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Abstract

Syn-eruptive degassing of volcanoes may lead to syn-eruptive crystallization of groundmass phases. We have investigated
this process using textural and compositional analysis of dome material from Merapi volcano, Central Java, Indonesia. Samples
included dome lavas from the 1986–88, 1992–93, 1994 and 1995 effusive periods as well as pyroclastic material deposited by
the November 1994 dome collapse. With total crystallinities commonly in excess of 70% (phenocrysts1 microlites), the
liquids present in Merapi andesites are highly evolved (rhyolitic) at the time of eruption. Feldspar microlites in dome rocks
consist of plagioclase cores (Ab63An29Or8) surrounded by alkali feldspar rims (Ab53An5Or42), compositional pairs which are not
in equilibrium. A change in the phase relations of the ternary feldspar system caused by degassing best explains the observed
transition in feldspar composition. A small proportion of highly vesicular airfall tephra grains from the 1994 collapse have less
evolved glass compositions than typical dome material and contain rimless plagioclase microlites, suggesting that the 1994
collapse event incorporated less-degassed, partially liquid magma in addition to fully solidified dome rock.

As decompression drives volatile exsolution, rates of degassing and resultant microlite crystallization may be governed by
magma ascent rate. Microlite crystallinity is nearly identical among the 1995 dome samples, an indication that similar microlite
growth conditions (PH2

O and temperature) were achieved throughout this extrusive period. However, microlite number density
varied by more than a factor of four in these samples, and generally increased with distance from the vent. Low vent-ward
microlite number densities and greater microlite concentrations down-flow probably reflect progressively decreasing rates of
undercooling at the time of crystal nucleation during extrusion of the 1995 dome. Comparison between dome extrusion episodes
indicates a correlation between lava effusion rate and microlite number density, suggesting that extrusion slowed during 1995.
Crystal textures and compositions in the 1992–93 and 1994 domes share the range exhibited by the 1995 dome, suggesting that
transitions in crystallization conditions (i.e., rates of undercooling determined by effusion rate) are cyclic.q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Two important issues related to the mitigation of

hazards associated with dome-forming eruptions are:
(1) the nature of transitions in eruptive style between
effusion and explosion; and (2) assessment of the
extent to which magmatic processes are involved in
dome collapse. Addressing both of these topics
involves understanding processes of volatile exsolu-
tion and escape during magma ascent (Woods and
Koyaguchi, 1994; Barclay et al., 1995; Bagdassarov
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et al., 1996; Stasiuk et al., 1996). When magma
degasses as an open system during ascent it arrives
at the surface non-explosively (Westrich et al., 1988;
Fink et al., 1992; Stix et al., 1993). However,
blockage of escaping gases (partly closed system
degassing) may cause the style of eruption to abruptly
become explosive (Fink and Kieffer, 1993; Nakada,
1993; Zapata et al., 1997).

Approaches to the study of degassing at active
volcanoes include direct gas sampling or flux
measurements (Le Guern et al., 1982; Stoiber et al.,
1983; Rose et al., 1988; Zapata et al., 1997) and inter-
pretation of long-period seismicity thought to be
associated with unsteady fluid movement (Chouet,
1996; Cruz and Chouet, 1997). In addition, volatile
and isotopic studies of glasses and melt inclusions in
the dome rocks themselves have yielded information
about the magnitude of pre- and syn-eruptive degas-
sing and the sealed (closed) vs. leaky (open) system
nature of this process (Taylor et al., 1983; Newman et
al., 1988; Anderson and Fink, 1989; Fink et al., 1992).
However, these measurements reflect the integrated
sum of degassing events, so that the conduit processes
of consequence to eruptive style may be overprinted
by post-eruptive outgassing. Another investigative
tool is the characterization and analysis of crystal
textures which record conditions of gas loss (Swanson
et al., 1989; Cashman, 1992; Stevenson et al., 1994a).
Because the liquidus temperature rises in response to
decreasing H2O content, the extent of degassing may
be reflected in the groundmass (microlite) crystallinity
of the quenched magma provided that crystals have
sufficient time to grow (Geschwind and Rutherford,
1995). The spatial concentration of microlites is a reflec-
tion of the effective supersaturation rate, so that rapid
rates of undercooling result in high rates of nucleation
and a dense population of crystals (Swanson, 1977).
Crystal morphology may also constrain rates and
extents of undercooling (Lofgren, 1974; Corrigan,
1982; Sunagawa, 1984). Furthermore, the composition
of crystallizing feldspar is dependent on H2O content as
well as the liquid composition (Abbot, 1978; Housh and
Luhr, 1991; Nekvasil, 1992; Geschwind and Ruther-
ford, 1995). Systematic variation in feldspar composi-
tion may indicate a change in the extent of degassing
over time, while textural parameters such as crystal
number density may signal changes in the rate at
which degassing occurs.

In this study we examine microlites in recent dome
lavas and pyroclastic deposits of Merapi volcano,
Indonesia. In contrast to more vigorous, sporadic
dome-producing eruptions at Mt. Unzen, Japan, and
Soufriere Hills, Montserrat, Merapi is characterized
by long-lived slow effusion and regular dome
collapses interrupted by periodic (,50 y intervals;
van Bemmelen, 1949) explosive eruptions. Evalua-
tion of the controls on transitions in eruptive style is
a particularly timely concern at Merapi given that the
last large explosive eruption occurred in 1930.
Samples from the 1986–88, 1992–93, 1994 and
1995 domes as well as pyroclastic flow, surge and
airfall material from the November 22, 1994 collapse
were included in a comparative analysis of ground-
mass microlite characteristics. Feldspar composition
and microlite number density, shape and size distribu-
tions were characterized with the goal of exploring the
extent to which microlites record the process of
degassing at Merapi.

2. Recent merapi activity

During the last 20 y, episodes of dome growth and
failure have reshaped the SW-facing crater summit of
Merapi. A brief summary of activity in Table 1
provides a context for the samples characterized in
this study (unpublished data, Merapi Volcano Obser-
vatory; Ratdomopurbo, 1995). The current dome
complex began to form after the catastrophic dome
collapse of June 13–15, 1984. Three main periods
of activity can be identified through 1995: (1)
construction of the 1984–90 dome, with the major
growth periods between June 1984 through February
1985 and resurgence from October 1986 through mid-
1988; (2) vigorous effusion of a new dome, 1992
through mid-1993; and (3) effusion from a new
vent, 1994–95, with main growth episodes between
April and August 1994. Resurgence from the same
vent following the November 1994 collapse began
in July 1995. The pre- and post-collapse segments
of the 1994–95 effusive period are hereafter identified
as the 1994 and 1995 domes, respectively. Volume
surveys demonstrate that over this period effusive
flux varied by a factor of six, ranging from 0.05
to 0.32 m3 s21. Long term effusion rate is
relatively constant at 0.039 m3 s21 (100 y average,
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Table 1
Recent Merapi activity and samples used in this study (gray arrows indicate nuee´s aredentes; black arrows indicate catastrophic dome failure
events)



Siswowidjoyo et al., 1995). Although this extrusion
rate is slow compared with the range in growth rates
of Mount St. Helens dome lobes (0.7–20 m3 s21;
Anderson et al., 1995) and the early 1991 Unzen
extrusion (4.6 m3 s21; Nakada and Motomura,
1995), the continuous nature of this activity has
produced a total volume of lava during the last
100 y of more than 108 m3 (Siswowidjoyo et al.,
1995).

Rock falls and pyroclastic flows occur frequently at
Merapi. Pyroclastic flows may transport material
more than 10 km from the vent, sometimes main-
taining temperatures above 3008C at the time of
deposition (Berthommier, 1990; Boudon et al.,
1993). A catastrophic dome failure mobilized roughly
2:5–3 × 106 m3 of pyroclastic debris in November
1994, producing pyroclastic flows and surges that
claimed at least 64 lives in the villages of Turgo and
Kaliurang, about 5 km from the summit (Smithsonian,
1995; Abdurachman et al., 2000 – this volume).
Several episodes of dome destruction, such as the
June 1984 and February 1992 pyroclastic flows,
have occurred at the beginning of growth periods.
Others, including the November 1994 failure and
pyroclastic flows in October 1996, happen within
eruptive intervals. During the 10 y interval investi-
gated here, no significant collapses occurred during
the relatively quiet intervals of 1988–92 and mid-
1993–94 (Ratdomopurbo, 1995).

Merapi is also recognized for consistent production
of magmatic gases uncontaminated by meteoric fluids
(Le Guern et al., 1982; Symonds et al., 1987). Allard
et al. (1995) estimate that the mass flux of magmatic
gases from Merapi exceeds the mass flux of lava from
the volcano, indicating that degassing occurs at depth
from un-erupted lava. Using measurements of the
long-term SO2 gas flux and original magmatic sulfur
content, Allard et al. (1995) calculate that an average
of 1:3 × 105 m3 of magma is degassed per day,,40
times greater than the 100-year average mass of
magma extruded per day.

3. Sampling

Samples from the 1986–98 portion of the 1986–90
dome, and from the 1992–93, 1994–95, and 1995
effusive episodes were collected in 1990, 1992,

1993, and 1995 (Fig. 1). Sample M92A was collected
in June 1992 from the 1992 dome; other samples of
the 1992–93 dome were obtained in 1993 or 1995.
Samples collected before 1993 were fragments of
blocky lava collected during monitoring work, during
a period of dominantly endogenous dome growth.
Although the relative ages of samples are incomple-
tely constrained, these samples do provide a basis for
comparison between flows. Several additional
samples of the 1992–93 lava and 1994 portion of
the 1994–95 dome were collected in late 1995.
Samples from the 1992–93 dome were collected in
situ from the northwestern part of the crater. Samples
of the 1994 dome were collected from blocks that
toppled from the dome onto a shelf on the southern
part of the crater rim near the Gendol solfatara field
(Le Guern et al., 1982) before November 22, 1994, as
well as in situ samples from the 1994 dome headwall
that remained following the November dome
collapse. Pyroclastic flow, surge, and airfall material
deposited by the November 22, 1994 nue´e ardente was
collected from the Boyong river valley at locations
5–6 km from the vent. The airfall deposit was gener-
ated as an ash cloud from the pyroclastic flow in the
Boyong channel. These particulate materials represent
a sampling from the interior of the dome at the time of
collapse.

Relatively straightforward access to the dome in
October 1995 provided an excellent opportunity to
sample the 1995 dome in detail. Samples were
collected at 5–10 m intervals along a linear trend
extending down-flow from the vent of 1995 lava
(Fig. 1). All samples were taken from a single coher-
ent slab of lava, except for sample 951 which was
collected with the assistance of the Merapi Volcano
Observatory staff approximately 80 m from the vent
(Table 1).

4. Analytical methods

4.1. Compositional analyses

A CAMECA SX-50 Electron Probe Microanalyzer
(EPMA) utilizing a ZAF X-ray intensity reduction
routine was used to determine glass and plagioclase
microlite compositions. Powdered whole rock
samples from several domes were also analyzed by
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Fig. 1. Summit map showing locations of dome samples used in this study. Features of the inactive part of the summit were obtained from the
topographic map of Sadjiman, (1986). Inset maps modified from Boudon et al., 1993.



EPMA following fusion at 12008C for 2 h in a
Del-Tec one atmosphere furnace. Feldspar analyses
were obtained using a focused beam with a 15 keV
accelerating voltage and 10 nA beam current. Plagio-
clase microlite and phenocryst compositions were
determined for the 1995 dome samples and several
grains from the airfall, pyroclastic flow, and surge
deposits from the 1994 collapse.

Glass analyses were obtained using 15 keV accel-
erating voltage and 10 nA beam current. A defocused
beam (3–5mm spot size) was used to minimize alkali
loss. Sodium was counted first to further reduce the
effect of migration away from the beam. Synthetic
glass standards were used for measuring Al, Si, Fe,
Mn, Ca, and Mg to best match the atomic configura-
tion and abundance of these elements in the samples.
The rate of sodium loss from the glasses was assessed
by applying a defocused beam (6mm diameter) to the
largest available expanses of glass for periods of 60 s,
while the instrument counted NaKa X-rays. The inten-
sity of the signal decreased linearly as a function of
time. Based on extrapolation to zero time, we calcu-
lated a 12% loss in Na over the first 10 s, the length of
time during which Na is counted during analyses. A
multiplicative factor of 1.12 has been applied to all the
measurements of Na2O in glass reported in Table 2.

4.2. Textural analyses

A standard petrographic microscope was used at
low magnifications (25–50× ) for initial sample char-
acterization. Polished, carbon-coated thin sections
were subsequently imaged with a JEOL 6300V
Scanning Electron Microscope. Conditions for
imaging with back-scattered electrons (BSE) include
10 keV acceleration potential and 3–6 nA beam
current, operating at 15mm working distance. Most
crystallinity and crystal number density measure-
ments were made using images collected at 1000×
magnification. Lower magnification (500× ) was
used to characterize samples having relatively large
microlites. Measurements of crystal dimensions and
areas, phenocryst-free groundmass crystallinity, and
microlite number density, were made using two
image processing software packages, NIH Image
and Dapple PrismView. Only groundmass textures
were characterized, thus all terms describing crystal
textures refer to microlite features unless phenocrysts

are explicitly discussed. For example, crystallinity
refers to the feldspar microlite content of the ground-
mass.

The average atomic number of plagioclase micro-
lites is typically very close to that of the glass, so that
the contrast between these phases in a (BSE) gray-
scale image is insufficient to resolve the microlites
by gray scale value alone. For this reason, microlites
were identified and selected manually. Each crystal
was marked with a dot of a particular gray value.
The dots were then selected and counted automati-
cally (see Fig. 2a). The phenocryst-free area of each
image represents the area of liquid available for late
stage crystallization, and is called the reference area
(AR). Crystal number density (NA), or number of
microlites per mm2, is obtained by dividing the
number of crystals in an image not including those
intersecting two of the four image edges (Rose,
1988) by the reference area. Crystallinity, expressed
as a fraction (f) of the groundmass, was measured by
point-counting microlites from printed versions of the
images. All symbols used are defined in Appendix A.

To obtain shape and size information about indivi-
dual crystals in an image, each plagioclase microlite
was manually outlined using NIH Image. Outlined
features were selected, filled in, and converted into a
binary image. Similar binary images were made for
vesicles and phenocrysts, and combined using
Boolean operations to create a graphical map of the
original gray scale image where each component of
interest (e.g. microlites, vesicles, glass, phenocrysts)
is represented by a different gray value (Fig. 2b). Only
crystals that were completely enclosed within the
image were used to obtain size and shape information.

Assuming that crystals are square in two-
dimensional (2D) intersections, an average crystal
size (sn) can be computed based on the number of
crystals and their total area:sn � ��fAR�=
�number of microlites��0:5; or (f /NA)0.5. Although
this parameter is a convenient means for comparing
samples, size distribution and shape information
obtained from select samples also allows average
three-dimensional (3D) sizes to be computed.
Additionally, a volume-based median size (sv),
obtained from the cumulative volume distribution,
allows estimation of a characteristic size on the
basis of volume (and therefore mass) rather than
number. However, all volume-based estimates of
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Table 2
Compositions of Merapi glasses

Domes

This study: 1995 dome Bardintzeff, 1984 Berthommier, 1990

Sample m95a1a m95ca m95da m95ga m95ea m951a 1978 domeb 1984 domeb

Increasing distance from ventÿÿÿÿÿÿÿÿÿ! Lightc Darkc

n 8 5 8 4 2 3 2016 252

SiO2 74.3 (0.4) 75.3 (0.4) 74.5 (0.4) 75.7 (0.6) 74.6 (0.3) 75.2 (1.2) 75.0 71.7 74.5
TiO2 0.43 (0.13) 0.48 (0.08) 0.42 (0.07) 0.44 (0.14) 0.52 (0.09) 0.38 (0.05) 0.48 0.44 0.50
Al2O3 12.6 (0.1) 12.4 (0.2) 11.8 (0.4) 12.6 (0.3) 12.3 (0.1) 12.5 (0.4) 12.9 14.7 13.4
MgO 0.18 (0.03) 0.17 (0.03) 0.16 (0.03) 0.11 (0.01) 0.14 (0.04) 0.07 (0.01) 0.21 0.26 0.12
CaO 0.49 (0.08) 0.51 (0.13) 0.51 (0.07) 0.58 (0.08) 0.54 (0.05) 0.50 (0.09) 0.42 0.79 0.32
MnO 0.09 (0.02) 0.10 (0.05) 0.11 (0.02) 0.07 (0.03) 0.02 (0.01) 0.07 (0.06) 0.08 0.20 0.07
FeOT 2.52 (0.24) 2.35 (0.14) 2.43 (0.19) 2.10 (0.07) 2.24 (0.11) 1.57 (0.22) 1.78 2.35 2.19
Na2O 3.79 (0.21) 3.50 (0.41) 3.08 (0.22) 3.31 (0.22) 3.65 (0.04) 3.69 (0.16) 2.95 3.44 2.65
K2O 6.02 (0.13) 5.92 (0.30) 5.59 (0.26) 6.09 (0.08) 5.98 (0.21) 6.21 (0.22) 6.13 6.10 6.20
Total 100.4 (0.5) 100.7 (0.4) 98.8 (0.4) 101.0 (0.3) 99.9 (0.4) 100.2 (0.8) 100.0 100.0 100.0

Tephra

This study: airfall material from November 1994 collapse Bardintzeff, 1984

Sample M81Bd M65Bd M65Bd M65B M65B M65B
Vesicular grain Vesicular grain A Vesicular grain B Vesicle-free grain C Vesicle-free grain D Vesicle-free grain E 1955–58 ashb

n 7 11 2 2 5 4

SiO2 66.1 (0.4) 66.1 (0.3) 64.7 (0.8) 74.5 (0.3) 72.2 (0.4) 72.6 (0.5) 270.4
TiO2 0.53 (0.07) 0.54 (0.10) 0.50 (0.02) 0.62 (0.03) 0.47 (0.08) 0.52 (0.11) 0.35
Al2O3 15.2 (0.1) 14.5 (0.2) 15.5 (0.0) 12.3 (0.3) 12.1 (0.3) 11.7 (0.2) 14.6
MgO 0.73 (0.07) 0.58 (0.03) 0.75 (0.01) 0.25 (0.06) 0.15 (0.06) 0.12 (0.03) 0.27
CaO 2.06 (0.13) 1.54 (0.13) 2.49 (0.04) 0.18 (0.00) 0.44 (0.13) 0.44 (0.05) 1.27
MnO 0.13 (0.03) 0.11 (0.03) 0.09 (0.03) 0.12 (0.02) 0.08 (0.05) 0.11 (0.04) 0.16
FeOT 3.61 (0.15) 3.48 (0.10) 4.10 (0.20) 0.96 (0.22) 2.13 (0.27) 2.50 (0.34) 2.11
Na2O 3.54 (0.52) 3.91 (0.24) 3.72 (0.23) 2.92 (0.04) 3.51 (0.23) 3.42 (0.12) 4.76
K2O 5.08 (0.14) 5.90 (0.14) 5.69 (0.14) 5.87 (0.16) 6.23 (0.09) 6.30 (0.16) 6.03
Total 97.3 (0.3) 97.0 (0.4) 97.9 (0.9) 98.1 (0.4) 97.6 (0.3) 97.9 (0.4) 100.0

a Values are average microprobe analyses. The number of significant digits reflects precision of method for analysis of given oxide.n, number of analyses in average. Numbers in
parentheses are one standard deviation.

b Analyses normalized to 100.0% for comparison.
c Author identifies light and dark bands in pyroclastic material.
d M81B vesicular grain corresponds to M81B-1 in Table 4; M65B vesicular grain A corresponds to M65B-1 in Table 4. Other M65B grains, B–E, in this table arenot the same as

grains reported in Table 4.



crystal size require conversions of 2D measurements
to three dimensions.

Higgins (1994) showed that the longest side of a
crystal viewed in thin section (longest chord,l) is less
than the true longest dimension. Furthermore, the
modal value of the breadth (shortest chord,b) to
length ratio for all of the crystals in a sample repre-
sents the characteristic ratio of the intermediate to
shortest dimension (I). This is an exact method
when all of the crystals have the same habit. While
we observe that neither habit nor size are constant, we
assume that crystal habit varies at least as much
between samples as within them, and report the results
of shape and size analyses as single characteristic
values for each sample. Combining shape and size
information, expressions for crystal size based on

the true length of the shortest (a) and intermediate
dimensions (b) may be obtained:a� sn (modal
b/l)1/2, b � sn (modalb/l)21/2.

The skewness of theb/l distribution may be used to
estimate the length of the longest axis relative to the
shortest axis (L; e.g. Higgins, 1994). When applied to
some of the distributions obtained here, this produced
negative and/ or unrealistically large values forL.
Consequently, we considered two alternative methods
to calculate the true length. The first is to use the third
moment of the population density function, which has
been described in detail elsewhere (Marsh, 1988;
Cashman, 1992). An expression, modified from Cash-
man (1992), relates crystal fraction, area number
density and a shape factor:f � 6knos4

; whereno �
�NA�2=f andk � �S=L��I =L�; or I =L2

: Solving forL, the
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Fig. 2. Several image processing steps are illustrated using the image of Fig. 3d. Dark gray crystals are feldspar microlites. White crystals are
mafic minerals, including pyroxenes and oxides. (a) Each microlite is marked with a dot having a gray scale value of 15 (scale from 0–255).
Dots may be selected and counted by NIH Image, which also measures the image area according to a pre-set scale.NA is calculated as the
number of microlites per reference area,AR. (b) A map is made by combining separate binary images of each phase (feldspar phenocrysts,
oxides, glass, and feldspar microlites).AR is calculated as the total area multiplied by the area fraction of (glass1 microlites).f represents the
phenocryst-free, oxide-free microlite crystallinity.



expression simplifies to:L � �6I �1=2: Crystal length
(c) can now be computed as:c� b�L=I �: A second
method is to compute length as the inverse of the
minimum b/l ratio for all the crystals in the sample.
An implicit assumption in this method is that the crys-
tal having the minimumb/l ratio not only was inter-
sected along its true longest axis, but that its shape is
representative of all of the crystals in the sample. This
method is therefore sensitive to outliers, and is less
trustworthy for high aspect ratio shapes and cases
where a small number of crystals are considered.
Once c has been obtained, characteristic volumes
(V) and surface areas (SA) may be computed:V �
abc; SA� 2�ab 1 ac1 bc�:

5. Results

5.1. Bulk, glass, and feldspar compositions

With typical SiO2 and alkali (Na2O 1 K2O)
contents of 56 and 6 wt.%, respectively, Merapi’s
eruptive material is classified as high-K basaltic ande-
site (scheme of Peccerillo and Taylor, 1976). Bulk
compositions obtained for the 1992–1993 and
1994–95 domes are typically 57% SiO2, 16% Al2O3,
4% MgO, 8% CaO, 0.3% MnO, 7% FeO, 4% Na2O,
and 2.4% K2O, and are similar to other recent dome
lavas (Bardintzeff, 1984; del Marmol, 1989; Berthom-
mier, 1990; Boudon et al., 1993).

Glass analyses from this study and data from others
(Bardintzeff, 1984; Berthommier, 1990) are presented
in Table 2. Glass compositions obtained for the 1995
dome are indistinguishable within the standard devia-
tions of individual samples, and are within the ranges
reported in other studies (Bardintzeff, 1984; Berthom-
mier, 1990). Most of the tephra from the 1994 dome
collapse has glass compositions similar to the dome
values (,75 wt.% SiO2). However, several vesicular
grains in the airfall deposit have less evolved glasses
(,65 wt.% SiO2; samples M81B and M65B grains 1
and 2, Table 2).

5.2. Feldspar compositions

Feldspar microlite compositions are presented in
Table 3. Light and dark portions of microlites, visible
in the BSE images of Figs. 3–5, are compositionally
different. Dark areas, which appear at the cores of

most microlites, correspond to plagioclase feldspar
which ranges continuously from An35 to An48. Light
areas, generally at the rim of microlites, indicate
ternary to alkali feldspar compositions, typically
Ab53 An5Or42. When a light rim is present, it may be
gradational, as in Fig. 3d and f, or boxy cellular as in
Fig. 5a. This zonation from plagioclase cores to
anorthoclase rims is an example of rapakivi texture
(Abbot, 1978). Outermost phenocryst rims are similar
in composition to the microlite rims, indicating that
rim growth on existing crystals was synchronous with
microlite crystallization. Compositions,10mm in
from the edge of these phenocryst rims (“phenocryst
interior rims” in Table 3) are slightly more primitive
than microlite cores, and may represent the equili-
brium feldspar composition at the onset of microlite
crystallization. Core and rim compositions of the
1986–88, 1992–93, and 1994 domes are similar to
those of the 1995 dome. In fact, two 1994 samples
contain microlites that span the entire compositional
range shown by the 1995 dome.

Microlite core compositions appear to vary with the
size of the crystal. Figs. 5 and 6 show that cores of
small crystals may be either plagioclase or alkali feld-
spar, and exhibit a range in An content from An5 to
An35. In contrast, the larger microlites are plagioclase
of An25–An40. Microlite rim compositions are rela-
tively homogeneous alkali feldspar, clustering at
An5 regardless of size. Microlite #3 in Fig. 4a and
analyses of small crystals (e.g. m94H, Table 3)
demonstrate that small microlites may lack a plagio-
clase core altogether, and consist entirely of alkali
feldspar. Among the microlites with plagioclase
cores, the An contents of cores of larger crystals are
higher than those of smaller microlites (e.g. #4 and #1,
Figs. 5a and 6).

The compositional range of feldspar microlites
observed in the dome samples is also represented in
pyroclastic material from the 1994 collapse (Fig. 7).
However, several grains of airfall material contain
microlites that are homogeneous rather than bimodal
in composition. These crystals are wholly plagioclase,
and lack the alkali feldspar rims ubiquitous to all of
the other samples (Fig. 5b). These clasts, which
include the vesicular tephra, are the grains distin-
guished by relatively low silica content glasses (66
compared with 75 wt.% SiO2) and low microlite
crystallinities�f � 0:30�:
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Table 3
Merapi feldspar compositions

1995 dome

Representative microlites Endmember microlites Phenocrysts

Sample m5a1 m95c m95d m95e m951 Highest An
core in
1995 dome

Highest Or
rim in

Phenocryst
rim interior
1995 dome

Phenocryst
rim exterior

Increasing distance from vent

Core/rim Core Rim Core Rim Core Rim Core Rim Core Rim (m5a1) (m95c) (m5a1) (m5a1)

SiO2 60.1 65.6 60.7 65.9 59.7 65.7 58.8 70.4 61.4 65.2 56.2 66.9 55.2 66.3
Al2O3 24.2 19.4 24.0 19.5 24.5 19.8 25.8 16.4 23.2 19.1 27.8 18.2 28.1 19.1
FeO 0.54 0.46 0.5 0.45 0.479 0.441 0.68 1.51 0.46 0.414 0.519 0.67 0.51 0.48
CaO 5.94 0.78 6 1.07 6.291 0.947 7.64 1.06 4.862 1.034 9.998 0.76 10.39 0.66
Na2O 7.03 6.01 7.23 6.18 7.053 5.848 6.44 4.98 7.304 5.975 5.435 5.63 5.3 5.62
K2O 1.41 7.23 1.46 6.89 1.374 6.887 1.04 5.44 1.94 7.131 0.602 7.09 0.45 7.44
Total 99.1 99.4 99.9 100.1 99.4 99.6 100.4 99.8 99.1 98.8 100.6 99.2 100.0 99.5

Ab 62.6 53.7 62.8 54.7 61.7 53.6 56.8 54.4 64.8 53.2 47.9 52.6 46.7 51.6
An 29.2 3.9 28.8 5.2 30.4 4.8 37.2 6.4 23.8 5.1 48.7 3.9 50.6 3.4
Or 8.2 42.5 8.3 40.1 7.9 41.6 6.0 39.1 11.3 41.8 3.5 43.5 2.6 45.0

Recent domes Pyroclastic material from 1994 collapse

Representative microlites

Sample M90B m921 m94Ha m94Hb m94G M65B
(vesicular grain)

M65B
(dense grain)

M67B
(vesicular grain)

M67B
(dense grain)

Core/rim Core Rim Core Rim Core Rim Core Rim Core Rim Corec Core Rim Corec Core Rim

SiO2 60.9 66.9 58.7 65.9 64.2 65.9 59.4 67.4 58.7 65.9 55.4 60.8 65.3 57.3 59.5 63.5
Al2O3 24.2 18.2 25.6 19.5 20.5 19.0 25.0 18.1 25.6 19.2 27.1 23.6 18.6 26.6 25.2 19.3
FeO 0.58 0.67 0.68 0.71 0.65 0.62 0.59 0.82 0.56 0.5 0.79 0.77 0.75 0.56 0.6 0.55
CaO 6.35 0.76 7.59 1.9 2.44 0.93 6.92 0.71 7.32 0.87 9.86 5.42 0.63 8.9 7.11 1.55
Na2O 7.14 5.63 6.62 6.45 7.3 5.68 6.75 4.97 6.55 5.61 5.45 7.19 5.59 6.18 7.14 5.23
K2O 1.51 7.09 1.15 5.04 4.26 7.4 1.2 7.89 1.15 7.5 0.79 1.51 7.53 0.81 0.93 7.46
Total 100.7 99.2 100.4 99.5 99.4 99.5 99.8 99.9 99.9 99.6 99.4 99.3 98.4 100.3 100.5 97.6

Ab 61.3 52.6 57.3 59.7 63.7 51.3 59.4 47.1 57.7 50.9 47.7 64.3 51.3 53.1 61.1 47.6
An 30.1 3.9 36.2 9.7 11.8 4.6 33.6 3.7 35.6 4.4 47.7 26.8 3.2 42.3 33.6 7.8
Or 8.5 43.5 6.5 30.6 24.5 44.0 7.0 49.2 6.7 44.8 4.5 8.9 45.5 4.6 5.3 44.6

a Small microlite;,100mm2.
b Larger microlite;,400mm2.
c Microlites in vesicular grains are homogeneous in composition and do not have rims.



J.E. Hammer et al. / Journal of Volcanology and Geothermal Research 100 (2000) 165–192 175

Fig. 3. (a,b) Low magnification BSE images of dome lavas. Plagioclase phenocrysts (Plp) are large and exhibit complex zonation. Feldspar
microlites are ubiquitous in the groundmass. White crystals are mafic minerals, including pyroxenes and oxides. Vesicles in b are hundreds of
microns in length, highly irregular in shape, and inhomogeneously distributed through samples. Representative end member textures of the: (c,
d) 1995; and (e, f) 1994 domes demonstrate the range in observed microlite textures. Samples m5a1 and m94G (c and e, respectively) show
relatively large, sparsely populated (lowNA) microlites, while m95f and m94H (b and d) have a dense concentration (highNA) of microlites. In
the spatially well-constrained 1995 flow, c and d represent near-vent and distal material, respectively.



5.3. Textural trends

Visual inspection of the variety of textures
observed in the dome samples (Fig. 3) allows a quali-
tative assessment of the degree of heterogeneity
present in the dome samples. Image pairs in Fig.
3c–e represent the end members in microlite number
density observed in the 1995 and 1994 flows, respec-
tively. Fig. 3c shows a sample from a vent-proximal
location (m5a1), while Fig. 3d is 27 m further from
down flow (m95f). Fig. 3e and f are representative
textures in 1994 dome samples m94G and m94H,
respectively. Microlites characterized by low number

density (Fig. 3c and e), are clearly larger on average
than their high number density counterparts (Fig. 3d
and f), thus yielding similar overall microlite crystal-
linities. Images in Fig. 4a–d represent textures present
in the pyroclastic material from the 1994 collapse.
The airfall grain in Fig. 4a (M81B-2) is similar in
microlite content and number density to dome
samples (see Table 4). The completely crystalline,
devitrified grain in Fig. 4b (from M65A; not analyzed)
probably represents material from the dome interior.
The airfall grains in Fig. 4c and d (M81B-1p and
M61Bp, Table 4) are more than 50% vesicles. These
textures are similar to those of pumice clasts produced
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Fig. 4. BSE images of pyroclastic material including airfall and surge grains. In addition to dome-like textures like that of: (a) M81B-2; (b) 1994
collapse material includes devitrified; and (c,d) vesicular material. High crystallinity and incipient devitrification in M65A (b) suggest that part
of the dome was hot but sub-solidus. Primary vesicles and rimless microlites in M81B-1p and M61Bp (c,d) indicate that collapse material
included a component of liquid lava.
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Fig. 5. Microlites and representative compositions for: (a) typical dome samples; and (b) vesicular airfall tephra from the 1994 collapse. Light
and dark areas of microlites correspond to alkali and plagioclase feldspar compositions, respectively. Cores tend to be plagioclase (# 1), while
rims are alkali feldspar (#2). However, composition is related to size, so that small crystals are wholly alkali feldspar (#3), and the anorthite
content of plagioclase cores increases with microlite size (compare #s 1 and 4). Rimless microlites (b) are homogeneous plagioclase (#5).

Fig. 6. Anorthite content of microlite cores (filled circles) and rims (open circles) as a function of crystal size. Microlites less than 100 mm2

display a wide range in core composition, from alkali to plagioclase feldspar, while larger crystals have exclusively plagioclase cores. Rim
compositions are fairly homogeneous regardless of microlite size.



by explosive eruptions (Heiken and Wohletz, 1987;
Klug and Cashman, 1994; Gardner et al., in press).
Homogeneous spatial distribution of vesicles,
together with preservation of thin melt films, suggests
that these vesicles are primary exsolution features.
Vesicular material represents a small component of
this deposit (,0.1% by mass), but its presence indi-
cates that at least some of the magma incorporated

into the collapse was molten. In contrast, vesicles in
dome lava (Fig 3b) are large (100s ofmm), irregularly
shaped, and heterogenously distributed.

Textural data, including the fraction of groundmass
crystallized as feldspar microlites (f ), their number
density (NA), and average linear size (sn), are
presented in Table 4. In 1995 dome rocksf is essen-
tially constant (,0.41) within the standard deviation
of individual images. Samples from the 1994 dome
span the largest observed range inf of any single
dome with a maximum variation of a factor of two
(0.33–0.66). Samples from the 1992–93 dome range
from 0.42 to 0.62, and the two 1986–88 dome samples
have crystallinities of 0.43 and 0.48. None of the
dome rocks had groundmass crystal volume fractions
of less than 0.30 or more than 0.70. In contrast,NA

varies by more than a factor of eight, from,4000 to
more than 35 000 mm22, among the dome samples.
Feldspar number densities in the 1995 dome alone
span about half of this range, withNA ranging from
less than 7000 to more than 28 000, and generally
increasing with distance from the vent. 1994 samples
are apparently bimodal, clustering at,10 000 and
34 000, while the 1992–93 samples vary by less
than a factor of two, from,17 000 to 26 000. The
1986–88 lava samples fall at the low end of the spec-
trum, at,4000 and,8000. Bothf andNA are used
in the calculation ofsn, a parameter which conse-
quently integrates effects of crystal nucleation and
growth. Since,sn is by definition proportional to
(NA)20.5, the range insn (4–11mm among all of the
dome samples) corresponds to the range inNA. For
example, the smallest crystals were identified in the
distal part of the 1995 dome which has a highNA. The
largest crystals exist in the proximal 1995 dome and
the 1986–88 dome, whereNA values are relatively
low.

Several samples from each dome were selected for
detailed microlite size and shape analysis (Table 5).
Volume frequency distributions (Fig. 8) show the
contribution of each linear size class to the total
volume of crystals. Calculations for these plots
employ the second method for computingL { L �
1=�minimumb=l value�} : Distributions fall along a
spectrum defined by two end members: (1) a polymo-
dal distribution in which large and small crystals
contribute evenly to the total volume; and (2) unim-
odal distribution in which small crystals dominate.
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Fig. 7. Core (filled circles) and rim (open circles) compositions from
(a) microlites in domes; and (b) pyroclastic material from the 1994
collapse. Tie lines indicate pairs from the same crystal. Microlites in
pyroclastic material encompass the same compositional range as
dome samples, except for the presence of rimless microlites (xs)
found only in some pyroclastic material.
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Table 4
Textural data I

Sample ARNA (mm2) ARf (mm2) na f b NA (mm22)b sn (mm)c

Domes

1986–87 M90B 134 022 75 828 569 0.43 (0.03) 4246 (724) 10.5 (1.5)
M90E 38 314 38 314 324 0.48 (0.03) 8457 (1611) 7.5 (0.9)

1992–93 m92t 17 675 9628 452 0.54 (0.05) 25 573 (4720) 5.0 (0.5)
m92i 19 679 9943 424 0.53 (0.05) 21 546 (2010) 4.7 (0.5)
m2cA 18 802 9701 449 0.62 (0.06) 23 880 (1562) 5.3 (0.5)
m2cC 28 577 9441 743 0.58)0.06) 26 000 (4453) 4.3 (0.4)
M92A 18 398 18 398 404 0.42 (0.04) 21 959 (1258) 4.4 (0.1)
M934 17 864 17 864 636 0.44 (0.04) 23 231 (1879) 4.1 (0.4)
M31A 9416 9416 161 0.43 (0.04) 17 099 (1710) 5.0 (0.5)

1994 M00X 17 836 17 836 372 0.33 (0.02) 11 830 (298) 5.3 (0.1)
m94G 39 091 19 718 418 0.43 (0.02) 10 693 (1037) 6.3 (0.1)
m94P 11 727 9226 1106 0.66 (0.07) 32 319 (6202) 4.7 (0.0)
m94H 9535 9535 341 0.56 (0.06) 35 763 (3576) 4.0 (0.4)

1995 m951 26 923 26 923 769 0.40 (0.01) 28 563 (848) 3.8 (0.1)
m95e 46 983 34 713 955 0.42 (0.04) 20 326 (1820) 5.0 (0.4)
m95f 36 791 37 245 905 0.41 (0.04) 24 598 (2108) 4.8 (0.4)
m95g 45 872 33 559 1001 0.40 (0.04) 21 822 (2265) 5.1 (0.4)
m95d 36 936 18 603 435 0.39 (0.04) 11 777 (2251) 5.8 (0.7)
m95c 19 264 9765 221 0.39 (0.01) 11 472 (3) 6.4 (0.0)
m5a1 50 789 20 446 429 0.39 (0.04) 8446 (939) 7.3 (0.2)
m5a2 48 31 10 015 72 0.44 (0.04) 6305 (914) 7.8 (0.8)

1994 dome collapse material
Pyroclastic flow 121C 40 083 20 031 323 0.33 (0.02) 8058 (578) 6.6 (0.3)

M122-1 9643 9643 97 0.51 (–) 10 059 (–) 7.1 (–)
M122-2 9211 9211 133 0.40 (–) 14 439 (–) 5.13 (–)
M122-3 9228 9228 224 0.78 (–) 24 275 (–) 5.7 (–)
M122-4 9452 9452 158 0.41 (–) 16 716 (–) 5.0 (–)

Surge M61A-1 19 826 19 826 277 0.34 (–) 13 972 (–) 4.9 (–)
M61A-2 15 240 15 240 1054 0.57 (–) 32 808 (–) 4.2 (–)
M65A-1 8843 8843 213 0.65 (–) 24 088 (–) 5.2 (–)
M65A-2 7186 7186 118 0.33 (–) 16 420 (–) 4.5 (–)
M65A-3 8482 8482 152 0.54 (–) 17 920 (–) 5.5 (–)
M65A-4 9210 9210 103 0.40 (–) 11 184 (–) 6.0 (–)
M65A-5 8340 8340 108 0.36 (–) 12 950 (–) 5.2 (–)
M65A-6 9629 9629 152 0.55 (–) 15 786 (–) 5.9 (–)
M65A-7 6867 6867 97 0.45 (–) 14 125 (–) 5.6 (–)
M65A-8 8741 8741 112 0.34 (–) 12 813 (–) 5.1 (–)

Airfall M61Bd 3783 3783 71 0.25 (–) 18 768 (–) 3.6 (–)
M65B-1d 5406 5406 63 0.34 (–) 11 653 (–) 5.4 (–)
M65B-2 7362 7362 152 0.47 (–) 20 648 (–) 4.8 (–)
M65B-3 8287 8287 169 0.36 (–) 20 392 (–) 4.2 (–)
M65B-4 8598 8598 169 0.39 (–) 19 656 (–) 4.4 (–)
M65B-5 9285 9285 124 0.33 (–) 13 355 (–) 5.0 (–)
M65B-6 7296 7296 69 0.26 (–) 9457 (–) 5.3 (–)
M67B-1 9146 9146 144 0.41 (–) 15 745 (–) 5.1 (–)
M67B-2 9313 9313 92 0.41 (–) 9878 (–) 6.4 (–)
M67B-3 9531 9531 83 0.45 (–) 8708 (–) 7.2 (–)
M67B-4 9159 9159 80 0.37 (–) 8735 (–) 6.5 (–)
M81B-1d 9123 9123 137 0.33 (–) 15 017 (–) 4.6 (–)
M81B-2 18 847 18 847 282 0.38 (–) 14 963 (–) 5.0 (–)
M81B-3 7960 7960 225 0.44 (–) 28 266 (–) 4.0 (–)
M81B-4 9660 9660 91 0.46 (–) 9420 (–) 7.0 (–)
M81B-5 8240 8240 186 0.49 (–) 22 574 (–) 7.2 (–)

Abbreviations are defined in the Appendix. Values are weighted averages of image data. Numbers in parentheses is either one standard
deviation or 10% of value (in cases where only one image is used). Separate reference areas (ARs) are indicated in cases where different images
are used to measureNA andf . Pyroclastic grains are typically too small to capture more than one (1000×) image of groundmass. Standard
deviations ofNA, f andsn are not listed, but probably are roughlŷ10% for these grains.

a Number of microlites counted.
b Image data are weighted by reference area to compute mean values ofNA andf .
c Image data are weighted by the number of microlites counted to compute mean value ofsn.
d Vesicular sample.



Fig. 8 shows the extremes observed among all of the
samples investigated (Fig. 8a and b), and the end
member samples from the 1995 dome (Fig. 8c and
d). These distributions, as extensions of the general
textural characterizations outlined above, are consis-
tent with overallNA andsn results reported in Table 4.
For example, Fig. 8a, from the 1986–88 dome, shows
the first type of end member distribution and was
previously characterized by lowNA and largesn.
Fig. 8b, from the 1994 dome, is an example of the
second type of distribution and has a particularly high
NA and smallsn. 1995 dome samples fall between
these extremes, but show variations in both the
volume fraction of crystals in the small size classes
and the range of crystal sizes present. A cumulative
distribution plot of these data (Fig. 8e) shows
graphically how the volume based median sizes
were obtained, and provides direct comparison of
size distributions between these samples. Median
sizes computed using the first method for calculating
L { L � �6I �1=2} are also listed in Table 5. Character-
istic L ratios for these samples indicate that most of
these samples contain blocky, prismatic crystals.
Despite the range inNA and sn, the microlite shapes

are similar �S� 1; M , 1:5; L , 3� in all of the
domes (Table 5). In general, the average aspect ratio
increases withsv. For example the microlites of M94G
are larger�sv � 30mm� and relatively elongate in
shape �L � 3:5�; while those of M94H are small
(�sv � 15mm� and more blocky�L � 2:8�: A conve-
nient combination of shape and size information used
to characterize samples is the ratio of surface area to
volume (SA/V). High values of SA/V correspond to
samples having the smallest microlites, while samples
with larger microlites are characterized by lower SA/
V values (e.g. m934 and M90B).

Plots ofNA vs.f for dome and pyroclastic samples
(Fig. 9) provide graphical comparison of mean sample
textures outlined in the preceding paragraphs. Values
of NA in the 1986–88 dome are among the lowest
observed, while the 1992–93 dome which succeeded
it displays slightly higherf and significantly higher
NA values. The 1994 dome samples are bimodal in
both NA andf , spanning the largest range in these
attributes of any dome material. In contrast, the
1995 dome samples display relatively constantf
with a large range inNA which, based on sample
locations in the flow, progressively decreased during
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Table 5
Textural data II

Sample Number of
microlites
measured

I L1
a L2

b a
(mm)

b
(mm)

c1

(mm)
c2

(mm)
Sv1

(mm)
Sv2

(mm)
SA/V1

(mm21)
SA/V2

(mm21)

1986–88 M90B 284 1.5 3.0 5.0 8.3 12.2 24.7 41.4 37 63 0.49 0.5

1992–93 m92t 194 1.4 2.8 3.4 4.0 5.3 11.3 13.6 16 20 1.06 1.03
m92i 226 1.6 3.1 3.0 4.0 6.2 12.1 11.8 21 20 1.00 1.00
m2cA 200 1.3 2.8 3.6 4.7 6.0 12.9 16.9 22 29 0.92 0.88
m2cC 286 1.3 2.8 3.3 4.1 5.4 11.6 13.8 17 20 1.02 1.00
m934 225 1.4 2.9 4.0 3.6 5.2 10.6 14.5 17 25 1.13 1.08

1994–95 M94G 195 2.0 3.5 6.9 4.5 8.9 15.5 30.9 30 61 0.80 0.74
Pre-collapse M94H 331 1.3 2.8 3.7 3.4 4.4 9.4 12.4 15 20 1.26 1.21
1994–95 m95a1 161 1.8 3.3 3.0 5.5 9.9 18.1 16.5 40 33 0.68 0.69
Post-
collapse

m95c 98 1.5 3.0 3.8 5.2 7.7 15.6 20.1 26 32 0.77 0.74

m95d 234 1.5 3.0 3.8 5.1 7.5 15.1 19.2 24 30 0.79 0.76
m95g 353 1.3 2.8 3.2 4.5 5.9 12.5 14.5 18 21 0.95 0.93
m95f 391 1.4 2.8 3.1 4.1 5.5 11.6 12.6 23 24 1.03 1.01
m95e 467 1.4 2.9 3.7 4.3 6.0 12.4 16.1 24 31 0.96 0.92

Abbreviations are defined in the Appendix.
a L, the ratio of longest to shortest microlite dimension (c/a) calculated by two methods as discussed in text. L1 calculated as (6I)1/2.
b L2 calculated as the inverse of the minimum modalb/l value. Subscripts onc, sv, and SA/V indicate whichL is used to compute them. See

Appendix A for symbol definitions.



extrusion. The observed range inf andNA among all
of the dome samples is indicated by the shaded area in
Fig. 9b, a similar plot of textures in pyroclastic
material generated by the November 1994 collapse.

Although the range inf displayed by this material is
greater than that represented by the dome material,NA

varies less. There appears to be no significant differ-
ence in either characteristic between pyroclastic flow,
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Fig. 8. (a–d) Volume frequency and cumulative volume frequency; and (e) plots from end member textures show the relative contribution of
microlite sizes to overall volume. Sizes are lengths, computed by multiplying each measurement of microlite breadth,b, by L, computed as
[minimum (b/l)21]. See Appendix A for symbol definitions. The distribution of microlites: (a) in sample M90B is broad compared to that of (b)
m94H, in which small sizes dominate. The extremes of the 1995 flow (c and d) fall within this range. The volume based median sizesv may be
read from (e).



surge, and airfall deposit types. In fact, most of the
samples cluster atf � 0:40 andNA , 14 000 mm22

:

While this value off is also typical of dome material,
the NA value is low with respect to most dome
samples.

A comparison of the microlite textures of 1994
pyroclastic material with both the 1994 dome, which
collapsed to form it, and the 1995 dome, which
immediately succeeded it (see Table 4, Fig. 9), allows
assessment of the extent to which new material from
the upper part of the conduit vs. the older 1994 dome
material was involved in the November 1994 collapse.
Although there is a larger range inf (0.25–0.78)
among the pyroclastic grains than in either dome
(0.33–0.66 and 0.39–0.42, respectively), the collapse
material prescribes a range inNA (,8000 to
,33 000 mm22) which is more similar to the 1994
dome (,11 000 to ,35 000) than that of 1995
(,6000 to ,29 000). However, the distribution of
NA values is different between the 1994 dome and
the pyroclastic material. Two thirds of the pyroclastic
grains haveNA less than the average value for
the 1994 dome, and 20% of the pyroclastic grains
fall below the minimum NA for this dome
(,11 000 mm22). While 1995 dome samples extend
to lower values of NA, and consequently may appear
to more closely match the textural character of the
pyroclastic material, the low values ofNA are
observed in the 1995 dome exclusively in the

proximal, or latest-erupted, material, and are there-
fore unlikely to be related to the material generated
during the collapse. The small number of 1994 dome
samples analyzed and uncertainty about whether the
pyroclastic grains examined are representative of the
deposits prevents a robust statistical comparison.
Qualitatively, however, the microlite texture of the
pyroclastic material appears to be more similar to
that of the 1994 dome than that of the 1995 dome.
Specifically, the pyroclastic material closely resem-
bles dome samples M00X and m94G, blocks that
toppled from the 1994 dome onto a shelf near the
Gendol solfatara field prior to the collapse event. In
summary, on the basis of textural considerations,
material involved in the November 22, 1994 collapse
is thought to be composed primarily of the existing
1994 dome. The relationship between effusive flux
and NA with respect to collapse events is explored
in a later section.

6. Discussion

During ascent, highly crystalline Merapi magmas
develop from having solid volume fractions of 0.30–
0.50 (phenocrysts) up to,0.75 after the growth of
microlites. The highly evolved nature of melt within
these andesite magmas at the time of eruption is inter-
esting petrologically in terms of crystal fractionation
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Fig. 9. Microlitef vs. NA in (a) Merapi domes and (b) pyroclastic material from the 1994 collapse. Data are sample averages. Error bars
represent one standard deviation. (a) black squares� 1986–88 dome lava; dark gray circles� 1992–93 dome; medium gray triangles� 1994
dome; light gray diamonds� 1995 dome. The 1995 dome samples show constantf , andNAs that increase with distance from the vent. (b)
squares� pyroclastic flow; circles� surge; triangles� airfall.



and changing compositions of liquidus phases, but
also in light of eruptive parameters such as changing
magmatic H2O content and rheology. As decompres-
sion drives volatile exsolution, rates of degassing and
resultant microlite crystallization may be governed by
magma ascent rate. Since dome magmas appear at the
surface variously populated with microlites, ground-
mass crystallization appears to occur syn-eruptively.
Consequently, the history of changing conduit condi-
tions, chiefly H2O content, during ascent may be
preserved in the groundmass textures of quenched
magma. For example, feldspar microlite compositions
may be used to examine changes in dissolved H2O
content, and crystal population densities may distin-
guish variable rates of undercooling experienced by
magmas during ascent.

6.1. Highly evolved andesites

Merapi andesites contained high-silica liquids prior
to their ascent to the surface due to high phenocryst
contents. Calculation of glass composition prior to
microlite crystallization by mass balance assuming
35% phenocrysts (consisting of 23% plagioclase,
8% clinopyroxene, 2% orthopyroxene, and 4%
oxides) and typical bulk and phase compositions
(del Marmol, 1989) yields an estimated liquid compo-
sition with 65 wt.% SiO2. Since microlite crystalliza-
tion further increases the silica content of the liquid,
the observed variations in glass composition among
pyroclastic tephras (Table 2) probably result from
differing microlite contents (Fig. 10). For example, a
simple mass balance calculation of SiO2, Al2O3, CaO,
K2O and Na2O shows that crystallization of less than
15% of the liquid can account for the difference in
glass composition between M81B (66% SiO2) and a
typical 1995 dome glass (75% SiO2). A similar differ-
ence in microlite crystallinity is observed directly
from SEM imaging of these samples, supporting the
idea that bulk crystallization causes these variations in
glass composition, rather than magma mixing (as
suggested by Boudon et al. (1993) for 1984 nue´e
material). The abundance of microlites may also
explain the difference in glass compositions in the
“light” and “dark” material recognized in 1984
dome collapse material by Berthommier (1990) and
Boudon et al. (1993). These authors report that the
two types have nearly identical bulk compositions,

but have glass compositions that differ in SiO2 by
3–7% (Berthommier, 1990; Boudon et al., 1993).
Mass balance indicates that these differences can be
accounted for by feldspar crystallization from the
“light” liquid of 8–30% to produce the composition
of the “dark” liquid.

6.2. Implications of feldspar compositions for
degassing

The correlation between microlite size and core
composition (Fig. 6) suggests that as crystallization
progressed, the equilibrium feldspar composition
changed due to the evolving liquid composition.
Compositions of plagioclasecores are consistent
with low degrees of undercooling, produced either
by exsolution of H2O or by a drop in temperature.
However, the crystallization of alkali feldsparrims
requires the crystallization path to cross the two
feldspar1 liquid curve from the plagioclase1 liquid
(Pl 1 L) to alkali feldspar1 liquid (Af 1 L) fields
(Nekvasil and Lindsley, 1990; Nekvasil, 1992).
Furthermore, solvus calculations at 0.1 MPa using
the feldspar solution modeling program SOLVCALC
(Shaoxiong and Nekvasil, 1994) indicate that the
core-rim compositions are not equilibrium pairs.
Together with the observation that alkali feldspar
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Fig. 10. Plot of groundmass crystallinity (f ) vs. wt.% SiO2 for 1995
dome samples (filled circles) and airfall tephra from the 1994 dome
collapse (open triangles). The linear relationship (wt.% SiO2 �
124:4�f 1 25:15�; R2 � 0:88� between SiO2 content andf demon-
strates that that the dome and airfall liquids may be related by
crystal fractionation.



mantles plagioclase and not the reverse, these calcu-
lations support the interpretation that core to rim
crystallization is sequential rather than the result of
a peritectic reaction of plagioclase and liquid to form
alkali feldspar. Instead of simple cooling, the tran-
sition from plagioclase to alkali compositions is
consistent with a change in the position of the two
feldspar curve induced by degassing (Nekvasil,
1992). A possible interpretation of these data is that
the liquid initially lay in the Pl1 L field, and crystal-
lization followed an equilibrium path down-tempera-
ture. After degassing and a reduction in the activity of
H2O in the liquid, the position of the two feldspar1
liquid curve moved toward anorthite. The liquid was
then located within the cotectic-like region of the
Af 1 L field, and crystallization of alkali feldspar
commenced at the edges of plagioclase cores.

Many of the crystals analyzed have rim composi-
tions near Ab53 An5Or42 (Figs. 7 and 11). It is possible
that this composition represents the new equilibrium
feldspar composition given the observed liquid
composition at the temperature and pressure in the
shallow conduit. Alternatively, the compositional
homogeneity suggests that the crystallizing feldspar
composition stabilized, perhaps as the liquid evolved
to a pseudo-eutectic composition. If so, the high SiO2

content (74 wt.%) would require quartz as a liquidus
phase. The fact that quartz was not observed as a
microlite (or phenocryst) phase may indicate that it
could not precipitate due to sluggish kinetics of the
highly evolved, de-watered system. A nucleation time
lag (Naney and Swanson, 1980) for quartz which
effectively caps crystallization at,0.75 and fixes
liquids at rhyolitic compositions may also define the
undercooling conditions experienced by effusively
erupted andesites. For example, the extrusion rate
(0.14 m3 s21), bulk and liquid compositions (,60
and,73–78 wt.% SiO2, respectively), and estimated
total crystal volume fraction (0.70) of the 1990–92
andesitic dome of Galeras volcano, Colombia, are
comparable to those observed at Merapi (Calvache
and Williams, 1997).

All of the feldspar data from this study, plus data
from Boudon et al. (1993) and Bardintzeff (1984), are
plotted in Fig. 11 with isothermal sections of the dry
ternary feldspar solvus calculated bySolvcalc
(Shaoxiong and Nekvasil, 1994) using the solution
model of Elkins and Grove (1990). The position of

the dry solvus is not sensitive to pressures correspond-
ing to the expected depth range of degassing in the
conduit (0–3 km; Kavalieris, 1994). Thus, depth is a
factor controlling feldspar composition only insofar as
H2O content varies with depth. The location of
analyses with respect to the dry solvus does not
imply that crystallization occurred at different
temperatures, i.e. in response to cooling. Indeed, the
alkali feldspar compositions appear to represent
higher temperatures than the plagioclase composi-
tions, the reverse of the evolution expected from cool-
ing-induced crystallization. An hypothesis consistent
with these observations and the degassing process
implied by the core-rim pairs (described above) is
that changes in the activity of H2O affected the
position of the liquidus. We suggest that the liquidus
temperature was lower during crystallization of
plagioclase, so that the plagioclase compositions indi-
cate artificially low temperatures with respect to the
dry solvus shown. Degassing raised the liquidus
temperature and relocated the position of the two
feldspar1 liquid curve, resulting in alkali feldspar
crystallization at a higher apparent temperature.

We may now consider the feldspar compositions
from this and other studies in the context of eruptive
parameters using the above inferences about
degassing. All of the domes and most of the
pyroclastic-collapse material examined in this study
are characterized by a highly crystalline groundmass
and feldspar microlites with alkali feldspar rims,
suggesting that degassing-induced crystallization is
a common process in effusive eruptions at Merapi.
Microlites and phenocryst rims observed in blocks
deposited by recent nue´es ardentes (Bardintzeff,
1984) have compositions similar to the dome and
pyroclastic flow material from the 1994 collapse.
The observations that some of the airfall grains from
the 1994 collapse have microlites thatlack these alkali
feldspar rims, had less evolved liquid compositions,
and vesiculated during dome collapse are all consis-
tent with the interpretation that some of the magma
involved in the collapse was less degassed than typical
dome material. Characteristics of a 1984 nue´e ardente
deposit also point toward variably degassed magma
involved in dome collapse. Based on high An contents
of phenocryst rims and microlites (Fig. 11) and the
presence of highly vesicular material, Boudon et al.
(1993) suggest that liquid in the interior of the dome
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or at the top of the conduit was not fully degassed
at the time of collapse. The supposition that
degassing occurs at shallow conduit levels is not
surprising in the framework of observations of
other volcanic systems (Cashman, 1992; Nakada
et al., 1995; Calvache and Williams, 1997) and
current degassing models (Woods and Koyaguchi,
1994; Barclay et al., 1995; Sparks, 1997), but the
implication that a partly-liquid magma is tapped
during collapse events at Merapi may be

informative in the context of understanding
mechanisms of dome failure.

In summary feldspar composition appears to be a
sensitive indicator of changes in magmatic H2O
content. Experimental calibration of undercooling
and composition, including the effect of degassing
on the position of the two feldspar1 liquid curve
with respect to Merapi lavas, could provide quanti-
tative means to assess the degassing process in pre-
historic as well as current eruptions. A closer
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Fig. 11. Isothermal sections of the dry ternary solidus with data from this and other studies. Since they appear to represent different tempera-
tures, crystallization of alkali feldspar rims on plagioclase cores probably results from changing activity of H2O in the liquid. A component of
tephra from the 1984 (Boudon et al., 1993) and 1994 (this study) collapses lack alkali feldspar rims. These magmas may not have undergone
extensive degassing and high degrees of undercooling.



examination of feldspar microlite compositions from
events which span the complete range of eruptive
styles exhibited by Merapi may provide critical infor-
mation about the role of degassing in determining
eruptive mechanism, and as a factor influencing the
magnitude and/or frequency of collapse.

6.3. Conditions of microlite nucleation and growth

Recent textural analyses of volcanic lavas have
involved interpretation of crystal size distributions
(CSDs) to determine rates of crystal nucleation and
growth (Cashman and Marsh, 1988; Cashman, 1992;
Armienti et al., 1994; Higgins, 1996a,b; Peterson,
1996; Sharp et al., 1996). However, without an esti-
mate of the duration of the crystallization interval
necessary to extract rate information, we find the
simple parametersNA andf useful in the assessment
of crystallization parameters. If the system has time to
compositionally equilibrate following H2O exsolu-
tion, f gives an indication of the overall magnitude
of the increase in liquidus temperature resulting from
degassing (Df ). Over short time periods,f may
reflect kinetic limitations to crystal nucleation and
growth. In contrast,NA reflects conditions of nuclea-
tion, and indicates the rate and degree of initial super-
saturation. Rapid ascent and degassing, for example,
will result in a relatively large instantaneous under-
cooling and a correspondingly high rate of crystal
nucleation. A slower rate of gas loss will produce
less rapid changes inDT and thus a lower nucleation
rate. Final crystal textures are therefore an integration
of both nucleation and growth processes.

Fields delimited inf–NA space characterize the
relative influence of these processes (Fig. 9). The
observations thatNA varies by nearly one order of
magnitude and that microlite size decreases with
increasingNA indicate that the initial nucleation rate
must have been critical to the development of the
observed texture. However, the high microlite crystal-
linity (0.40–0.50) ultimately reached in these rocks
suggests that nucleation was not the dominant
process by which microlite content increased
throughout the crystallization interval. Further-
more, the trend off –NA data does not intersect
the origin as has been observed in nucleation-
dominated systems (e.g. Mt. Pinatubo dacite;
Hammer et al., 1999).

Several crystallization paths throughf–NA space
are schematically illustrated in Fig. 12a. Initially,
crystallization increases primarily by nucleation
(beginnings of paths 1 and 2A,B). Under conditions
of rapid ascent, nucleation may continue to control the
system throughout the crystallization interval (e.g.
path 1) due to high rates of continued undercooling
(Hammer et al., in review). However, if the degree of
undercooling decreases over time, perhaps because
the system approaches equilibrium, growth of existing
crystals prevails over nucleation as the dominant crys-
tallization mechanism (paths 2A and 2B). Departure
from the nucleation-dominated curve (path 1) may
occur at any point during crystallization, so that a
range of NA values are preserved (shaded region).
Given the relatively low rates of undercooling
experienced by slow-ascending dome lavas,NA and
undercooling may be linearly related over the crystal-
lization conditions within the Merapi conduit. A
schematic version of theDT—nucleation rate curves
defined experimentally for rhyolites (Swanson, 1977)
is shown in Fig. 12b. At very low degrees of under-
cooling, there is a nucleation time-lag during which
crystallization is suppressed. As undercooling
increases to moderate levels, microlites begin to
nucleate at a rate proportional to the driving force,
producing textures of increasingNA (dashed parts of
curve). However, at high degrees of undercooling,
kinetic constraints may reverse the trend inNA with
DT, so that exceptionally high undercoolings common
to explosive eruptive styles may produce any of a
wide range inNA values, including microlite-free
material.

Examination of the Merapi textures (Fig. 9)
suggests that following an initial nucleation-domi-
nated period, crystal growth must have superseded
nucleation as the primary process by which crystal-
linity increased. This is especially clear in the 1995
dome, in whichf is essentially constant despite a
large range ofNA. In summary, these data suggest
that initial nucleation rates varied considerably
although the final conditions achieved by the magmas
remained approximately constant. Although most of
the crystallization interval was probably dominated by
growth rather than nucleation,NA established in the
early stages of textural development was responsible
for the differences in final microlite size and spatial
distribution.
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6.4. Textural implications for extrusion rate during
dome emplacement

In the spatially constrained 1995 dome samples,NA

and SA/V increase with distance from the vent, while
microlite size decreases (Table 5, Fig. 13). These
trends indicate that nucleation and growth rates were
higher in the distal, earlier-erupted magma relative to
the vent-proximal material which was emplaced later.
It is possible that elevated rates of feldspar super-
saturation, and therefore microlite nucleation, corre-
spond to a higher rate of ascent through the conduit.
Assuming that degassing occurs as the magma rises, a
decrease in ascent rate as the dome extruded would
produce a decrease in the degree of undercooling.
Several independent assessments of magmatic fluxes
are available for the interval represented by these
samples, and demonstrate the degree to whichNA is
sensitive to changes in effusion rate.

Samples from the 1984–90 dome are believed to
represent lavas produced in the period of late 1986–
88, characterized by an extrusion rate of about
0.05 m3 s21. The averageNA for the two samples
analyzed is 6352 mm22. The best- constrained 1992
dome sample, M92A�NA � 21 959 mm22�; was
produced during a period of significantly higher rate
of effusion, 0.23 m3 s21. NA values of 1994 dome

samples appear to be bimodally distributed, with
peaks at 8058 and 32 808 mm22, and are compared
with the lowest and highest average eruption rates
calculated for the 1994 dome, (0.08 and 0.32 m3 s21;
Ratdomopurbo, 1995; unpubl. data). These data,
plotted in Fig. 14, yield a surprisingly linear
trend, given the limitations in matching samples to
effusion rate. A regression line ofNA � 95 637Q 1
2145�R2 � 0:980� fits these data. Applying the rela-
tion to other 1992–93 dome samples using measured
NA values (17 099–26 000 mm22) suggests a range of
fluxes between 0.16 and 0.25 m3 s21, with the mean
NA value (22 888 mm22) yielding a mean flux of
0.22 m3 s21. This result suggests that all the 1992–
93 samples analyzed are comparable in age to
M92A, forming in mid-1992 rather than in 1993.
(After November 1992 the flux dropped to
,0.08 m3 s21 and would presumably have generated
microlite textures havingNA values less than
,10 000 mm22.) Application of the relation to the
NA values of temporally constrained 1995 dome
samples (6305–28 563 mm22) suggests that eruption
rate decreased from 0.28 to 0.04 m3 s21 during
extrusion.

Factors controlling extrusion rate of the Merapi
dome include changing geometry of the dome itself,
and fluctuations in the magma supply rate from a deep
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Fig. 12. (a) Schematic illustration of crystallization paths experienced by erupting lavas. Merapi dome textures reflect initial nucleation-
dominated crystallization (path 1) followed by a growth-dominated regime (paths 2A and 2B). A decrease in ascent rate during emplacement
may promote a change from path 2A to 2B, resulting in the observed decrease inNA among the 1995 samples with proximity to the vent. Data
field (shaded area) crosses dotted lines representing constant ratios ofNA to f (constant size). (b) Hypothetical curve modified from Swanson
(1977) relatesNA andDT, showing that over low-degrees of undercooling (long dashed-curve), microlite population density is proportional to
the rate of undercooling (and possibly ascent). AsDT increases, rates of nucleation peak and then decline, resulting in a much larger potential
range of textures produced by explosive eruptions (short dashed-curve).



reservoir. Changes in the mass and shape of the dome
may result from time-averaged effusion rate history
(Griffiths and Fink, 1993; Fink and Bridges, 1995) and
instabilities (collapse events), and partlycontrol
eruptive parameters (Stasiuk et al., 1993; Nakada et
al., 1995; Stasiuk and Jaupart, 1997). In the first
consideration, ascent rate would increase in response
to increased pressure gradient following dome
collapse. Pressure release during collapse could also
drive explosive fragmentation of solidified or partly-
solidified material (Alidibirov and Dingwell, 1996).
In the latter, weight of a rising dome over a conduit
would increasingly hinder ascent and suppress
effusive flux.

An additional, complicating factor involves the
effects of degassing (including magma pressurization,
volume change and viscosity increase) which may
cause effusion rate to be high following dome collapse
or to decrease over time during emplacement.
Degassing under any conditions except a completely
open system (such as incomplete or multi-step open
system degassing; Anderson et al., 1995; Taylor,
1991) will result in pressurization of the conduit.
Sudden release of this pressure due to dome collapse
could induce a temporarily elevation of effusive flux.
On the other hand, exsolution of H2O from the liquid
increases its viscosity (Shaw, 1972; Hess and
Dingwell, 1996; Richet et al., 1996). If accompanied

by microlite crystallization, the increase in SiO2

content of the liquid magnifies the viscosity increase
(Shaw, 1972). For example, the increase in viscosity
resulting from degassing and crystallizing a 66 wt.%
SiO2 liquid with 2 wt.% H2O to produce a 75 wt.%
SiO2 liquid with 0.1 wt.% H2O (the observed range
this study), is three orders of magnitude (105.8–
108.8 Pa s). Bulk viscosity will be further increased
by the addition of crystals to the magma from degas-
sing-induced crystallization. Merapi magmas contain
high volume fractions (0.3–0.5) of phenocrysts prior
to groundmass crystallization. The growth of micro-
lites increases the total crystal content beyond the
empirically-defined maximum particle concentration,
0.60 (Marsh, 1981), and creates a large yield strength.
The effect of these profound rheological changes
within the upper conduit would be to decrease ascent
rate over time as H2O exsolution and microlite crystal-
lization progresses. When and ascent rate decreases
throughout dome emplacement, as in the 1995
effusive period, then the surface processes described
above may control effusive flux at Merapi. On the
other hand, if ascent rates donot decrease over time,
near-surface geometric and degassing effects may be
subordinate to short term fluctuations in overpressure
from the magma chamber in controlling rates of
magma ascent, degassing and crystallization.

Further information about controls on dome
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Fig. 13. MicroliteNA values determined for 1995 dome samples are plotted as a function of distance from the vent.NA appears to increase
rapidly initially, then gradually with distance, suggesting that nucleation rate was high early during extrusion and then decreased towards the
end of the time period represented by these samples. The data are fit with a logarithmic function�NA � 7547 ln (distance);R2 � 0:84�:



extrusion are provided by dome interior samples from
the 1994 pyroclastic deposits. The fact that highly
crystalline, incipiently devitrified material (Fig. 4b)
was identified within the 1994 pyroclastic material
implies that portions of the hot dome interior were
below the glass transition temperature. However,
most grains resemble the quenched surface dome
lavas in having pristine glass and distinct microlites.
Effusive fluxes consistent with the fullNA range for
non-devitrified grains (Table 4) encompass a large
range (0.06–0.32 m3 s21), although the majority of
the grains indicate effusion rates around 0.1 m3 s21.
This is consistent with the idea that the lava in this part
of the collapsed dome was effused early in 1994, when
flux was low. Since the 1994 failure appears to have
occurred during a period of relatively slow extrusion,
and no clear precursors have been identified, the
mechanism for collapse was probably gravitational.
However, the presence of lower-crystallinity and vesi-
cular clasts suggests that less degassed super-solidus
portions of the dome or conduit were involved in the
collapse as well, albeit to a limited volumetric extent.

Our results complement previous observations
that degassing-induced crystallization is common
to effusive volcanic systems (Westrich et al.,
1988; Swanson et al., 1989; Stevenson et al.,
1994b; Geschwind and Rutherford, 1995; Nakada
and Motomura, 1995; Wolf and Eichelberger,
1997), and indicate that quantitative estimates
of eruptive parameters may be extracted from
detailed textural measurements. Crystal nuclea-
tion and growth conditions are manifested in
textures of dome rocks, and preserve a record
of change in magmatic volatile contents during
ascent. Future studies of this kind would be
strengthened by spatially constrained sample
sets from several effusive periods correlated
with gas and seismic monitoring as well as
direct observations of dome growth rate. Once
calibrated, the microlite characterization techni-
ques introduced here may provide a tool for
investigating patterns of dome growth rate and
failure events in the context of physical and chemical
eruptive processes.
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Fig. 14. A relationship betweenNA and effusive fluxQ, is determined using data from Tables 1 and 4. These data are plotted as filled triangles.
NA values consisting of the average of the M90B and M90E, M92A, and averages of both modes of the bimodal 1994 data (M00X, m94G and
m94P, m94H) were compared with estimated fluxes for these effusive periods to obtain the relation:NA � 95 637�Q 1 2145�;R2 � 0:98:
Effusive fluxes for remaining extrusion periods were calculated by applying this relationship to endmemberNA values. Extrusion rates
represented by the textures of 1992–93 dome (open circles), 1994 pyroclastic (open squares), and 1995 dome (open diamonds) material are
similar to ranges spanned by the 1986–88 and 1994 domes.
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Appendix A. Abbreviations used in text and figures

a: Shortest microlite dimension (mm)
b: Intermediate microlite dimension (mm)
b: Breadth; the minimum caliper diameter of a micro-

lite (mm)
c: Longest microlite dimension (mm); may be calcu-

lated two ways (see text)
f : Fraction of groundmass consisting of feldspar

microlites
I: The ratio of the intermediate to shortest microlite

dimension;I � b=a
k: Microlite shape factor; k� I=�L2�
l: Length; the longest chord connecting any two points

on the perimeter of a microlite (mm)
L: The ratio of the longest to shortest microlite dimen-

sion;L � c=a
NA: Number density; number of microlites per unit

area (mm22)
no: y-intercept of linear crystal size distribution (CSD)
AR: Reference area; the portion of an image consisting

of feldspar microlites and glass (mm2)
ARf : Reference area used forf calculation (mm2)
ARNA: Reference area forNA calculation (mm2)
SA: Microlite surface area; SA� 2�ab 1 ac1 bc�
Sn: Number-based mean size (mm); computed as
��f=NA�0:5103�

Sv: Volume-based median size (mm); measured using
cumulative volume distribution of microlite size.
See Fig. 7.

Q: Effusive flux (m3 s21)
V: Microlite volume;V � abc
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