol.%)

phenocrysts, alongside Ti-magnetite (*5 vol.%) micro-

phenocrysts and trace amounts of apatite. These are set in a

partly microcrystalline groundmass (45–50 vol.%) of similar

mineralogy, with minor rhyolitic glass present (B5 vol.%).

Glomerocrysts typically display similar mineral assem-

blages, although they are generally dominated by clinopy-

roxene, orthopyroxene or plagioclase. Magmatic xenoliths

are meta-basaltic and cumulate (e.g. gabbroic) in nature but

exhibit mineral assemblages similar to the 2007–2008 dome

lava. The basaltic xenoliths, however, have higher olivine

contents, while the gabbroic xenoliths include both olivine

and amphibole. Crustal xenoliths within the 2007–2008 dome

lava are of calc-silicate and volcaniclastic hornfels nature.

Plagioclase is present within the basaltic andesite as

phenocrysts (typically 0.5–2.0 mm), micro-phenocrysts

(typically 0.01–0.50 mm), inclusions within glomerocrysts,

inclusions within pyroxene phenocrysts and groundmass

microlites (\0.01 mm) (Fig. 2). Crystals are predomi-

nantly euhedral to subhedral, but rounded crystal corners

and partially embayed crystal faces are frequently observed

and are dominant within the micro-phenocryst population.

Inclusions of glass, clinopyroxene, Ti-magnetite and small

quantities of apatite (\100 lm) are often present in larger

plagioclase crystals. Phenocrysts typically display complex

zoning patterns, including oscillatory zonation, sieve tex-

tures (discrete zones exhibiting a high abundance of

elliptical, partially crystalline melt inclusions) and resorp-

tion surfaces. Micro-phenocrysts are primarily unzoned but

mostly display heavily resorbed, ragged crystal edges.

Plagioclase crystals in glomerocrysts are also predomi-

nantly unzoned (0.05–0.5 mm) and, in some cases, repre-

sent the dominant mineral phase within the crystal clusters,

but can be almost entirely absent in others (Fig. 2a). Based

upon crystal sizes and petrographic criteria, the pheno-

crysts and micro-phenocrysts are divided into three groups;

Type 1 (sieve textures and oscillatory zoning), Type 2

(oscillatory zoning only) and Type 3 (unzoned and re-

sorbed). The key features associated with each of the main

groups are shown in Fig. 3. Type 1 plagioclase crystals are

characterised by a complex pattern of oscillatory zoning,

sieve-textured zones and resorption surfaces and account

for *10 % of the plagioclase population (Figs. 2b, 3).

Oscillatory zonation exists both as regions of clearly

defined, laterally continuous growth layers and as poorly

defined regions exhibiting laterally discontinuous and

embayed growth layers. Discrete growth layers range from

*5 to *40 lm in thickness, although this variation may

be affected by cutting orientation. Sieve-textured zones are

well defined with distinct boundaries that commonly cross

twin planes. The constituent inclusions are almost exclu-

sively partially crystallised glass but are mineral inclusions

occasionally. Petrographically, cores are often distinctive,

with many Type 1 crystals exhibiting a clear to sieve-tex-

tured core (Figs. 2c, 3). Sieve-textured cores are commonly

surrounded by an unzoned rim, occasionally exhibiting

oscillatory zoning at the outermost crystal surface. The

core-rim boundaries are well defined and often display

rounded and embayed edges. Type 2 plagioclase crystals

are characterised by exclusive oscillatory zoning, with no

sieve-textured zones present. They represent *10 % of the

plagioclase crystals present. Two common sub-types exist,

the first shows oscillatory zoning that becomes narrower

from core to rim (Figs. 2d, 3). Here, individual growth

zones are often undulating but laterally continuous, with

thicknesses ranging from \5 to 60 lm. The second sub-

type exhibits un-zoned cores and oscillatory zoned mantles

and rims (Figs. 2e, 3). The core-rim boundaries are often

poorly defined, although in some instances, clearly distin-

guishable cores are present, which are the bounded by

resorption surfaces that truncate previous growth layers.

Type 3 plagioclase crystals comprise small and heavily

resorbed crystals (Figs. 2f, g, 3) that represent *80 % of

the plagioclase crystal population. Small melt inclusions

are frequently present, but show no preferred orientation

and are not restricted to individual growth layers or zones.

All of the Type 3 plagioclase crystals display heavily
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resorbed rims, with many being almost entirely dissolved.

In some instances, patchy zoning is observed, although this

is uncommon.

Orthopyroxene is present in the 2007–2008 lava dome

as phenocrysts, micro-phenocrysts, groundmass microlites

and, rarely, as inclusions within glomerocrysts. The largest

crystal sizes display euhedral and subhedral crystal forms

and often have oxide inclusions (Ti-magnetite). The

smaller crystals display predominantly subhedral and

anhedral forms. When orthopyroxene is found as a con-

stituent of glomerocrysts, it is associated primarily with Ti-

magnetite but also occasionally with plagioclase. The

glomerocryst orthopyroxene crystals are generally anhe-

dral, may account for[50 % of the materials that make up

Fig. 2 Representative

photomicrographs of textures

observed within the Kelut

2007–2008 dome lava

a Plagioclase-dominated

glomerocryst. b Type 1

plagioclase crystal. (I) Unzoned

and resorbed crystal core. (II)

Coarse sieve-textured zone. (III)

Undulating oscillatory zoning.

(IV) Well-defined, fine sieve-

textured zone. (V) Oscillatory

zoned rim c Type 1 plagioclase

crystal. (I) ‘Spongy’ sieve-

textured crystal core. (II)

Unzoned rim grading into (III)

oscillatory zonation. d Type 2

plagioclase crystal. (I) Two

distinctive crystal cores, each

displaying a darker interior and

lighter rim (II) Continuous,

undulating oscillatory zoning of

varying thickness. e Type 2

plagioclase crystal. (I) Heavily

resorbed, unzoned crystal core.

(II) Oscillatory zonation.

f Unzoned, heavily resorbed

Type 3 plagioclase crystal

(image centre). g Various sizes

of unzoned, heavily resorbed

Type 3 plagioclase crystals.

h Heavily resorbed

orthopyroxene crystals with

clinopyroxene overgrowths and

multiple Ti-magnetite

inclusions
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a single cluster and show at least partially equilibrated

crystal junctions, as described by Elliott et al. (1997) and

Holness (2005).

Clinopyroxene is also present as phenocrysts, micro-

phenocrysts, groundmass microlites and as inclusions

within glomerocrysts. Clinopyroxene crystals are predom-

inantly euhedral to subhedral, have a large size range and

tend to become more anhedral with decreasing size.

Crystals often exhibit partially resorbed crystal faces and,

occasionally, oscillatory zonation in the outermost rims.

Inclusions of Ti-magnetite are common in clinopyroxene,

reaching sizes of up to 300 lm. The glomerocryst clino-

pyroxene is associated primarily with Ti-magnetite and

plagioclase, usually accounting for [50 % of the crystals

that make up a given cluster. Examples of clinopyroxene

rims enclosing heavily resorbed and fractured orthopy-

roxene are here referred to as ‘mantled pyroxenes’. Such

features have been observed at other Indonesian volcanoes,

for example, Merapi (Gertisser and Keller 2003), Rinjani

(Foden 1982), Gede (Handley et al. 2010) and Slamet

(Reubi et al. 2002). Clinopyroxene rims are usually

*150 lm in thickness, but reach 300 lm in some instan-

ces. Clinopyroxene rims do not always enclose the cores

entirely, but mantle a single growth twin or a single crystal

face (Fig. 2h).

Ti-magnetite (as well as trace amounts of apatite) are

present as a micro-phenocryst population and as inclusions

predominantly within pyroxene phenocrysts. Both phases

exhibit euhedral to anhedral crystal forms that rarely

exceed 400 lm in size and often occur in close proximity

to pyroxenes and glomerocrysts.

A variety of xenoliths are present within the 2007–2008

dome lava, some of igneous origin, others meta-volcani-

clastic or calc-silicate in nature (Supplementary material

Mineral Textures Petrography

Plagioclase
(type 1)

Plagioclase
(type 2)

Plagioclase
(type 3)

Pyroxene

Plagioclase,
Pyroxene and
Ti-magnetite

Discrete, fine sieve-texture
and oscillatory zoning

Occasional sieve-texture or
clear cores

Average length = 0.54 mm

Oscillatory zoning only

Occasional resorbed cores,
exhibiting truncated zoning

Average length = 0.32 mm

Heavily resorbed micro-
phenocryst population

Average length = 0.09 mm

Mantled pyroxenes

Heavily resorbed
orthopyroxene cores
surrounded by clinopyroxene

Glomerocrysts, with three end-
members:

Plagioclase-dominated

Orthopyroxene-dominated

Clinopyroxene-dominated

Fig. 3 Schematic summary of

textures and zoning patterns of

phenocrysts and micro-

phenocrysts within the Kelut

2007–2008 lava dome
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1). Considerable variation in crystal sizes (0.02–20 mm),

textures and mineralogy allows the distinction of three

groups: (Meta-) igneous xenoliths (Group 1) are typically

\10 cm across and are defined by fine grain sizes (typically

\0.05 mm). The main mineral phases are plagioclase,

clinopyroxene and Ti-magnetite. They often exhibit well-

developed hornfels textures or highly rounded crystals and

large, optically continuous clinopyroxene crystals filled

with small, lobate plagioclase and Ti-magnetite inclusions.

Crystals are almost exclusively unzoned. Individual xeno-

liths generally comprise a dominantly fine-grained core,

surrounded by a rim of significantly larger clinopyroxene

and plagioclase crystals (0.5–2.0 mm), the latter occa-

sionally exhibiting complex oscillatory and sieve texture

zonation, similar to previously described 2007–2008 dome

lava, Type 1 and Type 2 plagioclase crystals. Cumulate

xenoliths (Group 2) are coarse-grained and can reach sizes

of *10 cm across. They are characterised by cumulus

textures (low groundmass %, crystal framework with

interstitial phases) and display an assemblage of plagio-

clase, poikilitic clinopyroxene, orthopyroxene, poikilitic

amphibole, olivine and Fe–Ti oxides. Plagioclase crystals

vary in size from 0.1 to 20 mm, are usually unzoned and,

alongside amphibole, represent the cumulus phase. Olivine

exists dominantly as anhedral inclusions (\0.5 mm) within

amphibole megacrysts (\0.5–20 mm). Relative propor-

tions and the degree of breakdown of amphibole vary

considerably between samples, ranging effectively between

two end-members; the first containing large (2–20 mm),

unzoned amphibole crystals with distinctive breakdown

rims, the second containing small, ragged crystals

(\0.5 mm) that exhibit more advanced breakdown rims.

Orthopyroxene and clinopyroxene represent interstitial

phases. Meta-sedimentary xenoliths (Group 3) are both

meta-volcaniclastic rocks and calc-silicates, typically

\10 cm across and display mineral assemblages of pla-

gioclase, clinopyroxene, orthopyroxene and Fe–Ti oxides,

and wollastonite, clinopyroxene and quartz, respectively.

Characteristics such as rounded grains, lack of composi-

tional zonation and the presence of fluid pathways indicate

a sedimentary origin and contact metamorphism during

entrainment within a melt. Individual crystals rarely exceed

4 mm.

Mineral chemistry

All mineral compositional data are provided in Supple-

mentary material 2. The plagioclase population of the

2007–2008 lava dome exhibits a compositional range of

An47–94 (Fig. 4a). Type 1 and Type 2 crystal cores are

generally calcic (An74–92), and the typical variation from

core to rim is 10–20 mol.%. Individual growth zones fre-

quently vary in thickness and display undulating

boundaries, but compositional changes across these

boundaries are commonly less than 5 mol.%, with entire

crystals defined by rapidly fluctuating An up to 30 mol.%

variability (Supplementary material 3). Individual growth

layers that are An depleted but enriched in Fe and Mg can

be seen occasionally. Compositionally, Type 3 plagioclase

crystals are distinct from both Type 1 and Type 2 crystals

by their generally more calcic compositions and their lack

of chemical zonation. Plagioclase crystals within meta-

basaltic xenoliths (Group 1) are not compositionally zoned,

but together span a considerable compositional range

(An29–91) (Fig. 4a). Plagioclase crystals found within

cumulate xenoliths (Group 2) also lack compositional

zonation, but as a group, they span a significantly smaller

compositional range than Group 1 xenolith plagioclase

(An64–96) (Fig. 4a).

Orthopyroxene crystals in the 2007–2008 lava dome are

exclusively enstatite (according to the classification

scheme of Morimoto et al. 1988). They show relatively

uniform compositions (En64–72, Fs24–32, Wo2–4) and are

unzoned. Dome clinopyroxenes are classified as diopside to

augite (En40–48, Fs14–19, Wo34–46) (Fig. 4b). Clinopyroxene

from meta-basaltic (Group 1) xenoliths ranges from augite

to diopside/hedenbergite (En1–42, Fs14–50, Wo42–50) and

exhibit a greater variety of compositions than those of the

2007–2008 dome lavas. Clinopyroxene from cumulate

xenoliths (Group 2) extends to higher Ca contents than

both the dome clinopyroxenes and the meta-basaltic

(Group 1) clinopyroxenes, and classifies as augite to

diopside (En35–43, Fs9–17, Wo42–50).

Ti-magnetite micro-phenocrysts and amphibole mega-

crysts exhibit very limited geochemical variation, with Ti-

magnetite compositions that range from Usp16–34 (Fig. 4c)

and amphiboles that are uniformly calcic, and can be

classified as magnesiohastingsite using the scheme of

Leake et al. (1997) (Fig. 4d). Titanium contents of Ti-

magnetites are typically between 8.1 and 11.1 wt.%. Alu-

minium contents of amphiboles range from 13.8 to 14.4

wt.%.

Major and trace element geochemistry

Major and trace element data for the 2007–2008 lava dome

and cumulate xenolith (Group 2) samples are given in

Tables 1 and 2. The 2007–2008 dome lava samples are

plotted in Harker-type variation diagrams and classified

alongside new and published data for the 1990 eruption and

unspecified pre-1990 eruptions (Bourdier et al. 1997; van

Bergen et al. 2000; this study) (Supplementary material 4),

in addition to the K2O versus SiO2 scheme of Le Maitre

(1989) (Fig. 5). Analyses for groundmass glass and pla-

gioclase-hosted melt inclusions for the 2007–2008 dome

are also shown (Table 3).
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The Kelut 2007–2008 lava dome has a similar compo-

sition and shows the same limited geochemical variation as

the 1990 samples, straddling the boundary between the

low- and medium-K basaltic andesite field (Fig. 5). Pre-

1990 samples appear to deviate somewhat from the 1990

and 2007–2008 samples in major element geochemistry,

although this potential variation is based upon only two

analyses. Typical whole rock SiO2 contents range from 54

to 56 wt.% (Table 1).Whole rock, melt inclusion and

groundmass glasses each form discrete data fields which,

for Al2O3, Fe2O3
*, MgO and CaO, show an overall negative

correlation with increasing silica. Data for TiO2 display

uniform values (*0.7 wt.%) with increasing silica. Data

for P2O5 and K2O show pseudo-positive correlations,

whilst whole rock and groundmass Na2O contents are rel-

atively uniform (*3 wt.%), with melt inclusion data

deviating notably from this range (3.5–5.5 wt.%). Cumu-

late xenoliths (Group 2) are generally gabbroic and show

some geochemical variation from 44 to 48 wt.% SiO2, 19

to 28 wt.%, Al2O3, 3 to 7 wt.% MgO and 5 to 11 wt.%

Fe2O3
* (Table 1).

Plagioclase-hosted melt inclusions within the

2007–2008 dome lava have SiO2 contents between *70

and 73 wt.% and are classified as rhyolite (Fig. 5). Chlorine

concentrations range from 2,000 to 4,000 ppm, whereas

sulphur contents are typically below the electron micro-

probe detection limit (*115 ppm). Contents of Al2O3 (*9

to 12 wt.%), Fe2O3
* (*5 to 7 wt.%), MgO (*0.5 to 2

wt.%) and CaO (*1.5 to 3 wt.%) are significantly lower

than whole rock samples, whereas the alkalis are signifi-

cantly higher (Na2O *3 to 6 wt.%, K2O *2 to 4 wt.%;

Table 3). Groundmass glass analyses show similar

CaMgSi O2 6 CaFeSi O2 6

(b)

En Fs

Pig

Au

HdDi

Fe Si O2 2 6Mg Si O2 2 6

CaMgSi O2 6 CaFeSi O2 6
(I)

CaMgSi O2 6 CaFeSi O2 6
(II)

(III)

Magnesiohastingsite
( Al < Fe )VI 3+

Edenite

0.8
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Fig. 4 a Feldspar ternary classification diagrams for (I) 2007–2008

lava dome plagioclase, (II) Meta-basaltic xenolith (Group 1) plagio-

clase and (III) Cumulate xenolith (Group 2) plagioclase. (IV)

Histogram of 2007–2008 dome lava plagioclase anorthite contents.

b Pyroxene quadrilateral classification scheme of Morimoto et al.

(1988) for (I) 2007–2008 lava dome orthopyroxene and clinopyrox-

ene, (II) Meta-basaltic xenolith (Group 1) clinopyroxene and (III)

Cumulate xenolith (Group 2) clinopyroxene c Ternary classification

of analysed oxide minerals in the 2007–2008 lava dome d Cumulate

xenolith (Group 2) amphibole analyses plotted in the classification

scheme of Leake et al. (1997). An anorthite, Ab albite, En enstatite, Fs
ferrosilite, Pig pigeonite, Au augite, Di diopside, Hd hedenberg-

ite, Usp ulvöspinel, Ilm ilmenite, Hem hematite, Mt magnetite
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behaviour and plot as rhyolite, with SiO2 contents between

73 and 76 wt.%, and low Fe2O3
* (*2 to 4 wt.%) and MgO

(*0.25 to 0.55 wt.%) contents (Fig. 5, Supplementary

material 4, Table 3). Chlorine concentrations of ground-

mass glass range between 1,400 and 2,400 ppm, whereas

sulphur concentrations are typically below the detection

limit (see above).

Chondrite-normalised REE patterns for the 2007–2008

dome lava show minor LREE enrichment (up to

*25 9 relative to chondrite) relative to HREE

(*10 9 relative to chondrite) (Supplementary material 5)

with constant LaN/YbN ratios of 3.2–3.3, and unfraction-

ated MREE to HREE, with GdN/SmN ratios of *1.4. A

multi-element diagram is presented in Supplementary

material 5, where the data are normalised against N-MORB

(Sun and McDonough 1989). The Kelut dome lava exhibits

enrichment of large-ion lithophile elements (LILE) Rb, Ba,

K and Sr, in addition to U, Th and Pb, relative to typical

N-MORB concentrations. In contrast, Nb and Ti show

pronounced troughs, whereas MREE and HREE are all

depleted relative to N-MORB values. All LREE exhibit up

to 2.3 9 enrichment relative to N-MORB, with the

exception of Eu and Sm, which are mildly depleted. Trace

element patterns of the 1990 samples are almost identical

to those of the 2007–2008 dome lava (Table 2, Supple-

mentary material 5). A notable feature of the Kelut rocks,

Table 2 Trace element (ppm) compositions of the 2007–2008 lava dome and the 1990 eruption, determined by ICP-MS

Eruption/stage 2007/08 2007/08 2007/08 2007/08 1990 1990 1990 1990

Sample KLT-K2 KLT-71a KLT-K3 KLT-A KLT-901 KLT-902 KLT-903 KLT-904

Sample type L L L L P P P P

Cs 1.0 1.0 0.9 0.9 0.9 1.0 1.0 0.9

Rb 13.5 13.3 13.1 13.0 12.8 13.7 12.9 12.6

Ba 499 501 504 505 466 509 480 488

Sr 631.9 623.0 620.6 621.6 618.4 608.2 608.1 615.3

Be \1 \1 \1 \1 1 \1 \1 \1

Mo 0.2 0.3 \0.1 0.2 0.2 \0.1 0.1 \0.1

Pb 0.8 0.8 1.3 1.9 2.7 0.9 0.9 0.9

Zr 46.2 45.3 43.6 45.0 43.5 46.0 43.0 43.8

Nb 1.1 1.2 1.1 1.2 1.2 1.2 1.2 1.1

Hf 1.5 1.5 1.6 1.3 1.4 1.2 1.5 1.5

Ta \0.1 \0.1 \0.1 \0.1 \0.1 \0.1 \0.1 \0.1

Th 1.2 1.1 1.0 1.1 1.2 1.1 0.8 1.2

U 0.4 0.4 0.3 0.4 0.4 0.4 0.4 0.4

Y 16.4 16.1 15.6 15.8 14.9 15.6 15.1 15.6

Cu 28.9 33.8 21.1 26.7 35.2 53.4 30.4 49.4

Zn 24 26 9 27 26 23 22 20

Ni 3.5 3.5 1.2 3.5 4.1 3.7 2.9 4.4

Co 21.2 21.6 20.7 21.1 20.6 23.4 22.0 23.2

V 210 221 200 210 208 202 203 208

La 5.7 5.8 5.7 5.7 5.6 5.9 5.5 5.5

Ce 13.3 13.8 13.1 13.3 12.8 13.7 13.2 12.6

Pr 1.80 1.79 1.70 1.74 1.72 1.80 1.72 1.71

Nd 9.1 7.9 8.1 8.8 8.6 9.1 8.7 8.0

Sm 2.16 2.23 2.20 2.22 2.03 2.25 2.24 2.16

Eu 0.84 0.88 0.81 0.85 0.80 0.85 0.83 0.81

Gd 2.51 2.52 2.51 2.57 2.34 2.51 2.44 2.44

Tb 0.45 0.44 0.43 0.44 0.40 0.44 0.42 0.44

Dy 2.65 2.66 2.51 2.69 2.46 2.68 2.50 2.54

Ho 0.58 0.58 0.55 0.56 0.55 0.55 0.55 0.53

Er 1.72 1.71 1.78 1.75 1.58 1.64 1.71 1.71

Tm 0.27 0.27 0.26 0.27 0.25 0.27 0.25 0.26

Yb 1.75 1.76 1.74 1.76 1.66 1.72 1.68 1.71

Lu 0.28 0.27 0.27 0.28 0.25 0.28 0.26 0.27

Ga 16.4 15.9 15.5 15.8 15.0 15.6 15.7 15.2

Sample type: L lava, P pumice
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compared to calc-alkaline basaltic andesites from other

Sunda arc volcanoes (e.g. Merapi in Central Java; c.f.

Gertisser and Keller 2003), is the only minor LREE

enrichment in chondrite-normalised REE diagrams (Sup-

plementary material 5).

Oxygen isotopes

Plagioclase crystals extracted from the 2007–2008 dome

lava have d18O values between 6.5 and 7.6 % (n = 3),

whilst pyroxenes yield values of 5.4–6.7 % (n = 5)

(Table 4). The whole rock d18O value of the dome lava is

7.6 %, which is elevated relative to I-MORB. The

whole rock d18O values of meta-basaltic (Group 1) and

calc-silicate (Group 3) xenoliths are 6.2 and 10.3 %,

respectively. These xenolith values are similar to those of

xenoliths found in recently extruded lavas from Merapi

volcano in Central Java, Indonesia (Table 4; Gertisser and

Keller 2003; Troll et al. 2013). The new d18O values

described for Kelut are similar to those of other Javanese

volcanoes that lie either within or marginally higher than

the typical range of mantle-derived magmas such as

MORB (Harmon and Hoefs 1995) and I-MORB (Ito et al.

1987). Examples of Javanese volcanoes where d18O values

are available include: Galunggung (whole rock 5.8–6.4 %,

Gerbe et al. 1992; 5.6 to 6.0 in plagioclase and 5.3–5.6 in

pyroxene, Harmon and Gerbe 1992); Merapi (whole rock

5.6–8.3 %, Gertisser and Keller 2003; Troll et al. 2013);

Ringgit–Beser (whole rock 6.1–7.1 %, Edwards et al.

1994); Gede (5.5–6.0 % in clinopyroxene and 6.0 % in

plagioclase, Handley et al. 2010); Salak (5.2–5.4 % in

clinopyroxene and *6.0 % in plagioclase, Handley et al.

2008); Ijen (5.4–5.6 % in clinopyroxene and 6.1 % in

plagioclase, Handley et al. 2007). Bulk-rock and mineral

d18O values are not exactly equivalent and do not represent

directly magma d18O values. This is due to the effects of

alteration in the former and mineral–magma fractionation

in the latter, as discussed below (e.g. Hoefs 2005).

Crystal size distribution data

Calculated CSD plots for all mineral phases in the

2007–2008 dome lava (Fig. 6) exhibit kinked or curved

profiles, allowing each to be broken down into two or more

individual segments. Calculated input parameters and

results are shown in Table 5.

The CSD plots for plagioclase all lie within a distinct

band and range from a smooth, concave-upward slope to a

moderately kinked, straight slope (Fig. 6a, f). Each curve

can be divided into two distinctive populations, defined by

size (\0.25 and [0.25 mm), slope value (-11.661 to

-15.894 mm and -4.089 to -5.817 mm) and intercept

(6.630–7.798 mm-4 and 4.341–5.669 mm-4). Volumetric

phase proportions range from 25.6 to 33.9 vol.%. Charac-

teristic length values, calculated using the formula ‘Char-

acteristic length = -1/Slope’ (Marsh 1988), range from

0.063 to 0.086 mm for the smaller populations and 0.172 to

0.245 mm for the larger populations. The CSD plots cre-

ated using plagioclase groundmass microlites show

straight-line profiles (Fig. 6b, g, h). A downturn in the

smallest crystal sizes of both samples is considered to

represent a left-hand truncation effect resulting from the

difficulty in resolving the smallest crystal population. Slope

values range from -125.05 to 139.93 mm. Slope intercepts

range from 19.497 to 19.697 mm-4. Calculated charac-

teristic lengths range from 0.007 to 0.008 mm.

Orthopyroxene CSDs show smooth concave-upward

slopes that become strongly kinked at crystal sizes

\0.15 mm (Fig. 6c, f). A pronounced downturn of the

slope in the smallest crystal sizes of sample Kelut-A is

considered to be a left-hand truncation effect. Both CSDs

can be divided into two slopes (\0.20 and [0.20 mm).

Slope values range from -20.273 to -26.519 mm and

-2.524 to -6.430 mm. Slope intercepts range from 6.414

to 7.546 mm-4 and 1.913 to 3.540 mm-4. Volumetric

phase proportions range from 3.1 to 7.5 vol.%. Calculated

characteristic lengths range from 0.038 to 0.049 mm for

the smaller populations and 0.156 to 0.396 mm for the

larger populations.

The CSD plots for clinopyroxene exhibit predominantly

kinked patterns that can be divided into two distinct slopes
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Fig. 5 K2O versus SiO2 diagram (Le Maitre 1989) displaying

whole rock analyses of the 2007–2008 dome lava, alongside the

1990 eruption and unspecified pre-1990 eruptions (Bourdier et al.

1997; van Bergen et al. 2000). Also plotted, plagioclase-hosted melt

inclusions and groundmass glass analyses from the 2007–2008 lava

dome. All data recalculated to 100 % (on a volatile-free basis).
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Table 3 Major element and volatile concentrations of 2007–2008 lava dome plagioclase-hosted melt inclusions and groundmass glass

Sample KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B KPX-6B

Analysis A02 B01 B03 B05 B06 B07 C01 D01 F01 G01 H01 H03 I01

Plagioclase-hosted melt inclusions

SiO2 70.18 70.49 69.05 70.42 70.99 70.59 71.13 70.55 71.92 69.76 71.69 72.53 70.98

TiO2 0.96 0.75 0.72 0.69 0.69 0.70 1.01 0.67 0.78 0.79 0.63 0.69 0.85

Al2O3 9.63 9.95 11.35 10.84 11.80 11.12 9.34 10.86 10.70 10.34 11.37 10.76 10.48

FeO* 5.98 5.89 5.30 4.96 4.55 4.77 5.83 5.60 5.69 5.93 5.23 5.56 5.75

MnO 0.25 0.23 0.18 0.18 0.17 0.17 0.25 0.23 0.18 0.23 0.20 0.22 0.19

MgO 1.67 1.74 1.10 1.24 1.11 1.25 1.65 1.46 0.86 1.70 1.14 1.25 1.53

CaO 2.21 2.45 2.09 2.34 1.83 1.89 2.16 2.04 1.66 2.81 1.80 1.93 2.08

Na2O 3.93 4.01 5.09 4.60 4.32 4.04 3.83 3.92 3.82 3.96 3.58 3.72 3.53

K2O 2.98 3.03 2.61 3.12 3.88 3.79 3.09 3.43 3.52 3.10 3.45 3.03 3.66

P2O5 0.49 0.37 0.21 0.25 0.27 0.22 0.39 0.22 0.28 0.37 0.17 0.19 0.37

Total 98.29 98.90 97.71 98.64 99.60 98.54 98.68 98.98 99.41 98.99 99.26 99.88 99.42

Cl (ppm) 3,660 3,411 2,465 2,014 2,374 2,533 3,970 2,920 3,467 3,403 2,335 2,421 2,665

S (ppm) b.d. b.d. b.d. b.d. b.d. b.d. 184 154 b.d. 128 b.d. b.d. b.d.

Sample K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1 K-1

Analysis A01 A02 B01 B02 C02 C03 C04 C06 C07 C07b C07c C07d C07e C07f

Groundmass glass

SiO2 74.63 73.97 76.05 75.77 74.87 74.71 75.35 74.73 75.54 73.74 75.66 75.46 75.57 75.95

TiO2 0.67 0.74 0.72 0.66 0.67 0.69 0.71 0.62 0.63 0.71 0.63 1.02 0.82 0.62

Al2O3 12.01 12.01 11.75 11.47 11.75 11.83 11.56 11.79 11.80 11.51 11.36 11.97 11.88 11.88

FeO* 3.79 3.56 2.41 2.68 3.18 2.99 2.91 2.91 2.31 3.69 2.91 2.35 2.56 2.24

MnO 0.11 0.11 0.08 0.10 0.12 0.11 0.11 0.12 0.08 0.12 0.12 0.07 0.09 0.07

MgO 0.27 0.30 0.36 0.39 0.47 0.48 0.44 0.52 0.41 0.44 0.41 0.45 0.43 0.37

CaO 1.01 1.01 0.91 1.15 1.23 1.17 1.09 1.52 0.98 1.31 1.22 0.90 1.00 0.92

Na2O 3.05 3.05 2.95 2.86 3.03 3.09 3.11 3.23 3.17 3.11 3.03 3.17 3.00 3.20

K2O 4.27 4.16 4.35 4.28 3.94 3.94 3.97 4.03 4.13 3.98 4.06 4.27 4.15 4.18

P2O5 0.21 0.22 0.28 0.25 0.31 0.30 0.34 0.40 0.31 0.39 0.31 0.23 0.22 0.26

Total 100.02 99.14 99.86 99.61 99.58 99.30 99.59 99.88 99.37 98.98 99.71 99.89 99.73 99.70

Cl (ppm) n.d. n.d. n.d. 1,412 2,058 1,699 n.d. 2,433 n.d. n.d. n.d. n.d. n.d. n.d.

S (ppm) 176 b.d. b.d. b.d. b.d. b.d. b.d. 150 b.d. b.d. b.d. b.d. b.d. b.d.

b.d. below detection limit

n.d. not determined

* Total iron given as FeO

Table 4 Oxygen isotope data for the 2007–2008 dome lava, mineral phases and xenoliths, with calculated melt values

Sample Sample type SiO2 (wt.%) d18Ow.r. d18Opx d18Opx melt d18Ofsp d18Ofsp melt

K-L-6 L 54.90 5.4 5.7 6.7 6.5

5.7 6.0

K-A-1 L 55.00 5.4 5.7 6.5 6.2

5.6 5.9

K-BA-08-1 L 54.59 7.6 6.7 7.0 7.6 7.4

K-L ? XC-1 G3x 48.90 10.3

K-L ? XC-4 G1x 48.50 6.2

Sample type: L lava, G1x Group 1 xenolith, G3x Group 3 xenolith. All d18O values are reported in % relative to SMOW. See text for analytical

error. w.r. whole rock, px pyroxene, fsp plagioclase feldspar. d18O (melt) has been determined using mineral-melt values of ?0.2 and -0.3 %
for plagioclase and pyroxene, respectively (e.g. Kyser et al. 1981; Harris et al. 2005)
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(Fig. 6d). However, this division does not correlate

between CSDs. For example, the break of slope is located

at *0.28 mm in sample KLT-71a and at *0.95 mm in

sample Kelut-A. Slope values range from -5.464 to

-13.957 mm and -1.990 to -3.374 mm. Slope intercepts

range from 2.664 to 3.750 mm-4 and 0.696 to

0.901 mm-4. Volumetric phase proportions range from 4.2

to 6.4 vol.%. Calculated characteristic lengths range from

0.072 to 0.183 mm for the smaller populations and from

0.296 to 0.503 mm for the largest populations.

Ti-magnetite CSDs display variable profiles; sample Ke-

lut-A is defined by a single straight slope, sample KLT-71a by

two distinctive slopes (Fig. 6e, f). Slope values are

-62.64 mm and -15.015 to -15.801 mm, respectively.

Slope intercepts are 9.985 mm-4 and 5.981–6.575 mm-4.

Volumetric phase abundances were determined as 3–5 vol.%.

Calculated characteristic lengths are 0.016 mm for the

smallest population and 0.063–0.067 mm for the largest

population.

Magmatic intensive variables

Pre-eruptive H2Omelt values

A number of thermobarometers utilised in this study

require an initial estimate of pre-eruptive H2Omelt, which

was determined by applying the ‘difference method’ (De-

vine et al. 1995) to plagioclase-hosted melt inclusions. The

precision of this method is considered to be ±0.5 wt.%.

Mass deficiencies range from 0.12 to 2.29 wt.% (aver-

age = 1.05 wt.%; n = 13; 1r = 0.57 wt.%). The average

value of 1.05 wt.% was therefore used as a primary

H2Omelt input for plagioclase-melt models. Minimum and

maximum values of 0.12 and 2.29 wt.% were used as

alternative inputs for plagioclase-melt thermometry and

hygrometry, to evaluate the control of the initial H2Omelt

value on calculated intensive variables.

Temperatures and H2Omelt from plagioclase-melt models

The KD[Ab–An] test described by Putirka (2008) was applied

to identify plagioclase compositions in equilibrium with the

dome lava whole rock. On this basis, only compositions

between An65–83 were found to be suitable for thermoba-

rometry (Fig. 7a). This test also allows the determination of a

maximum H2O content. Using an H2O input [4.5 wt.%

results in temperature estimates below 1,050 �C and requires

a KD[Ab–An] of 0.10 ± 0.05. This renders the vast majority

of analysed plagioclase crystals out of equilibrium with the

2007–2008 dome lava (cf. Putirka 2008). The maximum H2O

content is therefore constrained to *4.5 wt.%.

Temperatures calculated with P08-24a range from 1,151

to 1,164 �C (average = 1,160 �C; n = 303). These values

are within *15 �C of the calculated plagioclase saturation

temperature of 1,168 �C. P08-25b yields H2Omelt values

between 1.5 and 1.9 wt.% (average = 1.8 wt.%; n = 303;

1r = 0.09 wt.%), considerably lower than those predicted

by P05-mH, which range from 2.3 to 3.3 wt.% (aver-

age = 2.7 wt.%; n = 303; 1r = 0.22 wt.%), but consistent

with values derived from melt inclusions. This lack of

correlation, alongside P05-mHs’ known tendency to over-

estimate H2Omelt values, suggests that the results of P08-

25b are the more reliable ones and are thus applied for

further thermobarometric calculations.

Alternative H2Omelt values of 0.12 and 2.29 wt.% pro-

duce average temperature values of 1,195 �C (based upon

minimum H2Omelt = 0.12 wt %) and 1,115 �C (based

upon maximum H2Omelt = 2.29 wt.%). The same second-

ary inputs produce H2Omelt estimates of 0.9 and 2.6 wt.%,

respectively. These H2Omelt values were used as secondary

inputs for clinopyroxene-melt thermobarometry.

Pressures and temperatures from clinopyroxene-melt

models

To select a suitable whole rock composition for ther-

mobarometry with clinopyroxene phenocrysts, the KD[Fe–

Mg] values between clinopyroxene (rims and cores undif-

ferentiated) and four potential melt compositions were

tested (2007–2008 dome lava whole rock, cumulate

xenolith (Group 2) whole rock, groundmass glass, plagio-

clase-hosted melt inclusion). The host rock produced val-

ues that were closest to the ideal KD[Fe–Mg] of 0.28

(Putirka 2008) and were therefore selected as the melt

composition with which the majority of the clinopyroxenes

had equilibrated. As an additional test, the predicted min-

eral components of hedenbergite and diopside were plotted

against the observed components, as recommended by

Putirka (2008) and Mollo et al. 2010). The majority of the

clinopyroxene analyses plotted within 10 % of the one-to-

one line, which suggests that they are suitable for ther-

mobarometrical calculations (Fig. 7b).

Application of an initial H2Omelt input of 1.8 wt.% (pri-

mary input derived from plagioclase-melt hygrometry), P03

provides estimates of temperature between 1,106 and

1,140 �C (average = 1,118 �C; n = 58; 1r = 9 �C) and

pressure between -425 and 237 MPa (average = 111 MPa;

n = 58; 1r = 65 MPa). P08-32c generates pressure values

between 139 and 554 MPa (average = 365 MPa; n = 58;

1r = 91 MPa) (Fig. 7e). Samples that yielded negative

pressures were discounted during calculation of average P–T

values. The application of secondary H2Omelt inputs to model

P03 does not alter these P–T estimates.

When clinopyroxene analyses from meta-basaltic

(Group 1) xenoliths were tested, the 2007–2008 dome lava

was found to be the most suitable equilibrium liquid, with
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the majority of samples able to pass both of the previously

applied equilibrium tests (Fig. 7c). Application of the previ-

ously described primary H2Omelt input of 1.8 wt %, P03 pro-

vides P–T estimates between -720 and 237 MPa

(average = 136 MPa; n = 18; 1r = 243 MPa), and 1,049

and 1,129 �C (average = 1,118 �C; n = 18; 1r = 21 �C),

respectively. P08-32c produces a similar pressure range of

-117 to 367 MPa (average = 231 MPa; n = 19; 1r =

123 MPa) (Fig. 7e).

Using clinopyroxene analyses from cumulate (Group 2)

xenoliths, it was determined that Group 2 xenolith

whole rock data are the most suitable representation of an

equilibrium liquid (Fig. 7d). Using an initial H2Omelt value

of 8.3 wt.% (derived from amphibole hygrometry), P03

produces values in the range of 1,149–1,207 �C (aver-

age = 1,189 �C; n = 21; 1r = 14 �C) and 160–810 MPa

(average = 620 MPa; n = 21; 1r = 170 MPa), whilst

P08-32c calculates pressures between 640 and 1,150 MPa

(average = 820 MPa; n = 21; 1r = 140 MPa).

Pressures and temperatures from clinopyroxene

composition thermobarometry

The applied clinopyroxene thermometer (P08-32d) yields

temperature estimates for the 2007–2008 dome lava between

1,116 and 1,173 �C (average = 1,150 �C; n = 58;

1r = 12 �C). Temperatures derived from this model were

then used as inputs for the clinopyroxene barometer (P08-

32b), alongside an H2Omelt value of 1.8 wt.% derived from

plagioclase-melt hygrometry. This barometer calculates a

total pressure range of 18–557 MPa (average = 317 MPa;

n = 58; 1r = 109 MPa). Application of P08-32d/b to

clinopyroxene found within meta-basaltic (Group 1) xeno-

liths, using the same H2Omelt input, produces P–T estimates

between -119 and 515 MPa (average = 246 MPa; n = 19;

1r = 177 MPa) and 798 and 1,166 �C (average = 1,103 �C;

n = 19; 1r = 94 �C), respectively. Although temperature

estimates remain unchanged by the application of secondary

H2Omelt values, a value of 0.9 wt.% yields an average pressure

of 205 MPa, and a value of 2.6 wt.% produces an average

pressure of 282 MPa.

Equilibrium tests for the cumulate (Group 2) xenoliths

revealed that both dome lava whole rock and cumulate

(Group 2) xenolith whole rock were suitable choices for melt

compositions. When P08-32d/b is applied to cumulate

(Group 2) xenolith clinopyroxenes, using 2007–2008 dome

lava whole rock compositions, P–T estimates range from

1,060 to 1,199 �C (average = 1,136 �C; n = 45;

1r = 25 �C) and -49 to 427 MPa (average = 280 MPa;

n = 45; 1r = 113 MPa). If the cumulate xenolith whole

rock composition is used as a liquid composition, temperature

results lie between 1,061 and 1,213 �C (average = 1,174 �C;

n = 21; 1r = 37 �C), while the resulting pressures range

from 253 to 842 MPa (average = 693 MPa; n = 21;

1r = 157 MPa).

P–T relationships and H2Omelt from amphibole

thermobarometry/hygrometry

Calculated pressures for amphibole-bearing xenoliths range

from 569 to 650 MPa (average = 603 MPa; n = 7;

SEE = ± 66 MPa; 1r = 27 MPa). Application of the

Table 5 CSD input parameters and results, including crystal habit and Lmax

Sample Mineral Count Crystal habit Roundness Shape Lmax Phase proportion

Short Intermediate Long R2 values

KLT-71a Plagioclase 1,221 1.00 1.50 2.60 0.88 0.3 Rectangular prism 1.55 30.6

KLT-71a Orthopyroxene 234 1.00 1.50 3.00 0.52 0.3 Acicular 1.67 3.1

KLT-71a Clinopyroxene 199 1.00 1.00 2.00 0.60 0.3 Rectangular prism 1.37 4.2

KLT-71a Ti-magnetite 663 1.00 1.20 1.40 0.92 0.3 Rectangular prism 0.45 5.0

KLT-A Plagioclase 396 1.00 1.25 2.00 0.65 0.3 Acicular 1.55 33.9

Kelut-A Plagioclase 633 1.00 1.15 1.80 0.85 0.3 Rectangular prism 1.01 25.6

Kelut-A Orthopyroxene 234 1.00 1.10 1.30 0.82 0.3 Acicular 0.82 7.5

Kelut-A Clinopyroxene 201 1.00 1.60 2.10 0.84 0.3 Rectangular prism 1.67 6.4

Kelut-A Ti-magnetite 204 1.00 1.15 1.30 0.86 0.3 Rectangular prism 0.45 3.0

Crystal habit is calculated using the CSDSlice methodology of Morgan and Jerram (2006). Lmax is calculated by averaging the four largest

crystals within each identified population

Fig. 6 Crystal size distribution (CSD) plots for mineral phases in the

2007–2008 lava dome. a Plagioclase CSDs show curved profiles,

whilst b plagioclase microlite CSDs show straight slopes with a

distinctive down-turn in the smallest crystal fraction. c Orthopyroxene

CSDs show complex, kinked profiles. d Clinopyroxene CSDs exhibit

curved profiles e Ti-magnetite CSDs show generally straight slopes.

f Digitised thin sections for samples KLT-71a, Kelut-A and KLT-A,

showing plagioclase, orthopyroxene, clinopyroxene, Ti-magnetite and

vesicles g Digitised BSE image for sample Kelut-A, showing

plagioclase microlites. h Digitised BSE image for sample KLT-71a,

also showing plagioclase microlites

b
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Fig. 7 a Equillibrium tests for the 2007–2008 dome lava plagioclase

using the KD[Ab–An] (Putirka 2008). b Mineral DiHd equilibrium

tests for 2007–2008 dome lava clinopyroxene and 2007–2008 dome

whole rock. c Mineral DiHd component equilibrium tests between

meta-basaltic xenolith (Group 1) clinopyroxene and the 2007–2008

dome lava whole rock. d Mineral DiHd component tests for

equilibrium between cumulate xenolith clinopyroxene (Group 2)

and cumulate xenolith whole rock. e Pressure–temperature fields for

2007–2008 dome lava, alongside meta-basaltic and cumulate xeno-

lith, derived from clinopyroxene barometry. cpx clinopyroxene, Di
diopside, Hd hedenbergite, Ab albite, An anorthite
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hygrometer provides H2Omelt estimates between 8.1 and

8.6 wt.% (average = 8.3 wt.%; n = 7; SEE = ± 1.3

wt.%; 1r = 0.2 wt.%). These are significantly higher than

values acquired from plagioclase-melt hygrometers and

suggest crystallisation from a significantly more hydrous

melt than the 2007–2008 dome lava plagioclase. Calcu-

lated temperatures appear low when compared to temper-

ature data previously acquired from plagioclase-melt,

clinopyroxene-melt and clinopyroxene models, ranging

from 992 to 1,005 �C (±22 �C; average = 999 �C; n = 7;

SEE = ± 22 �C; 1r = 4.5 wt.%). Calculated oxygen fu-

gacities range from DNNO = 0.7 to 0.9 (average = 0.8;

n = 7; SEE = 0.4; 1r = 0.06).

Discussion

Intensive variables and their implications

for the magma plumbing system of the 2007–2008

Kelut eruption

The pressure estimates acquired above provide indications

of the main magma storage zones and magma plumbing

system within the crust below Kelut. Calculated pressures

were converted to depths using a crustal density approxi-

mated from the inferred crustal stratigraphy (2,640 kg/m3)

(Smyth et al. 2005, 2007). The three models applied to the

2007–2008 dome clinopyroxene define a broad region of

crystallisation between 0 and 17 km, but with a bimodal

distribution of pressure values. The first occurs at a depth

of *10 km, and the second at a depth of *4 km. The

latter appears less clearly defined, with a spread of clino-

pyroxene crystallisation throughout the upper crust (*2 to

7 km). This is a likely indicator of a complex system

involving multiple magma storage zones throughout the

upper crust and compares favourably with recent studies of

the magma plumbing systems of other Indonesian arc

volcanoes (e.g. Dahren et al. 2012; Chadwick et al. 2013;

Preece et al. 2013a; Troll et al. 2013). The overlap in

calculated temperature values provides a total range of

1,111–1,152 �C for this mid- to upper crustal system. This

range correlates with temperature estimates produced via

plagioclase thermometry (1,151–1,164 �C), implying that

the majority of plagioclase crystallisation also occurs

within the mid–upper crustal system. Plagioclase

hygrometry provides an H2Omelt estimate for this mid- to

upper crustal system of 1.5 to 3.3 wt.% (average = 2.25

wt.%).

Meta-basaltic xenoliths (Group 1) produce an overall

average depth value of 3.9 km, with a total range of 0 to

13.3 km. The high proportion of negative pressures pro-

duced is a likely representation of disequilibrium between

the chosen melt composition (2007–2008 dome lava

whole rock) and the minerals used for thermobarometry,

resulting from the significant variation in mineral assem-

blages, textures and compositions observed. Generally

shallow depths, alongside an overall lower average tem-

perature value of 1,102 �C, appear to constrain the meta-

basaltic xenoliths to the upper crustal system, thus sug-

gesting that these belong to chilled margin facies from

shallow dyke and sill intrusions. Results acquired from

cumulate xenolith (Group 2) clinopyroxene contrast

strongly with those of meta-basaltic xenoliths, and produce

an overall average depth of 18.4 km and a temperature of

1,182 �C. Amphibole barometry produces a similar aver-

age depth estimate of *15.6 km, with a range of

14.7–16.8 km. These results overlap with the shallowest

results derived from clinopyroxene barometry of Group 2

xenoliths and point to a storage region located in the deep

crust (inferred Moho depth = 25 km; Guntoro 1999),

potentially comparable to the ‘melting, assimilation, stor-

age and homogenisation’ (MASH) zone of Hildreth and

Moorbath (1988) or the ‘deep-crustal hot zone’ of Annen

et al. (2006).

Magma dynamics beneath Kelut: petrographic

indicators

Plagioclase textures

In the Kelut 2007–2008 dome, plagioclase sieve textures

and oscillatory zonation are a common feature (Fig. 2a–d).

Numerous theories as to the origin of sieve textures in

plagioclase have been proposed, including mixing with a

hotter or more mafic magma (e.g. Dungan and Rhodes

1978; Tsuchiyama 1985; Troll et al. 2004), rapid decom-

pression (Nelson and Montana 1992) and skeletal growth

during gas exsolution (Kuo and Kirkpatrick 1982). In the

Kelut 2007–2008 dome lava, the melt inclusions that form

sieve textures are predominantly elongate parallel to crystal

faces and cross-cut polysynthetic twin planes, which allows

skeletal growth to be ruled out. Nelson and Montana (1992)

showed that coarse sieve textures could be generated by

variations in pressure at constant temperature. Although

similarly coarse sieve textures can be observed in the Kelut

2007–2008 dome (Fig. 2b), they are very rare compared to

the fine-grained variety and restricted to the cores of the

largest plagioclase phenocrysts. This observation suggests

that decompression-driven resorption does indeed play a

role in the system, but it is relatively minor in comparison

with thermally driven resorption and occurred during the

early stages of crystal growth.

The experiments of Tsuchiyama (1985) and Sunagawa

(1992) illustrate that simple dissolution could be induced

by an increase in melt temperature as little as 5–10 �C.

When albite-rich crystals are immersed within a hotter melt
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that is in equilibrium with a more anorthite-rich plagio-

clase, the ensuing reaction causes melt penetration of the

crystal faces and formation of a fine-grained sieve texture

(partial dissolution). Type 1 plagioclase crystals are

therefore considered to have come into contact with a

hotter, more mafic melt and thus provide likely evidence

for mafic magma recharge and subsequent mixing pro-

cesses. The presence of multiple sieve-textured zones

within the largest crystals implies multiple mixing events

prior to eruption. Where Type 1 plagioclase crystals exhibit

a sieve-textured core, they are interpreted as examples of a

greater degree of resorption, most likely through lengthy

contact with a hotter, more mafic melt.

The presence of oscillatory zonation, with generally only

small-scale compositional variations, suggests a regime of

near-constant intensive parameters rather than the major

change that might be expected from a magma-mixing event,

or rapid depressurisation (e.g. Shore and Fowler 1996;

Stewart and Fowler 2001; Landi et al. 2004; Shcherbakov

et al. 2010). The relative abundance of oscillatory zonation

compared to sieve-textured zones in the Kelut dome pla-

gioclase population further strengthens the argument that in

the Kelut magma plumbing system, oscillatory zonation

results from long-term processes that are prevalent within

the system rather than low-frequency, high impact events

(e.g. Troll et al. 2004). The abundance of fairly small

changes in An content between zones (\10 mol.%) implies

relatively minor local disequilibrium rather than contact

with a melt of significantly different composition (e.g. Troll

and Schmincke 2002). The composition of plagioclase is

strongly dependent upon melt temperature, water fugacity

and melt composition. Although changes in pressure that

exceed several kilobars are capable of altering plagioclase

compositions (Nelson and Montana 1992), parameters such

as H2O fugacity are more severely affected by pressure

changes, allowing even minor changes in pressure to indi-

rectly alter plagioclase composition in volatile-rich magmas

(Shcherbakov et al. 2010). Hygrometrical estimates of pre-

eruptive H2Omelt for the lower crustal system and the mid-

to upper crustal system (8.1–8.6 wt.% and 1.5–3.3 wt.%,

respectively) suggest that the magmas that fed the

2007–2008 eruption were hydrous, and therefore allowed

the compositions of crystallising plagioclase to be altered

during transportation within the relatively small vertical

pressure gradient that might be expected within a single

magma reservoir. As such, we interpret these zones as the

result of crystal–liquid kinetics, arising from crystal

movement within a thermally and compositionally zoned

magma body, facilitated by convection currents (e.g.

Homma 1932; Vance 1962; Hattori and Sato 1996; Ginibre

et al. 2002a; Shcherbakov et al. 2010). Where boundaries

between individual growth zones undulate, they are

considered an indicator of simple dissolution, and therefore

the delicate balance between growth and subsequent

resorption during convectional circulation (Pearce and

Kolisnik 1990; Humphreys et al. 2006).

The zonation of iron in plagioclase provides a further

indicator of pre-eruptive magmatic processes beneath Ke-

lut. Iron is not a major element within plagioclase, but can

be used as an indicator of processes such as melt differ-

entiation, convection and magma recharge (Singer et al.

1995; Ginibre et al. 2002b; Troll and Schmincke 2002;

Lundgaard and Tegner 2004). The Fe content of plagio-

clase is influenced by melt composition (Ginibre et al.

2002b; Ruprecht and Wörner 2007), oxygen fugacity, melt

temperature, melt H2O content and plagioclase An content

(Bindeman et al. 1998; Wilke and Behrens 1999).

Although other studies have shown either a positive cor-

relation or no correlation between An and Fe content

(Ruprecht and Wörner 2007; Shcherbakov et al. 2010;

Mollo et al. 2011), the Kelut 2007–2008 dome plagioclase

crystals show a negative correlation, with Mg and Fe

contents of up to *0.5 and *2 wt.%, respectively, espe-

cially in zones of An depletion (down to *An45) (Sup-

plementary material 3). This feature has also been observed

in plagioclase phenocrysts from basaltic andesites of

nearby Merapi volcano (Chadwick et al. 2007). Mollo et al.

(2011) demonstrated that incorporation of Mg and Fe

within plagioclase correlates positively with An content

and is strongly controlled by cooling rate. However, the

apparent decoupling of An with Mg and Fe observed

within the 2007–2008 dome lava plagioclases suggests that

an additional factor must play a role. Lundgaard and

Tegner (2004) showed that the primary control upon par-

tition coefficients for both Fe2? and Fe3? is melt compo-

sition, rather than oxygen fugacity or plagioclase

composition. Oxygen fugacity ultimately affects Fe parti-

tioning by controlling the proportions of Fe2? to Fe3? in

the melt. However, when Fe2?/Fe3? ratios were calculated

stoichiometrically, no systematic variations were observed,

either within individual crystals or across the entire

2007–2008 dome lava plagioclase population. This sug-

gests that Fe-rich zones do not represent any significant

change in oxygen fugacity. Such zones may therefore

represent contact with a less evolved, more Fe- and Mg-

rich melt during magma recharge and mixing events (e.g.

Troll and Schmincke 2002). However, this fails to account

for the low An content of these zones. An alternative

explanation for the origin of low An, high Fe/Mg zones is

the interaction of plagioclase phenocrysts with non-mag-

matic, crustal-derived melts, which are themselves the

result of interaction between ascending magmas and upper

crustal volcaniclastic sediment, calc-silicate material or

crustal limestones (cf. Chadwick et al. 2007).
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Mantled pyroxenes

Heterogeneous nucleation of clinopyroxene onto orthopy-

roxene may be an indicator of temperature increase

resulting from the influx of a hotter magma or convective

self-mixing (e.g. Nakagawa et al. 2002; Humphreys et al.

2009; Handley et al. 2010). The resorbed nature of many

orthopyroxene cores may suggest that they were introduced

to the shallow system during magma ascent from a deeper

storage region and/or magma mixing. In this instance,

resorption is envisaged to be the result of decompression

during ascent, followed by nucleation and crystallisation of

clinopyroxene. Alternatively, orthopyroxene phenocrysts

may have originated within the shallow storage region,

being resorbed by the influx of a hotter, more mafic

magma. The textural complexity observed in both the

general orthopyroxene population and the mantled pyrox-

ene population suggests that both processes may play a role

in the formation of mantled pyroxenes.

Meta-basaltic xenoliths and glomerocrysts

Textural observations such as rounded crystal morpholo-

gies in Group 1 xenoliths indicate partial re-melting.

Where examples of lobate plagioclase and Ti-magnetite are

found within clinopyroxene oikocrysts, they are interpreted

as examples of preserved melt pockets. Clinopyroxene

thermobarometry indicates that these xenoliths originated

primarily within the upper crustal system (\10 km), and

we therefore suggest that they represent upper crustal,

chilled margin facies recycled from the margins of shallow

dyke and sill intrusions.

Variations in dominant mineralogy and texture among

the glomerocrysts observed within the dome lava suggest

multiple sources. Complex patterns of oscillatory zoning

and sieve textures are unlikely to be formed or preserved

within cumulate phases for very long. As such, examples

that include complexly zoned plagioclase crystals within

the interior of the assemblage are interpreted as crystal

clusters, composed of crystals that met and adhered to one

another during convective circulation. Where glomer-

ocrysts show textural similarity with meta-basaltic (Group

1) xenoliths (such as highly rounded crystals, outer layers

of large, zoned plagioclase and hornfels textures), they are

interpreted to result from partial disaggregation of meta-

basaltic xenoliths (Group 1). Examples that exhibit no

zonation are therefore considered to represent material that

originally crystallised in situ within a thermal boundary

zone. Outer crystals that exhibit zoning are considered to

be magmatic in origin, having adhered to the glomerocrysts

during convective circulation. In a few cases, an addi-

tional population of glomerocrysts is observed, typified

by orthocumulate textures, containing polymineralic

assemblages that imply in situ crystallisation and a lack of

exchange between interstitial liquid and magma chamber

liquid. In these, clinopyroxene is commonly the cumulus

phase, with plagioclase and minor Ti-magnetite as inter-

cumulus phases. Such examples are considered to represent

the recycled products of chilled margin thermal boundary

zones.

Crustal xenoliths

Based on the studies of van Bemmelen (1949), Hamilton

(1979), Guntoro (1999) and Smyth et al. (2005, 2007), the

upper crust beneath Kelut comprises 8–11 km of recycled

volcaniclastic crustal sediments derived from the arc itself,

with minor shallow crustal limestones, underlain by a

basement of metamorphosed arc and ophiolite material

(e.g. metavolcanics and mafic intrusions). Meta-volcani-

clastic xenoliths within the 2007–2008 lava dome provide

evidence for incorporation and possible assimilation of

upper crustal volcaniclastic sediment, whilst calc-silicate

xenoliths imply interaction with upper crustal limestones.

The shallow position of these limestones within the

stratigraphic framework of Smyth et al. (2005) constrains

the window of limestone assimilation and incorporation of

older calc-silicate material to the uppermost crust.

Magma dynamics beneath Kelut: a quantitative textural

perspective

Crystal size distribution trends

The majority of CSD plots for the 2007–2008 dome lavas

display curved or kinked profiles, typically allowing for the

presence of two separate slopes. Kinking or curvature of

CSD slopes is often interpreted to result from processes

such as textural coarsening, mixing of crystal cargoes and

crystal accumulation (e.g. Higgins 1996; O’Driscoll et al.

2007). The degree of curvature provides a qualitative

measure of the maturity of the mixing process, whereas the

degree of kinking offers a qualitative measure of the

overall complexity of the textural history (Cashman and

Marsh 1988; Marsh 1998; Higgins 1996; Higgins 2006;

Higgins and Roberge 2007). Previously described petro-

graphical features suggest that the dominant mechanism for

the generation of such CSD profiles is magma mixing.

Higgins (2006) showed that magma mixing preserves the

slopes of each component, regardless of their proportions.

However, the value of the intercept and therefore the

population density is lowered and no longer represents the

true value. This observation suggests that although resi-

dence times can be derived from the slope values of the

CSDs, calculations of parameters such as nucleation rate

and population density will be inaccurate. The strong
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petrographic evidence for resorption as a relevant process

in the 2007–2008 dome lavas suggest that periods of

crystallisation are missing from the textural record and as

such, any residence times calculated from the CSD slopes

are an absolute minimum.

The two distinct slopes for plagioclase (Fig. 6a) suggest

two crystal populations. This division is verified by plotting

slope intercept values against characteristic length, which

produces distinctive clusters of larger and smaller plagio-

clase and Ti-magnetite size fractions (Supplementary

material 6). The divisions of clinopyroxene and orthopy-

roxene in this way are fairly arbitrary and show that two

slopes are probably not an entirely adequate representation

of the complexity of pyroxene populations.

Residence times were calculated for each plagioclase

slope using the method of Marsh (1988) and a selected

growth rate of 1 9 10-10 mm s-1 (Higgins and Roberge

2007). Results range from 32 to 78 years for the larger

population. These values imply that some plagioclase

crystals may have experienced up to three of Kelut’s pre-

vious eruptions while retained in the magma plumbing

system. The smaller fractions produce residence times

between 20 and 28 years, but the level of identified

resorption suggests that they are not ideal for residence

time calculations.

Straight slopes exhibited by plagioclase groundmass

microlite CSDs are an indicator of a single nucleation

event, likely a function of rapid crystallisation in response

to ascent and eruption. Growth rates of plagioclase micr-

olites are estimated to lie between 1 9 10-6 and

1 9 10-8 mm s-1 (Hammer et al. 1999; Brugger and

Hammer 2010; Preece et al. 2013a). Using these growth

rates, minimum and maximum crystallisation times were

calculated and range from *2 h to 9 days. Such crystal-

lisation times suggest that microlite growth was late-stage,

occurring during magma ascent and extrusion.

Complexly curved and kinked CSD profiles for orthopy-

roxene and clinopyroxene show that these phases also consist

of multiple crystal populations that have in part undergone a

complex textural history. Minimum residence times for the

largest populations were calculated using a growth rate of

1 9 10-8 mm s-1 (cf. Burkhard 2005), yielding 100–

270 days for orthopyroxene and 200–350 days for clinopy-

roxene. Such short growth times suggest that pyroxene (1) is

extremely late-stage, (2) represents recycled constituents of

cumulates derived from the magma chamber solidification

fronts or (3) is subject to slower rates of growth than assumed

in our calculation. Commonly observed orthocumulate tex-

tures suggest that some of these processes certainly occur,

although we favour interpretations (2) and (3) to be the main

reason for such low residence times. The heterogeneity of

pyroxene textures, crystal sizes and CSDs provides evidence

for recycling and re-incorporation of cumulate material, and

implies that no single growth rate is likely to be suitable for

the entire pyroxene population of the 2007–2008 dome lava.

Ti-magnetite CSDs display simpler profiles, but, in the

case of sample KLT-71a, can still be divided into two

slopes. A lack of major compositional variation coupled

with calculated residence times of 18–77 days would imply

that Ti-magnetite crystals are the result of a single nucle-

ation event. However, the curvature of the KLT-71a CSD

provides evidence for multiple populations and suggests

that a single growth rate may not be applicable. Consid-

ering that the dome could not be seen until approximately

30 days after the first evidence of imminent eruption, it

seems plausible that one oxide population formed largely

during final ascent, whilst another grew during shallow

storage.

Integrating plagioclase petrography and crystal size

distribution analysis

The CSD technique has been applied widely in igneous

petrology to complement petrographical and geochemical

observations and interpretations (Cashman 1988, 1991;

Higgins 1996; Morgan et al. 2007; Higgins and Roberge

2007; O’Driscoll et al. 2007; Vinet and Higgins 2011). To

test the validity of our petrographical interpretations, and

relate qualitatively the different slopes of the plagioclase

CSDs with the crystal textures observed in the 2007–2008

dome lava, sample KLT-71a was re-digitised to allow the

distinction of plagioclase Types 1, 2 and 3. A single CSD

plot for each of the three petrographic populations (Types

1, 2 and 3) was produced, whose slopes are labelled CSD1,

CSD2 and CSD3, respectively (Fig. 8c). These were then

plotted alongside the total plagioclase CSD (CSDtot)

(Fig. 8a). A possible source of error that must be consid-

ered here is the overall crystal count. CSD1 and CSD2 are

based upon 106 (15.08 % of total area) and 122 (6.07 % of

total area) crystals, respectively, compared to 856 (4.28 %

of total area) for CSD3. Right-hand truncation effects might

be expected to result from those with low crystal counts,

caused by a disproportion of larger crystals compared to

smaller ones. However, there is little evidence for this on

the plots themselves, and few points were removed due to

unacceptable errors.

Marsh (1988) showed that a curved CSD plot is the

result of the interaction between two or more individual

slopes. If the petrographic subdivisions are then related to

the interpreted crystal populations identified from the

CSDs, the CSD plots for each plagioclase type (CSD1,

CSD2 and CSD3) should link to slopes 1 and 2 of the

plagioclase CSD (Fig. 8b). A diagram showing CSD1,

CSD2 and CSD3 plotted with CSDtot is provided in Fig. 8a.

Together, CSD1, CSD2 and CSD3 produce a shape that is

similar to CSDtot and is defined by an upward-concave
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curve that dips below the profile of CSDtot towards the

middle. However, error bars associated with the largest

fractions of CSD3 and the smallest fractions of CSD1 and

CSD2 are sufficiently large to account for this discrepancy.

The degree to which these individual CSDs fit the slopes of

CSDtot can be assessed quantitatively by comparing the slope

equations derived from linear regressions of each CSD plot. A

slope equation of y = -4.089x mm ? 4.341 mm-4 for

Slope 2 (Fig. 8b) compares favourably with those of CSD1

and CSD2 (y = -3.410x mm ? 2.267 mm-4 and y =

-4.385x mm ? 2.990 mm-4, respectively). This similarity

suggests that Type 1 and 2 plagioclase phenocrysts are linked

with Slope 2 and are therefore two petrographically distinct

members of the same crystal population. The slope equation

for Slope 1 of Fig. 8b is given by y = -15.894x mm ?

7.798 mm-4, similar to the slope value of CSD3 (y =

-12.045x mm ? 6.911 mm-4).

The similarity between the crystal populations identified

on the basis of textures and those identified by CSD shows

that Slope 1 of the plagioclase CSDs (Fig. 8b) equates to

Type 3 plagioclase micro-phenocrysts, whereas Slope 2

comprises both Type 1 and Type 2 phenocrysts, high-

lighting the petrological division between Types 3, and

both Types 1 and 2. The representation of two texturally
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Fig. 8 a Total plagioclase CSD plotted against CSDs calculated for

identified individual plagioclase populations. b Trendlines and slope

values for interpreted size fraction populations of the total plagioclase

CSD. c Trendlines and slope values for CSDs calculated from

interpreted petrographical plagioclase crystal populations
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distinct crystal populations (Types 1 and 2) by a single

CSD slope (Slope 2) suggests that, in this case, the CSD is

not as sensitive as the petrography and that the distinction

of these two crystal populations lies effectively below the

detection limit of the CSD.

Magma dynamics beneath Kelut: isotopic constraints

Magma d18O values were calculated from plagioclase and

pyroxene d18O values assuming values of Dfsp-melt and

Dpx-melt of ?0.2 and -0.3 %, respectively, whereDmineral-melt

is the per mil difference between mineral and magma at

equilibrium (e.g. Kyser et al. 1981; Harris et al. 2005).

Resulting d18Ofsp-melt values range from 6.2 to 7.4 %, which

are moderately elevated relative to typical I-MORB values of

5.35 to 6.05 % (average = 5.75 ± 0.3 %) (Ito et al. 1987)

and MORB values of 5.7 ± 0.2 % (Harmon and Hoefs 1995)

(Table 4). Calculated d18Opx-melt values range from 5.7 to

7.0 % and are either within the range of I-MORB values or

slightly above (Fig. 9a).

The extent of O-isotopic equilibrium between co-exist-

ing minerals has been investigated by plotting average

d18O values of plagioclase against those of pyroxene for

each sample (Fig. 9b). Isotopic equilibrium between two

minerals at the same temperature will result in a constant

difference in d18O values between the two phases (e.g.

Gregory and Criss 1986). As such, isotopic disequilibrium

leads to data arrays that cut across calculated isotherms

(Chiba et al. 1989). The Kelut data form a positive slope

that appears to be broadly parallel to calculated isotherms,

but deviates notably from the 1,150 �C isotherm, plotting

close to the 950 �C isotherm instead. Estimates of crys-

tallisation temperatures that typically cluster around

1,150 �C suggest that the 950 �C isotherm is not appro-

priate and that plagioclase and pyroxene are therefore not

in isotopic equilibrium.

Closed-system Rayleigh fractionation modelling of the

Kelut dome lava (Taylor and Sheppard 1986), assuming a

primary, I-MORB-like, mantle-derived melt with an aver-

age SiO2 value of 46.4 wt.% and d18O of 5.75 % (Ito et al.

1987), shows that four of the five d18Opx-melt values lie

within the range of typical I-MORB values (Ito et al. 1987),
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Fig. 9 Summary figure of whole rock d18O data for the 2007–2008

dome lava, crustal limestones (Gertisser and Keller 2003; Troll et al.

2012), a Merapi volcaniclastic xenolith (Troll et al. 2013), volcani-

clastic crustal sediment (Troll et al. 2013), a Kelut calc-silicate

xenolith and a meta-basaltic (Group 1) xenolith, also from Kelut. In

addition, plagioclase and pyroxene d18O values are shown, with their

corresponding magmatic d18O values. b Plot of d18Ofsp vs. d18Opx to

test isotopic equilibrium. Isotherms calculated after Chiba et al.

(1989). c Rayleigh fractionation model showing fractionation curve

derived from the I-MORB values of Ito et al. (1987). Magma d18O

values derived from pyroxenes and plagioclase are plotted alongside

2007–2008 dome lava whole rock and meta-basaltic and calc-silicate

xenolith whole rock analyses. Binary mixing arrays are plotted

between a basaltic andesite composition (55 wt.% SiO2, d18O =

? 5.9) and potential contaminants (volcaniclastic sediment, average

crustal limestone, calc-silicate xenolith). An additional mixing line

between average I-MORB concentrations (Ito et al. 1987) and a

Merapi volcaniclastic xenolith are also shown. Each tick mark

represents 10 % of the crustal contaminant in the mixture

b

298 Contrib Mineral Petrol (2013) 166:275–308

123



and on the Rayleigh fractionation trend (Fig. 9c). One

pyroxene gives a magma d18O value (7.0 %), that is

somewhat higher than I-MORB values and cannot be

produced from I-MORB via fractional crystallisation. This

difference in magma d18O values can be explained by

isotopic heterogeneity within the 2007–2008 dome lava

pyroxene population, possibly derived from the mixing of

pyroxenes from the lower or mid-crust, with pyroxenes that

originated within the shallow crustal system. The pyrox-

enes with I-MORB-like d18O values are interpreted to have

originated in the lower or mid-crust, where crustal con-

tamination processes are negligible, assuming an isotopi-

cally distinct deeper crust. Alternatively, contamination

may be masked by assimilation of lower or mid-crustal

lithologies with similar d18O values to the magmas them-

selves. The pyroxene with a higher d18O value provides

evidence for pyroxene crystallisation in the upper crust,

where the presence of volcaniclastic sediments and lime-

stones creates an isotopic contrast and therefore allows the

detection of crustal contamination (see section ‘‘Geody-

namic setting, geology and eruptive history of Kelut

volcano’’).

Magmatic d18O values calculated from plagioclase data

vary between 6.2 and 7.4 %, and are all higher than the

expected value for I-MORB or magmas derived from

I-MORB via fractional crystallisation. The most likely

explanation is that they have been affected by crustal

contamination in the isotopically distinct upper crust. The

single plagioclase with a higher magma d18O value

(7.4 %) must therefore have been most affected by crustal

contamination. The gap in magma d18O values calculated

from plagioclase may highlight isotopic heterogeneity

within the 2007–2008 dome lava plagioclase population,

with higher d18O plagioclase crystals originating at shal-

lower depths within the upper crust, where limestones and/

or calc-silicate material may become a more significant

contaminant (see section ‘‘Geodynamic setting, geology

and eruptive history of Kelut volcano’’). The contrast

between magma d18O values recorded by plagioclase and

pyroxene suggests that the former records a greater degree

of crustal assimilation, although some effect of the selected

fractionation factors or the small number of analyses can-

not be excluded.

An analysed calc-silicate xenolith (Group 3) has a d18O

value of 10.3 %, and although the calc-silicates are char-

acterised by O-isotopic compositions that lie between

mantle and typical Javanese upper crustal lithologies (cf.

Gertisser and Keller 2003; Troll et al. 2013), they are

considered here as a potential contaminant. This assumes

that old calc-silicate (skarn) material could be assimilated

after initial reaction with melt (e.g. Gaeta et al. 2009).

Additional d18O values of a volcaniclastic xenolith from

Merapi volcano (M-XCS-4; Troll et al. 2013),

volcaniclastic crustal sediment (J-VC-1; Troll et al. 2013)

and limestone (carbonate) crust (Gertisser and Keller 2003;

Troll et al. 2012) have been used as further potential

contaminants, and as end-members for binary mixing

models.

It is apparent from Fig. 9c that the Kelut samples do not

fall on any mixing arrays between the proposed contami-

nants and a typical I-MORB composition. By contrast, the

Kelut data plot within a mixing space between an uncon-

taminated Kelut basaltic andesite composition (55 wt.%

SiO2; d18O = 5.9 %), volcaniclastic crustal sediment and

calc-silicate, indicating that differentiation from basalt to

basaltic andesite occurred prior to the onset of crustal

contamination.

Binary bulk mixing of uncontaminated Kelut basaltic

andesite with calc-silicate material shows that up to

*35 % contamination is required to explain the d18O

values observed in the 2007–2008 dome lava. However, as

pointed out above, the d18O values of calc-silicate xeno-

liths are likely to have been lowered during their interac-

tion with silicate melt and consequent decarbonation

(Valley 1986). As such, values on the order of *35 % are

considered to represent absolute maximum values for the

degree of contamination. Significantly lower degrees of

contamination of original limestone (with a d18O value of

*20 to 25 %) would be required to produce similar values

to those observed in the Kelut 2007–2008 dome lava

(\10 %), although the concomitant substantial decrease in

whole rock SiO2 concentrations is not observed. Using

volcaniclastic crustal sediment as a contaminant, values of

up to *25 % contamination are required to produce the

observed maximum magmatic d18O values of Kelut. These

estimates of crustal contamination are significantly higher

than those for nearby Merapi volcano, as suggested by

Gertisser and Keller (2003) based on d18O–87Sr/86Sr rela-

tionships (up to *12 %), but are comparable to the esti-

mates of Troll et al. (2013), based on d18O isotopic data

alone. The former used local crustal limestones as potential

contaminants, whilst the latter also presented mixing arrays

with calc-silicates and crustal lithologies. At Kelut, none of

the selected contaminants can account individually for the

d18O values of the 2007–2008 dome lava. Instead, volca-

niclastic crustal sediment, calc-silicates as well as crustal

limestones may all play a role in the contamination of

magmas at Kelut during storage in the upper crust. Given

the relative abundance of volcaniclastic sediments over

crustal limestones in the upper crustal stratigraphy beneath

Kelut (van Bemmelen 1949; Hamilton 1979; Guntoro

1999; Smyth et al. 2005, 2007), we propose that volcani-

clastic crustal sediment is the most significant contaminant

of the 2007–2008 dome lava, with additional input from

calc-silicate material and/or crustal limestones. This pro-

vides a contrast not only with Central Java, where shallow
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crustal contamination is considered to be dominated by

limestone (e.g. Chadwick et al. 2007; Deegan et al. 2010;

Troll et al. 2013), but also with the Ijen Volcanic Complex

(East Java), where processes of crustal contamination are

considered to be negligible (Handley et al. 2007).

Magmatic processes beneath Kelut prior

to the 2007–2008 eruption: an integrated model

A conceptual model for the present magma plumbing system

beneath Kelut is given in Fig. 10. The variety of textures

observed in the 2007–2008 dome lava requires the presence

of a complex open-system magma plumbing system. Clino-

pyroxene-melt thermobarometry hints at two prominent

magma storage zones; the first in the mid-crust (*10 km

depth) and the second in the upper crust (\10 km depth). The

former represents the majority of barometrical results

obtained in this study and coincides with the approximate

position of the boundary between the metamorphic basement

and the overlying volcaniclastic sedimentary sequence

(8–11 km depth, Smyth et al. 2005). This observation likely

indicates stalling of ascending magmas near or at this

boundary due to a density contrast. Textural complexity in the

Kelut rocks and a broad distribution of pressure values that

reflect shallow upper crustal storage indicate a complex

regime of relatively small, interconnected magma pockets

throughout the upper crust (\ 10 km), with a possible magma

plexus at a depth of *4 km.

Upward migration of primary magmas

We envisage the generation and upward migration of pri-

mary (mantle-derived) hydrous basaltic magmas beneath

Kelut. These magmas stall around the crust-mantle

boundary (*25 km depth) and solidify in part as basic

intrusions through crystallisation of calcic plagioclase,

clinopyroxene, orthopyroxene, olivine and amphibole

forming cumulates (Fig. 10a). Estimates of 8.3 ± 1.3 wt.%

H2O for the melt in equilibrium with cumulate (Group 2)

xenoliths are comparable to other estimates of H2O con-

tents of primary subduction zone magmas (e.g. Sisson and

Layne 1993; Roggensack et al. 1997; Wallace 2005;

Humphreys et al. 2008; Blundy et al. 2010; Kelley et al.

2010). However, this water content is shown to decrease to

between 1.5 and 3.3 wt.% just prior to eruption. We sug-

gest that these lower crustal, amphibole-bearing cumulates

play some role in the removal of water from hydrous,

mantle-derived melts that stall in the lower crust (e.g.

Davidson et al. 2007), but will in turn liberate H2O on

reincorporation into the active magma system. Magmatic

degassing during ascent to shallower crustal levels is also

envisaged to alter the H2O content of the melt and is

possibly the greater control on pre-eruptive H2O content.

Eventually, these mafic to intermediate magmas rise

through the deep crust and stall in the mid-crust, at the

boundary between the metamorphic basement and the

overlying volcaniclastic sedimentary sequence. Plagio-

clase–clinopyroxene–orthopyroxene–amphibole–olivine

cumulate xenoliths are recycled into the magma and

transported upwards at this stage, and depressurisation

forces solid phases (e.g. plagioclase) above their liquidus,

thus promoting extensive resorption (Fig. 10b).

Magma mixing and formation of sieve textures

Phenocryst textures alongside CSD profiles indicate the

operation of magma mixing as a significant process within

the Kelut plumbing system. The proposed driving forces

behind magma mixing can be variable, including convec-

tive self-mixing (e.g. Couch et al. 2001; Troll and

Schmincke 2002), injection of new magma (e.g. Sparks

et al. 1977; Huppert and Sparks 1980) and mixing within

the conduit during eruption (e.g. Snyder and Tait 1995;

Wiesmaier et al. 2011).

The Fe–Mg-rich zones observed in plagioclase traverses

imply contact with a more mafic hydrous melt. It is

therefore suggested that continued fractional crystallisation

in mid-crustal storage zones increases the thermal and

compositional contrast between deep-crustal and mid-

crustal magmas, to create the basaltic andesite magma that

extruded in 2007–2008. Ascending hotter, more mafic and

more hydrous deep-crustal magmas are likely introduced

Fig. 10 A conceptual model for magmatic processes and plumbing

architecture beneath Kelut volcano. Schematic crustal stratigraphy

derived from van Bemmelen (1949), Hamilton (1979), Guntoro

(1999) and Smyth et al. (2007). Sequential development of observed

CSD profiles is given where relevant. Plag plagioclase, Px pyroxene,

Opx orthopyroxene, Cpx clinopyroxene, Ol olivine, Amph amphibole.

a Stalling of melts derived from partial melting of the underlying

mantle wedge, and formation of plagioclase–amphibole–clinopyrox-

ene–orthopyroxene–olivine cumulates within a broad area between 20

and 25 km. b The ascent of magma to shallower levels recycles deep-

crustal, amphibole-bearing cumulate nodules and causes intensive,

decompressive resorption of the crystal cargo. c Mixing of ascending

magmas with magmas that stalled in the transitional region between

basement and overlying sediments, and continued to evolve in the

mid-crust. Mixing with hotter, more primitive recharge magmas

generates disequilibrium textures such as sieve textures and mantled

pyroxenes. d Magmas in the mid-crustal storage zone continue to

evolve and generate oscillatory zoning in the plagioclase cargo via,

for example, convective self-mixing, disturbed periodically by

ascending recharge magmas. e Ascent of mid-crustal magmas into a

region of multiple magma storage zones within the upper crust

promotes further mixing of crystal populations. Conduit margin

material, comprising chilled margin facies and country rock (volca-

niclastic crustal sediments, calc-silicate material, crustal limestones),

is entrained within magmas and recycled/assimilated. f Eruption of a

thoroughly mixed magma with a blended crystal cargo and xenoliths

that represent much of the entire magma plumbing system. Eventu-

ally, most meta-basaltic xenoliths (Group 1) partially break down to

produce glomerocrysts of varied mineral assemblages

b
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periodically to the mid-crustal level. Contact of plagioclase

formed in the mid-crustal zone with these magmas pro-

motes partial dissolution and generation of sieve textures

that define Type 1 plagioclase (e.g. Dungan and Rhodes

1978; Tsuchiyama 1985) (Fig. 10c). Examples of ‘spongy

cores’ are considered to represent crystals that were

entirely incorporated into the intruding magma and

underwent accelerated thermal resorption (Troll et al.

2004; Humphreys et al. 2006). Additionally, heavily re-

sorbed mineral phases that originated in the deep-crustal

zone are dispersed into more evolved mid-crustal magmas,

leading to the resorbed crystal cores observed within Type

1 and 2 plagioclase crystals, and nucleation of clinopy-

roxene on pre-existing orthopyroxenes. Rhyolitic melt

inclusions within sieve-textured zones in plagioclase may

imply that the main magmatic evolution occurs in this mid-

crustal storage zone.

If the injected magma (magma B) is less dense than the

resident magma (magma A) (Fig. 10), turbulent fountain-

ing will lead to rapid dispersal and disaggregation of

magma B and generate magmatic enclaves exhibiting

chilled margins (Campbell 1996; Coombs et al. 2002).

However, no magmatic enclaves were found within the

2007–2008 dome and CSDs slopes are generally curved,

suggesting fairly complete and steady-state mixing rather

than mingling processes in operation at this level.

If magma B is denser than magma A, basal flow and

underplating of magma A will occur, providing a heat

source that drives thermal convection (Huppert and Sparks

1980; Snyder and Tait 1995; Couch et al. 2001; Troll et al.

2004). A diffusive interface may then form between the

two magmas, with heat being transferred to, and driving

convection in magma A, whilst slowly leading to large-

scale mixing (Turner and Campbell 1986; Eichelberger

et al. 2000) (Fig. 10c).

Plagioclase crystals without sieve textures (Type 2) are

considered to have remained separated from rejuvenating

melts, either by evolving in a magma pocket that did not

experience magma mixing or, alternatively, by being located

at the top of a storage chamber or pocket and hence not sig-

nificantly affected by mixing. Crystals situated in the upper

portions of the chamber are unlikely to sink through multiple

diffusive layers and are therefore considered to continue to

grow with oscillatory zoning that reflects small variations in

P–T conditions only. The presence of multiple sieve-textured

zones within individual crystals suggests that parts of this

mid-crustal storage zone may be subject to regular mixing

events. Type 1 and Type 2 plagioclase are therefore consid-

ered to be products of the mid-crustal magma storage zone,

and hence, they record a range of different processes. This

agrees with CSD analyses, which indicate a strong similarity

between the two crystal types, while Type 3 plagioclase

micro-phenocrysts are markedly different.

Convective self-mixing and oscillatory zoning

Previous authors have shown that convection within

magma bodies represents an important controlling factor

for magma dynamics at depth and can be driven by a wide

variety of processes (e.g. Huppert and Sparks 1984;

Brandeis and Jaupart 1986; Martin et al. 1987). Worster

et al. (1990) showed that vigorous convection can be ini-

tiated without the need for superheating, instead being

generated by processes such as heat loss through the

chamber roof or crystallization. Figure 10d illustrates how

conduction of heat through the chamber roof in the Kelut

magma plumbing system creates a negative buoyancy in

the upper chamber, thus driving temperature-controlled

convective currents. Plagioclase crystals within the main

magma body are entrained within magma convection cur-

rents, transporting them through minor temperature and

pressure gradients and causing the growth of oscillatory

zones in conjunction with simple dissolution. As such,

oscillatory zonation represents periods of ‘background’

activity within a slowly cooling magma chamber or pocket

and leads to the generation of Type 2 plagioclase crystals.

The considerable variation in textures between Type 1 and

2 plagioclase crystals, coupled with the CSD evidence that

they both originate within the mid- to upper crustal system,

implies that the reservoir(s) must have been sufficiently

heterogeneous to allow for a variety of pre-eruptive pro-

cesses. We suggest that compositional and thermal gradi-

ents may be large enough to generate double-diffusive

layering, developing chambers and pockets that are strati-

fied (Fig. 10d).

During turbulent convective periods, driven by injection

of magma from deep zones, cumulus material and chilled

margin material are recycled into the melt body and subject

to disaggregation, creating multiple populations of clino-

pyroxene and orthopyroxene and generating the complex

CSD slopes observed in Fig. 6c, d.

Continued ascent, xenolith incorporation and degassing

It is envisaged that mid-crustal magmas eventually ascend

into, and stall within, the upper crust. Clinopyroxene

barometry indicates relatively evenly distributed crystalli-

sation throughout the upper crust, implying multiple

magma storage pockets, in which magmas of broadly

similar composition slowly ascend, perhaps stalling in one

broad region before final ascent. Similar concepts have

been suggested for other Indonesian volcanoes such as

Merapi (Troll et al. 2013; Preece et al. 2013a) and Krakatau

(Dahren et al. 2012; Gardner et al. 2013). Upper crustal

residence continues the trend of evolution towards rhyolite

and promotes thorough mixing of multiple crystal popu-

lations. Meta-basaltic (Group 1) and calc-silicate (Group 3)
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xenoliths are incorporated and/or assimilated within this

upper crustal region (as defined by stratigraphy and

clinopyroxene barometry) (Fig. 10e).

Calculated H2O contents range from *1.5 to 3.3 wt.%,

while melt inclusion Cl and S concentrations show 2,000 to

4,000 and \200 ppm (Table 3), respectively. These data

suggest that pre-eruptive volatile concentrations of the

2007–2008 dome lava are comparable to other dome-

forming, subduction-type volcanoes such as Merapi,

Shiveluch and Colima (e.g. Blundy et al. 2006; Humphreys

et al. 2006; Savov et al. 2008, Preece et al. 2013b). Sig-

nificantly lower volatile concentrations in groundmass

glass (e.g. Cl = \2,500 ppm and average estimated

H2O = 0.4 wt.%; n = 14; 1r = 0.3) indicate considerable

loss of volatiles during final ascent and eruption. Assuming

a depth to the shallow storage zone of *4 km and utilising

the time gap of 1 month between initial indications of

increased activity from the monitoring record and first

observations of the lava dome, a magma ascent rate of

0.0015 m/s can be inferred for the 2007–2008 eruption

(Siebert et al. 2011). Anomalous CO2 fluxes observed up to

4 months prior to the first stages of the eruption may rep-

resent the influx of a hot, volatile-rich magma into the

shallow storage system, or the liberation of crustal volatiles

from such rejuvenation. If this point in time is taken instead

to mark magma ascent, the inferred ascent rate is calculated

at 0.0004 m/s.

Explosive versus effusive eruptive behaviour at Kelut:

hazard implications

Similarities between major and trace element compositions

of the 1990 and 2007–2008 eruptions imply that the con-

trasting eruption styles of Kelut are not the result of geo-

chemical variation. We suggest that differences in

degassing behaviour, as a function of ascent rate, are likely

to play a significant role in the eruptive behaviour of the

volcano, as suggested for similar andesitic systems such as

Mt. Pelee (e.g. Martel et al. 2000), Taranaki (e.g. Platz

et al. 2007) and Merapi (e.g. Gertisser et al. 2011; Preece

et al. 2013a).

More locally, the reduction in volume of the Kelut crater

lake during lava dome extrusion in 2007–2008 has

important implications for ongoing hazard management in

the surrounding area. At present, the threat of primary, hot

lahars has been temporarily removed, rendering Kelut

volcano less hazardous compared to its volcanic history of

deadly lahar-forming eruptions that have caused more than

15,000 deaths since A.D. 1500. The presence of relict lava

domes at the summit of the Kelut edifice implies that lava

dome extrusion may be cyclic, with periods of high ex-

plosivity and the presence of a substantial crater lake that

transition into short periods of effusive activity and crater

lake displacement. Explosive phases are known historically

to have not only generated devastating lahars, but also to

have widened and deepened the crater lake, increasing the

overall volume of water that can be available for lahar

generation. As shown in 2007–2008, effusive activity can

counteract this by gradually removing the crater lake and

infilling the crater with dome material. In August 2012, the

remaining crater lake was estimated to be only

*1 9 103 m3 in volume (A. Bernard pers. comm. 2012),

which contrasts with the pre-2007 lake volume of

2.1 9 106 m3. The absence of a significant crater lake

lessens the potential for Kelut to produce large-scale pri-

mary lahars and suggests that, at least until such time as the

dome is removed and the crater lake fully re-established,

Kelut’s greatest hazard is mitigated. With an average

rainfall of 5–7 9 106 m3/year, Kelut’s crater lake is theo-

retically capable of refilling within a few years of an

eruption, as shown by measured rates of lake level rise of

up to 5 cm per day following the 1990 eruption (Siebert

et al. 2011). However, it appears that the presence of the

new 2007–2008 dome in the crater has inhibited the

development of a significant crater lake during the past

5-year period since the 2007–2008 eruption.

Conclusions

The Kelut 2007–2008 lava dome provides evidence for a

complex magma system that comprises a deep-crustal

storage region, a mid-crustal storage zone and a diffuse,

upper crustal zone, likely made up of multiple magma

storage zones and pockets. Crystal size distributions indi-

cate that mixing processes occur in the mid- to upper crustal

system, combining multiple texturally distinct plagioclase

populations. Complex zonation, disequilibrium textures and

Fe-rich crystal zones observed in the shallow crystal pop-

ulations indicate both convection of stored magmas and

interaction of older, shallower magmas with hotter magmas

from depth. Recharge magmas may contain resorbed crystal

cargoes and cumulate xenoliths, indicating crystal recycling

and decompression-induced resorption, hence contributing

to the overall textural diversity of the Kelut eruptive prod-

ucts. Multiple disequilibrium textures preserved within

single plagioclase crystals indicate multiple magma mixing

events and incremental evolution in the upper crustal stor-

age region prior to eruption. Calculated magma H2O con-

tents range from *8.1 to 8.6 wt.% in the deep storage

region and decrease to *1.5 to 3.3 wt.% in the mid- to

upper crustal region. Estimated ascent rates of 0.0015 m/s

and 0.0004 m/s facilitate degassing of the 2007–2008

magma batch already in the conduit, allowing protracted

volatile escape via permeable conduit wall rocks, and thus

likely limiting the eruption style to effusion.
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Oxygen isotopic data are either similar or moderately

elevated relative to typical I-MORB values and can be

explained by assimilation of upper crustal material,

including volcaniclastic crustal sediments, calc-silicates

and limestones. Variations in d18O–SiO2 space indicate

that none of these potential contaminants can account

independently for the d18O variations observed in the Kelut

2007–2008 eruption. Instead, a combination of both vol-

caniclastic sediment and calc-silicate (and/or limestone)

contamination is required by our data, with a likely pre-

dominance of the former given the abundance of recycled,

arc-derived volcaniclastic sediment in the upper crust of

East Java. Variations in calculated magma d18O values

from pyroxenes (5.7–7.0 %) and plagioclase (6.2–7.4 %),

alongside isotopic disequilibrium between plagioclase and

pyroxene suggest multiple populations of crystals that

originate from different depths within the magma system.

Binary bulk mixing models indicate that differentiation

from basalt to basaltic andesite largely occurred prior to

any assimilation of isotopically distinct, upper crustal

material, whilst the evolved magma compositions observed

in melt inclusions and groundmass glass suggest that dif-

ferentiation towards rhyolitic compositions must have

occurred within the mid- to upper crustal system.

Regarding the hazards that Kelut volcano poses to the

surrounding population, the gradual growth of a lava dome

during the 2007–2008 events has resulted in the displace-

ment of the crater lake, which has temporarily removed

Kelut’s most acute hazard, namely the generation of pri-

mary, hot lahars.
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