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Vesiculation processes in a water-rich calc-alkaline obsidian
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Abstract

The effect of temperature and viscosity on the kinetics of bubble growth was measured for a natural water-rich rhyolite
melt. The change in volume of a natural crystal-poor calc-alkaline rhyolitic obsidian with an initial water content of =~ 1.8
wt% H,O was determined in the temperature interval 520-624°C. Shear viscosity was measured on the natural sample using
the micropenetration method in the temperature interval 450-590°C and water contents before and after viscometry were
monitored by FTIR. The time-dependence of the volume increase as a result of vesiculation approximates the Avrami
equation: AV(t) o 1 —exp[ —(t/7)"]. At temperatures close to the glass transition temperature (T,), growing bubbles
ruptured the surrounding melt. During diffusion of water from the hydrous melt with = 1.8 wt% H,O into a bubble, the
AT, of the melt at the bubble wall increases by = 315°C. In addition, the viscosity of the melt at the bubble wall increases
by 5-6 orders of magnitude. The increasing elastic component of shear stress on the bubble wall as a result of bubble growth
at ~ T, may exceed the bubble wall yield strength, resulting in cracking. No time lag in the onset of bubble growth occurred
for this water-rich rhyolite. In those parts of volcanic edifices where water contents are of several weight percent (e.g.,
within the upper parts of volcanic conduits), the probability of melt fracturing due to the degassing of water at ~ T,
increases.
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1. Introduction sequent volume expansion due to vapor-phase exso-

lution. Most plinian fall units and ignimbrites in-

The rheological properties of magmas and the rate
of the vesiculation process in response to degassing
are important factors in controlling the explosivity of
silicic eruptions. Eruptive episodes, in general, can
be modelled as batches of volatile-bearing magma
ascending from depth and decompressing with sub-
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Frankfurt, FeldbergstraBe 47, 60323 Frankfurt, Germany. E-mail:
nickbagd @ geophysik.uni-frankfurt.de

volve the degassing and decompression of water-rich
magmas within short time scales (seconds to min-
utes), with rapid rates of vesiculation, degassing, and
magma fragmentation [1]. The kinetics of vesicula-
tion and fragmentation processes within volcanic
conduits are not amenable to direct geological study,
and are difficult to simulate experimentally. In con-
trast, lava dome extrusion involves further vesicula-
tion of a degassed water-poor lava over longer time
scales — months or years [2]. In this case, obsidians
can be reheated in the laboratory to volcanologically
relevant temperatures, and vesiculation rates can be
measured as a function of temperature. These results
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are more directly applicable to the modelling of
silicic lava flow emplacement.

Experimental studies investigating the vesicula-
tion kinetics of natural obsidians have been few.
Bagdassarov and Dingwell [3] performed simple fur-
nace experiments at elevated temperatures (>
1000°C) on water-poor and microlite-poor rhyolitic
obsidians of calc-alkaline composition. Later, Bag-
dassarov et al. [4] used a push-rod dilatometer to
monitor volume expansion and collapse of a peralka-
line obsidian containing 0.14 wt% water at tempera-
tures of 650-925°C, relevant to the eruption and
cooling of peralkaline rhyolitic magma. They docu-
mented a significant time lag in the onset of bubble
growth, interpreted as occurring due to a slow inter-
conversion rate of OH™ species into molecular water
at low temperatures. The volcanological significance
of these results is that, as lava flows erupt and cool,
this time lag results in a prolonged period of vesicu-
lation, and the potential in calc-alkaline flows for the
generation of overpressures in water-rich pockets
below brittle lava flow carapaces.

Compared with water-poor obsidians, water-rich
obsidians are relatively uncommon in the vol-
canological record as a product of silicic volcanism,
and usually occur as juvenile clasts associated with
pyroclastic deposits. When such samples are re-
heated within a pressure vessel, one can potentially
experimentally investigate processes that occur dur-
ing the degassing of a water-bearing silicic magma
within the upper parts of volcanic conduits where
vesiculation and fracturing are thought to occur.
However, these experiments are technically quite
difficult to perform. Instead, a necessary first step in
understanding the physics of the gas—melt separation
for water-rich melts is the reheating of a water-rich
obsidian at | atm pressure, to compare with those
experiments performed on water-poor samples.

The main goal of this study was to measure the
effect of temperature and viscosity on the Kinetics of
bubble growth on a natural water-rich calc-alkaline
obsidian containing =~ 1.8 wt% H,O. Vesiculation
(volume expansion) experiments as a function of
temperature were performed and compared with ex-
isting data for water-poor obsidians. The volcanolog-
ical implications of these results are discussed in
terms of the mechanical weakening of water-rich
silicic magmas during degassing processes.

2. Sample description

Viscosity and volume expansion experiments were
performed on samples drilled from cobbles of grey
obsidian from Red Hills (Gila National Forest), New
Mexico, USA. This sample was one of a series of
rounded obsidian cobbles (‘‘Apache Tears’’) and is
part of a widespread pyroclastic deposit {J. Hol-
loway, written commun., 1995). The obsidian con-
tained between 0.5% and 1.0% microlites, which
consist mainly of platy plagioclase crystals < 20
pm in size and small, hexagonal plates of biotite.
With the exception of volumetrically minor flow-
bands with a higher crystal content (= 2 vol.%), the
microlites are usually homogeneously distributed
throughout the sample. In addition, the sample had
an average vesicularity of 6.2 vol.%, determined
from image analysis of secondary electron SEM
images (Fig. 1). This small volume proportion of
bubbles was homogeneously distributed throughout
the obsidian cobble, with the exception of volumetri-
cally minor (<5 vol.%) bands which were more
bubble-rich, with = 9-10 vol.% vesicularity. For the
viscosity and volume expansion measurements de-
scribed below, samples were carefully selected based
on homogeneity and uniformity of bubble distribu-
tion. Bubbles attain 300 wm diameter, have an aver-
age diameter of 25 pm, and an average aspect ratio
of < 1.6. Many of the vesicles contained water.

Fig. 1. Backscatter (secondary electron) SEM micrograph of the
water-rich Red Hills rhyolitic obsidian. The scale bar represents
100 pm.
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3. Experimental procedure

In order to characterise the rheology, volume
expansion rate and vesicularity of the Red Hills
sample the following experiments were performed:
1. micropenetration viscometry of natural and

remelted samples, in order to investigate the tem-

perature dependence of viscosity;
2. dilatometric expansion measurements to charac-
terize the kinetics of vesiculation.

A vertical SiO, push-rod dilatometer (TMA 402
Netzsch Geritebau™, Selb, Germany) was adapted
for use for the experiments. In addition, bulk compo-
sitions were determined by ICP-AES. Water con-
tents of the natural sample before and after viscome-
try were analysed by FTIR, and water losses were
analysed by thermogravimetric analysis (TGA and
DTG).

3.1. Micropenetration viscometry

These measurements were performed on polished
disks of both natural water-bearing and remelted (or
anhydrous) samples of 2—4 mm thickness and 8 mm
diameter. When preparing remelted glass, chips of
water-bearing obsidian were heated and vesiculated
at 900°C for 3 min intervals, followed by crushing
the foamed chips into a fine-grained powder. The
powder was incrementally added to a platinum cru-
cible and annealed at 1650°C and 1 bar for 9 h,
followed by cooling to room temperature for 24 h.
The end product contained no crystals, a minor
bubble content (< 0.5 vol.%) and a water content of
0.01 wt%.

The method of micropenetration viscometry in-
volves the deformation of a silicic melt at high
viscosities by indenting the melt surface [5,6]. The
indenter is an Al,O, sphere with a diameter of 3
mm, nested in the lower end of a hollow silica
push-rod. Forces of 0.5-7.7 N were applied to the
push-rod /indenter assembly after the experimental
temperature had been attained. Viscosity (Pa s) was
determined using the following expression:

0.1875Mgt
TR M

where M is the applied load (kg); t is time (s); R is
the radius of the indenter (m); and « is the mi-

cropenetration depth (m) [7,8]. The numerical con-
stant 0.1875 in Eq. (1) is derived from the spherical
shape of the indenter. A necessary assumption in
these experiments is that at time t = 0, the micropen-
etration depth « = 0. Unfortunately, there is always
a small mechanical displacement of the silica push-
rod after applying a load, due to the elastic response
of the push-rod, the silica sample holder and the
sample itself. Assuming 7, M and R do not depend
on t, we can rewrite Eq. (1) by taking the time
derivative of the numerator and denominator of the
right-hand side of this equation giving:

0.1875Mg

- R*°1.5a%%

n (2)
where @& is the micropenetration rate {(m/s). The
advantage of this formulation is that it depends less
on the uncertainty of the initial displacement of the
rod compared to Eq. (1). When a load is applied to
the push-rod, the first few read-outs of the indenter
displacement are affected by the elastic strain of the
assemblage. The small amount of elastic deformation
of the mechanical system (rod + sample + holder)
has been taken into account by fitting the initial
point of time in Eq. (1) and Eq. (2) in such a way
that the result of the viscosity calculations from both
of them are equivalent. Using this method of the data
reduction, the micropenetration technique can reli-
ably measure shear viscosity in the range 10°-10''"
Pa s. This technique is calibrated using NBS 711
standard glass and experimentally determined values
were within +0.06 log viscosity units of the tabu-
lated data [9] for spherical indenters of 2—-5 mm in
diameter and applied loads of 0.5-8.5 N. A Pt—
Pty Rh,, thermocouple was positioned 1-1.5 mm
from the upper indenting surface of the sample and
was calibrated using three standards (the melting
point of Au, and Ag,SO, and SiO, a-pf-phase
transition peaks) in the temperature range 420-
1064°C, and read to within +2°C.

3.2. In situ volume expansion measurements

The same push-rod dilatometer was used to record
the volume increase of the rhyolite melt due to
vesiculation. The experimental set-up was similar to
that described by Bagdassarov et al. [4]. Cylindrical
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samples of natural Red Hills rhyolite of 2 mm
thickness and 8 mm diameter were contained in an
alumina crucible, and the volume increase as a result
of foaming was measured by the vertical displace-
ment of a silica rod resting on a thin alumina piston
which, in turn, rested on the sample. The experi-
ments were performed in Ar gas over a temperature
(and time) interval from 520°C (300 h) to 624°C (1.5
h). Degassing of the sample surface in contact with
the crucible and the piston is minimal in comparison
to bulk volume expansion of the sample as it vesicu-
lates. Duplicate experiments as well as experiments
performed on samples of different sizes showed that
the shape of volume expansion curves with time is
reproducible.

3.3. Analysis of water content: FTIR and thermo-
gravimetric analysis

Water contents of the natural sample, as molecu-
lar water and hydroxyl groups, were measured by
infra-red spectroscopy. Results were compared with
other independent measurements of water content by
weight loss, including previous (unpublished) analy-
ses using the Penfield Tube method (Arizona State
University), as well as the TGA and DTG measure-
ments described below.

A Bruker IFS 120HR Fourier Transform Spec-
trometer was used to obtain transmission infrared
spectra in the near infra-red region (2500—8000
cm™ '), using a W-source, CaF, beam-splitter and a
narrow-band MCT detector. The spectrophotometer
operated at a resolution of 4 cm~' with a scanning
speed of 20 KHz. Typically, 200-500 scans were
collected for each spectrum using a cassegrainian
15 X objective. The background was recorded and
subtracted from every spectrum. An unmounted dou-
bly polished glass disk of =2 mm thickness was
analysed. Integrated molar absorptivities of 248 + 24
and 341 + 25 1 /mol cm? [10] were used for the 5200
em™' (molecular H,0) and 4500 cm™' (OH™)
near-infrared peaks, respectively. The precision of
these measurements is based on the reproducibility
of the spectra obtained from duplicate analyses on
the same spot, as well as from the uncertainty as-
signed to the background subtraction procedure. We
estimate that the typical uncertainty in our measure-

ments for both absorption bands is approximately
2% relative. The concentration of dissolved total
water in the Red Hills sample was determined using
the equation described by Stolper [11].

Thermogravimetric analysis (TGA) was used for
determining the rate of volatilisation and the compo-
sition of volatiles that escaped from the melt under
heating. The weight losses during the heating of the
Red Hills rhyolite glass sample were determined
using a Simultaneous Thermal Analysis System (STA
409, Netzsch®). A cylinder of glass of 6 mm diame-
ter and 12 mm length was drilled out of a cobble of
the Red Hills obsidian. It was placed in a thermal
balance purged with Ar (125 cm®/min) and heated
at a rate of 1°C/min to a temperature of 1250°C. A
thermal balance connected with the VG Gas Analy-
sis System (Fison Instrument®™) permits measure-
ment of the composition and amount of exsolved
volatiles. This consists of a quadrupole mass spec-
trometer in which ions with different mass to charge
ratios are separated using a quadrupole triple filter
and transmitted to the detector. The ionisation poten-
tial is 70 eV.

4. Results

4.1. Composition and water contents

Bulk and glass compositions for the natural and
remelted Red Hills Rhyolite, and the water content
(FTIR) of the natural sample are reported in Table 1.
The compositions of both the natural and remelted
samples when adjusted to volatile-free conditions are
the same. In addition, compositions before and after
viscometry experiments were unchanged within ex-
perimental error.

Independent determinations of water content were
previously performed by the Penfield Tube method
(Arizona State University) giving 1.9 wt% H,O and
TGA (1.8 wt% H,0). For the natural sample, total
water content determined by FTIR was 1.49 + 0.13
wt%, with molecular H,O and OH™ being = 0.8
and = 0.7 wt%, respectively (see footnote, Table 1).
Several measurements performed along traverses on
sample disks showed no difference in the back-
ground subtracted peak area at 4500 cm~' (OH™)
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Table |
Composition of Red Hills rhyolite
Oxide: 1 2 3

natural pre- remelted pre- remelted post-

viscometry  viscometry viscometry
Si0o, 77.0(0.3) 77.0(0.5) 77.1(0.5)
TiO, 0.03(0.1)  0.03(0.4) 0.04 (0.5)
Al, O, 13.0(0.2) 13.1(1.1) 12,9 (0.2)
FeOt 0.7 (0.7) 0.7 (0.3) 0.7 (0.3}
MnO 0.1(1.0) 0.1(1.0) 0.11(0.2)
MgO 0.04 (0.3) 0.04 (0.6) 0.06 (0.5)
CaO 0.5(0.4) 0.5(0.4) 0.46 (0.4)
Na,O 43(0.2) 4.3(0.5) 4.3(0.2)
K.O 43(0.3) 42(0.2) 4.3(0.2)
Total # 97.54 98.17 97.12
H,0 1.49 8 0.01° 0.01°
Agpaitic Index  0.90 0.88 091
NBO/T 0.15 0.05 0.07

All analyses were by ICP-AES and have been normalised to
volatile-free conditions. Original analytical totals (#) are given.
FeOt = total Fe; (as Fe;0,). Agpaitic Index = mol (Na+K)/Al.
NBO/T is the ratio of non-bridging oxygens to tetrahedrally
co-ordinated sites. * FTIR water analysis. € * values (1 /mol ¢cm?®)
from Newman et al. [10], sample thickness was 2.117 mm,
p=2340 g cm* (£ 1%) determined by Berman balance. Aver-
age integrated absorbances were 54 (5200 cm™') and 65.5 (4500
cm™") giving 0.8 wt% and 0.7 wt% for molecular H,O and OH,
respectively. ® Remelted sample. Sample thickness was 1.018
mm. and average integrated absorbance was 78.2 (3750 cm ™).

and 5200 cm~' (molecular H,0), indicating no
compelling evidence for variations in water concen-
tration within the error of determination. For the

559

post-viscosity analyses described later, water losses
(if any) were monitored by FTIR.

The difference between the water content of the
starting material (= 1.5+ 0.1 wt%) measured by
FTIR and the mass loss methods (1.7-1.9 wt%)
could be attributable to errors associated with the
values of integrated absorptivity (€ *). However, the
FTIR data for the natural material gives a baseline
for comparison for any compositional change associ-
ated with water loss during viscometry. For all vis-
cometry samples annealed at T < 550°C, the mean
bubble concentration is less than =6 vol.%. We
were able to measure the water content of the glass
between the bubbles throughout the sample, and
have verified its homogeneity. FTIR results from
post-viscometry samples will be reported later in the
section on micropenetration measurements, and will
be discussed in terms of tests for compositional
stability before and after shear viscosity measure-
ments.

For thermogravimetric analysis, the weight of
sample, initially 0.8 g, was monitored during thermal
scanning (Fig. 2). Sample weight began to decrease
from 616°C, reaching its maximum weight loss rate
at 636°C in response to degassing. The final total
mass loss is 1.8 wt%, which is close to the initial
water content measured by other mass loss methods
and close to FTIR results within the experimental
error. The mass spectrometric analysis of volatiles
released during scanning did not reveal any gas
species except H,O with a mass /charge ratio of 18.

0.5
0 pome—
—_
.g
PRy E 0.5 weight losses
\o E w.%
e rate of weight losses )
§ é 4 L| moma 1.8 wt.%
~ O
52 Ll
’ ‘ ‘ ~636°C . ‘
0 200 400 600 800 1000 1200 1400
T°C

Fig. 2. Thermogravimetric {TGA) analysis of Red Hills rhyolite during heating to 1200°C. where 1.8 wt% mass loss occurs from 616°C,
with a peak mass loss rate at 636°C. corresponding to the degassing of waler from the sample.
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Fig. 4. Log viscosity /inverse temperature plot of micropenetration viscosity measurements performed on natural and remelted Red Hills
thyolitic obsidian, from data listed in Table 2 and Table 3. W = data for remelted rhyolite: O.@ = data for the natural sample. For the
natural sample, two regression lines have been fitted: for T < 520°C (O) and T > 520°C (@). corresponding to Ea values of 274 kJ /mol

and 209 kJ/mol. respectively (see text). The regression line for the data (T < 520°C) has been extended to higher temperatures for
comparison with the data set T > 520°C.
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4.2. The glass transition

The glass transition (T, ) occurs where there is a
change in the rheological properties of the sample
from a *‘liquid-like’” to a “‘solid-like’” response in a
cooling magma. For this study, T, is defined as the
temperature of the peak in the thermal expansion
curve as a function of temperature (Fig. 3) [12]. For
all experiments on all natural samples heated at rate
of 10°/min, T, occurs at 520 + 2°C, whereas for the
remelted (dry) sample, T, is 855°C for the same
thermal treatment. The peak temperature represents
the glass transition for this particular thermal treat-
ment, which influences the temperature and the time
scale at which the onset of vesiculation occurs.
Below the peak temperature, there is no observable
microvesiculation over a time period of several hours,
therefore reliable micropenetration viscometry can
be performed. At temperatures above the peak tem-
perature, the remelted sample flows under its own
weight. The natural sample flows but also slowly
starts to vesiculate.

4.3. Micropenetration measurements

The results of shear viscosity measurements ob-
tained by the micropenetration method on natural
obsidian samples as well as on remelted glass sam-
ples are plotted in Fig. 4 and listed in Tables 2—4.
Over the viscosity range of 10'°-10" Pa s, an
Arrhenian log viscosity—inverse temperature trend
can be seen with the form:

log,ym, = log,,A, + Ea/(2.303RT) (3)

where 7, is the shear viscosity at temperature T (K),
A, and Ea are the pre-exponential factor and the
activation energy of viscous flow respectively, and R
is the gas constant. At viscosities of 10'2% Pa s,
samples were held under load for at least | h and are
estimated using the Maxwell relation [13]} to be 90%
relaxed. The same experimental conditions were ap-
plied to NBS 711 measurements at measured viscosi-
ties of 10"'*" Pa s at 448°C and 10'*°7 Pa s at
426°C, and experimental values matched the tabu-
lated standard values (c.f. [9]) to within +0.06 log
units.

Table 2

Micropenetration shear viscosity data and spectroscopic data

T Log n(+10) Time Load Thickness * AH,O" AOH " H,0 ¢ OH ! H,0,®
O (Pas) (min) (N) {cm) (wt%) (wt%) (wi%)
450 13.18 + 0.06 160 (100) 7.74 0.1927 6.4 65.1 0.75 0.76 1.51
464 12.85 + 0.04 100 (60) TT4 e e e
475 12.45 + 0.05 80 (40) 774 s e e e
485 12.14 + 0.01 45(25) 4.84 51.7 0.69 0.77 1.46
501 11.91 £ 0.02 45(25) 3.87 0.2604 573 0.68 0.78 1.46
511 11.45+£0.03 45(25) 387 s e e e
521 11.55 +£0.03 45(25) 1.94 0.3186 61.5 109.2 0.60 0.77 1.37
531 10.92 4+ 0.03 145 (25) 146 L i
541 11.05 4+ 0.02 45 (30) 097 e
549 10.60 + 0.02 3507 0.97 473 77.8 0.66 0.79 1.44
559 10.58 + 0.01 22(12) 049 L e e e
569 10.39 + 0.02 21(13) 0.49 0.2270 41.8 76.9 0.57 0.77 1.34
578 10.26 +0.02 17 (10) 049 Ll e e e
589 10.10 + 0.02 17 (10) 0.49 0.1501 26.4 494 0.55 0.75 1.29

Diameter of the indenter sphere is 2.997 mm. The H,O speciation between the raw sample (Table | footnote) and post-viscometry samples
are different. The cooling rates for the natural material is unknown. whereas the cooling rate of the post-viscometry sample in the
dilatometer is 1°C /min. Experimental time includes the loading segment and unloading segment (in brackets). For the FTIR data, density of

the samples is 2340 + 20 g /1.

The thickness of each glass plate was measured with a digital Mitutoyo micrometer. Error: +3.107* cm (relative error: 1%).

b
<

d

Molecular water. Error: £0.07 wt%.
OH groups. Error: +0.08 wt%.

¢

Integrated Absorbance. Relative error: 2%. Values reported refer to multiple spectra.

Total water determined as the sum of molecular H,O and water dissolved as OH groups. Error: +0.13 wt%.
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Table 3

Micropenetration shear viscosity data for remelted Red Hills rhyolite

Temperature log,o M Load Time unload (load) Indent depth
) (Pas) (g) (um)
960 9.64 + 0.01 499 10 (10) 50
932 9.93 £0.02 49.9 10 (10) 40
885 10.69 + 0.03 98.6 25(25) 22
862 11.20 +£0.02 247.1 35(25) 24
838 11.27 +0.03 394.0 15(12) 22
815 11.95 + 0.02 838.4 25(35) 18
791 12.38 +0.11 838.4 20 (20) 8

4.4. Viscosity of the natural sample

Micropenetration shear viscosity experiments are
difficult to perform on natural samples containing
small volumes of bubbles and crystals as the viscos-
ity result may be affected by the proximity of these
features to the indenter. Consequently, any scatter in
the data is likely to be due to the presence of crystals
or bubbles and heterogeneities in their distribution.
At higher temperatures (560-588°C), although sam-
ples were relaxed within the time scale of the experi-
ment, some microvesiculation occurred during mi-
cropenetration experiments. Therefore, the shear vis-
cosity data had to be corrected by subtracting an
effect of volume expansion as seen during the initial
no-load segment.

From the analysis of the data in Table 2, we can
initially conclude that, for all data points, the activa-
tion energy of viscous flow (Ea) is 270 £ 10 kJ /mol.
However, before any further interpretation of Fig. 4,
the water contents (by FTIR) of samples after vis-
cometry need to be described and discussed.

The water content of samples used in micropene-

Table 4
Viscosity parameters (1o errors are quoted)

tration experiments, monitored by FTIR spec-
troscopy (Table 2), appeared relatively unchanged
within analytical error at temperatures < 550°C. The
viscosity data are related to structural equilibration
and relaxation of water-bearing melts over the exper-
imental temperature range of interest. The results at
temperatures > 550°C should however be treated
more cautiously. At this temperature, samples start to
show a slow but continuous loss of water during
viscosity measurements over a time period of a few
minutes. With respect to lower temperature viscosity
measurements, a total relative water loss of = 10%
was observed at 588°C which contributed to a higher
viscosity. This temperature is at the upper limit at
which micropenetration viscosity measurements on
these water-rich samples can be applied.

We can conclude that, at temperatures < 520°C,
corresponding to a log,, viscosity of 11.5 Pa s, the
activation energy of viscous flow (Ea) is 274 + 22
k}/mol (Fig. 4 and Table 4). At temperatures >
520°C, the activation energy of viscous flow is 209
+ 30 kJ /mol. Due to water losses occurring during
the time scale of micropenetration experiments, espe-

Sample

log 10 A n Ea
(k] /mol)

Red Hills (natural) all data (n = 14)

T <520°C(n=7)
T >520°C(n=7)
T > 550°C(n=75)

Red Hills (remelted) all data (n=7)

=6.353 (£0.130)
—6.655 (+0.126)

269.57 (+9.84)
27421 (£22.18)

—2.561(£0.113) 208.90 (£29.63)
—0.841 (£0.050) 180.86 (+21.52)
=7.711(£0.121) 408.17 (£20.20)
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cially at higher temperatures (T > 550°C), the appar-
ent activation energy is lower at 181 + 22 kJ /mol.
These lower activation energies (T > 520° and T >
550°C) are likely to be due to a combination of
viscous relaxation, water diffusion into bubbles, and
changes in water content in the melt.

4.5. Comparison with remelted sample

When the shear viscosity data of remelted and
natural samples were compared. a significant de-
crease in viscosity and activation energy of viscous
flow was observed (Tables 3 and 4, Fig. 4). This
difference is entirely due to the effect of water. The
activation energy of viscous flow in the remelted
sample is 408 + 20 kJ/mol and is = 1.5 times
higher than in the natural obsidian. The temperature
difference at a viscosity of 10'* Pa s (or rheological
Tg, for convenience) between natural and remelted
samples is 315°C: from Fig. 4, T, is 810°C and
495°C for remelted and natural samples, respec-
tively. Alternatively, at a constant temperature (e.g.,
10* /T =9), the difference in viscosity between the
natural and remelted sample is = 5.3 orders of
magnitude if we increase pressure and linearly ex-
trapolate our most reliable points in Fig. 4. This will
be elaborated in the discussion.

When compared to the calculated data using
Shaw’s method [14], the viscosity data for the natural
sample plot = 1-1.5 log units lower than the calcu-
lated data. In addition, the activation energy for the
viscosity data calculated using the method of Shaw
is 280 + 2 kJ /mol. Taking into account the effect of
vesicles on the effective viscosity using the empirical
relationship for a vesiculated melt [15], the maxi-
mum scatter in the viscosity data of 0.3—0.4 log units
for a melt containing 5-6% vesicles may be ex-
pected.

4.6. The Peclet number and its significance

The kinetics of the gas—melt phase separation
involves two stages: an incubation or time lag for the
nucleation of bubbles, and a bubble growth phase.
The time lag of bubble nucleation is determined by
the diffusional properties of the melt and the state of
supersaturation. As magma rises to the surface, gas
bubbles grow as pressure decreases (expansional

growth) and as volatiles diffuse into bubbles (diffu-
sional growth). The kinetics of volume expansion of
melt due to volatile exsolution depends on both the
time scale of the momentum equation (such as the
viscous flow of a liquid shell around a bubble), the
diffusive transport equation, and the time-dependent
mass-balance on the vapour-phase/melt boundary
[16]. Thus, the relative contribution of diffusion and
expansion to the total growth rate depends on the
Peclet number:

P APR’ @
e =
Dy om

where R, is the size of vesicle, AP is the overpres-
sure within the bubble, D, , is the bulk water
diffusion coefficient, and 7 is the shear viscosity of
the melt [17]. Pe is the ratio of two time scales:
R2/Dy o is the time scale of diffusive transport;
and n/ AP is the time scale of the momentum equa-
tion or the bubble expansion time scale. When Pe
> |, the time scale of expansion is smaller than the
time scale of diffusive transport. In this case, diffu-
sion determines the overall kinetics of the vesicula-
tion process. The kinetics of bubble growth depend
mainly on the mass transport equation and the activa-
tion energy of bubble growth is equivalent to the
activation energy of the diffusion coefficient. This
happens when T > T,. When Pe < 1, the time scale
of expansion is largér than the time scale of the
diffusion process. In this case, the overall kinetics is
determined by the time scale of the momentum
equation or mechanical expansion of the bubble. The
activation energy of bubble growth should equal the
activation energy of the shear viscosity. For vapour
bubble growth in silicate melts, the product Dy o
is temperature dependent, due to the difference in
activation energies of viscous flow of a silicate melt
and the activation energy of water diffusing within
melt. Thus, when Pe = |, the activation energy of
the volume expansion process may vary between the
activation energy of the diffusion of water and the
activation energy of viscous flow.

The physical parameters which determine the
Peclet number in Eq. (4), viscosity and bulk-water
diffusion coefficient, depend strongly on the water
content in magmatic melts (c.f. [14,18]). For exam-
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ple, rhyolitic volcanic glasses from lava flows usu-
ally contain small amounts of water [19-21], mostly
as hydroxyl groups [22]. Glasses with greater than |
wt% water contain a larger fraction of molecular
water [11], with correspondingly faster rates of diffu-
sion. Thus, a very different Peclet number and resul-
tant characteristic times of bubble incubation and
growth would be expected.

The Peclet number calculated for this rhyolite
melt with =2 wt% H,O using the viscosity data
obtained in this study and the bulk water diffusion
coefficient [18], varies between 0.04 and 600 in the
temperature range 450-850°C. Viscosity data ob-
tained in this study at temperatures up to 600°C have
been extrapolated to higher temperatures by using
the Arrhenian dependence. Assumptions in these cal-
culations include an overpressure of 300 bar (the
pressure corresponding to the solubility of about 2
wt% H,O) and bubble diameters of 25 um, repre-
senting the average size of vesicles in the Red Hills
obsidian. Pe = 1 corresponds to a temperature of
550°C. This means that the lower activation energy
of viscous flow at temperatures > 550°C (= 181

kJ /mol) may be due to water losses into bubbles, or
to a coupling of viscous deformation with water
diffusional processes.

The analysis of two Arrhenian dependencies of
the bulk water diffusion coefficient [18] and the
shear viscosity from this study, indicates that the
viscosity and diffusion are connected via the rela-
tionship:

n*Dy , = constant (5)

The exponent B in this relationship is the ratio of
two activation energies: the activation energy of
water diffusion and the activation energy of viscous
flow, at 80 + 4 kJ/mol [18] and 274 £ 22 kJ /mol,
respectively. In contrast, for a rhyolite with 0.14
wt% H,0, the bulk water diffusion has an activation
energy of 46.5 + 2.3 kJ/mol [23] and an activation
energy of viscous flow of 286.5 + 6.0 kJ/mol [4].
The preliminary calculations using measured activa-
tion energies for viscous flow of water-poor and
water-bearing rhyolites and data on the activation
energies of water diffusion in rhyolite melts indicate
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Fig. 5. Relative volume expansion versus time for the Red Hills rhyolite at a range of experimental temperatures (520-624°C),
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an increase in the value of exponent B with an
increase in water content from 0.17 + 0.03 (at 0.14
wt%) to 0.29 + 0.03 (at 1.8 wt% H,0). In the case
where the activation energies of shear viscosity and
diffusion are the same, the Peclet number does not
depend on temperature. Therefore, the Peclet number
varies less with temperature variations at high con-
centrations of water dissolved in the melt,

4.7. Volume expansion measurements

The volume expansion results can be modelied
using the Avrami relationship [24,25], where the
time dependence of volume expansion AV(t) is:

AV(t) a1 —exp[—(1/7)"] (6)

for the random nucleation and growth of a new
phase (gas); n is an exponent, and 7 is the time scale
for volume expansion. Basic assumptions of the
Avrami theory include the existence of a uniform
number of germ nuclei per unit volume of melt, and
that nucleation occurs only at a new site [24,25]. The
Avrami relationship generates a series of theoretical
sigmoidal curves representing the volume fraction of
gas separated after time t. The shape of the curve is
dependent on temperature (and hence viscosity), and
the time scale for bubble growth. The time scale for
bubble growth (7) is dependent on nucleation and
diffusion rates. In general, the value of the exponent
(n) may be between 2.5 and 4 depending on the
mechanism controlling phase growth (diffusional or
interfacial) [4].

For the temperature range 520-624°C, a family of
experimental curves (Fig. 5) and Avrami fits was
generated. It was not possible to perform volume
expansion experiments at temperatures higher than
624°C as the onset of vesiculation occurs during the
latter few minutes of the heating segment and so

Table 5
Volume expansion measurements: textural observations

6
5T .
o -
3 5k ]
£ 4s P .
o |
8 |
4 ¥
| |
35 e
11 1.15 1.2 1.25 1.3
1T (K)
(x 1000)

Fig. 6. Characteristic time scale for vesiculation (log 7) versus
inverse temperature. The relationship is Arrhenian, with an activa-
tion energy for bubble growth of 211 kJ /mol. 7 is defined from
fitting the Avrami equation to the experimental data and repre-
sents the time from t = 0 to the inflection point of the sigmoidal
curves in Fig. 5. Because of the linear dependence of log 7 with
inverse temperature 1/T, 7 can be estimated for magmatically
relevant temperatures {e.g., 750-850°C) by linear extrapolation.

some information on the kinetics of bubble growth is
lost once the experimental temperature of interest is
attained.

Under natural conditions magmatic vesiculation
occurs owing to a combination of two processes:
volatile exsolution (the separation of a gas phase
from the melt) and the decompression of the melt
itself. In laboratory experiments samples start to
vesiculate at temperatures when the melt is mechani-
cally relaxed. For these natural water-rich samples
no incubation time was recorded. One possible rea-
son for this was that a small volume of bubbles was
already present in the starting material. Another rea-
son is that more than half of the total water dissolved
in the melt is molecular water (Table 1), which
diffuses more quickly in silicate melts [23].

The value of the exponent (n) is relatively con-

T 1 melt First cracks Comments Vesicularity * Vesicle size *
CC) (Pas) (h) (vol.%) (um)

520 10"3 21.7 major dislocation at 110 h 37

575 10103 6.7 60 120

624 10° — bubble coalescence 65 65

* From image analysis of SEM images.



566 R.J. Stevenson et al. / Earth and Planetary Science Letters 146 (1997} 555-571

stant, with an average value of 1.5-2. The volume of
the gas to melt ratio increases with increasing tem-
perature. The characteristic time for bubble growth
(1), is an Arrhenian function of temperature with an
activation energy (Ea) for volume expansion of 211
kJ /mol (Fig. 6).

Fig. 7. SEM and binocular microscopic images of post-volume
expansion samples. At T =575°C, samples show some coales-
cence of bubbles (a). Cracks between bubbles were observed both
at intermediate and low run temperatures (b). Polygonal cracks
occur on the upper surface of the cylindrical samples of 8 mm
diameter {(c), in this instance after the lowest experimental run
temperature of 520°C and the longest annealling time of ¢. 300 h.

Dislocations as ‘‘noise’’” or offsets in the volume
expansion trace as recorded by dilatometry are inter-
preted to be the result of cracking within and on the
surface of the sample. In fact, small dislocations are
interpreted as cracking viscoelastic shells of melt
between bubbles within the sample, and larger dislo-
cations could be the result of the propagation of
surface cracks below the piston adjacent to the silica
rod (e.g., T = 520°C, Fig. 5). At progressively higher
run temperatures, the measurable onset of cracking
was observed earlier (Table 5). Average vesiculari-
ties from SEM image analysis increased with in-
creasing temperature and bubble coalescence was
common (Fig. 7a). Furthermore, for samples experi-
mentally treated at low and intermediate tempera-
tures, cracks were observed propagating from bubble
walls into the inter-bubble melt, sometimes intercon-
necting with other vesicles (Fig. 7c). The smallest
cracks observed by backscatter SEM were of 0.5 um
width and 30 wm continuity. These dimensions (e.g.,
crack width) represent an upper value because widths
were probably enlarged during sample preparation.
For all volume expansion runs, polygonal cracks
were observed on the upper surface of the samples
(Fig. 7b). One final point to consider is that these
cracks are not related to the quenching of the sample
after the experiments. Fractures resulting from
quenching have a well developed concentric pattern,
are not open cracks as observed on the SEM photos,
and occur when the entire sample is brittle. In con-
trast, the cracking occurred during our experiments
while the melt was largely ductile. A possible model
for the development of these fractures will be out-
lined in the discussion section.

5. Discussion

In nature, rapid decompression of magmas results
in an oversaturation of melt with volatiles, associated
vesiculation and dynamic fragmentation. The main
part of the degassing process — bubble nucleation,
bubble growth and melt fragmentation within the
upper part of the conduit — is interpreted as occur-
ring in tens of seconds or less [1]. In the laboratory,
we have simulated decompression and bubble growth



R.J. Stevenson et al. / Earth and Planetary Science Letters 146 (1997} 555-571 567

by reheating a natural water-rich sample and creating
a melt oversaturated in water with a slow ‘‘decom-
pression”’ rate and without dynamic (mechanical)
fragmentation of a liquid phase. Instead, the delayed
cracking we see is a result of a diffusional (i.e.,
slow) process and it occurs over much longer time
scales compared to dynamic fragmentation.

The Red Hills sample is a rare water-rich obsidian
associated with pumiceous pyroclastic deposits. It is
interpreted as representing magma previously
quenched at depth which was milled during ejection
from a volcanic vent because: (1) water is bound into
the melt at high pressure; and (2) the natural sample
has a low vesicularity and bubbles are of low aspect
ratio, texturally different from obsidians or finely
vesicular pumices from the surfaces of rhyolitic lava
flows (c.f. [26]), and different from fall lapilli pumice
associated with pyroclastic units (c.f. [27]). Some-
times magma is cooled at depth in intrusions, and
fragmentation and complete degassing of melt may
be prevented. Water-rich obsidians may be preserved
as juvenile clasts associated with plinian fall-lapilli,
or in situ as glassy conduit or dike margins. In
addition, fragments of the intrusion material may be
emplaced in fractured basement rocks and quench
with water contents > | wt% [21].

When a sample with > | wt% water bound into
the melt at pressure is reheated at 1 atm pressure, it
vesiculates at lower temperatures than those typical
of calc-alkaline magmas (e.g., 750-900°C [28]).
Also, with reference to an anhydrous melt, the pres-
ence of = 1.8 wt% water depresses the glass transi-
tion temperature by 315°C. This is why reliable
viscosity measurements cannot be performed at T >
580°C, because vesiculation changes the physical
and compositional properties of the melt. However,
the water-bearing and annealed Red Hills rhyolite is
a strongly polymerised melt [29] where NBO/T is
close to zero (see Table 1). This means that the
temperature dependence of the shear viscosity may
be described by an Arrhenius relationship not only
over the temperature range of our experiments but
also to higher temperatures and lower viscosities (c.f.
viscosity data in [30]). Consequently, we can reliably
extrapolate our low-temperature viscosity data {dots,
Fig. 4) to volcanologically relevant temperatures.
Thus, our best estimate of the viscosity of the bub-
ble-poor melt at magmatically relevant temperatures

is as follows. For the Red Hills rhyolite =2 wt%
water occurs dissolved within the melt under satu-
rated conditions at = 300 bar pressure calculated
using the expression in [18]. At temperatures that are
typically associated with the eruption of ignimbrites
from calc-alkaline caldera volcanoes (750-850°C),
the apparent viscosity of a melt (at these pressures)
prior to vesiculation is estimated to be 10°~107* Pa
s from the linear extrapolation of our most reliable
data in Fig. 4. This estimate compares with 107-10%
Pa s for the viscosity of the melt alone calculated
using the method of Shaw [14] and experimental data
have viscosities up to an order of magnitude lower
than those from the calculated data.

During vesiculation or volume expansion experi-
ments on the water-rich obsidian samples at 1 atm
pressure no incubation time for the nucleation of
bubbles was observed. This contrasts with a time lag
exceeding 250 min for a calc-alkaline water-poor
rhyolite reheated at 1 atm pressure at a more mag-
matically relevant temperature of 915°C [12]. The
physical mechanism responsible for the lag in the
onset of vesiculation at low water contents (< 0.5
wt%) is due to the slow interconversion rate of OH™
into molecular water [4]. Newborn nuclei of the
vapour phase are formed at sites where local fluctua-
tions in the concentration of molecular water occurs.
The probability of nucleation or the characteristic
time of this process may be assumed to be inversely
proportional to the diffusion coefficient of molecular
water and the square of the degree of supersaturation
state [31]. At low water contents water is dissolved
in the melt mostly as OH ™ species [11]. Under these
conditions, the interconversion rate of OH™ species
into molecular water is a much slower process than
the diffusion of molecular water, especially in vis-
cous rhyolitic magmas [22]. Thus, a certain incuba-
tion time is required in order to attain an appreciable
level of fluctuations in the concentration of molecu-
lar water. In water-rich samples with a larger propor-
tion of molecular water, diffusion rates are corre-
spondingly faster, and no time lag was observed.

In addition, ‘‘rough’ sigmoidal volume expan-
sion curves were obtained, owing to the cracking of
viscoelastic shells of melt between expanding bub-
bies at temperatures close to T,. A plausible explana-
tion is that the diffusion of water results in an
increase in the glass transition temperature near the
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surfaces of vapor bubbles. This process has not been
previously observed in water-poor melts (c.f. [4]).
Over our experimental range of temperatures (520—
624°C), cracks form associated with vesiculation,
while the melt is in a “‘liquid’’ state. The observed
crack length is between 10 and 20 pm. However,
with increasing annealing times some viscoelastic
shells overlap, resulting in the propagation of frac-
tures between bubbles (Fig. 7¢). These fractures
always begin from the inner bubble-wall surface and
stop at the point when the melt becomes ductile.

A possible hypothesis to explain how the cracks
form is associated with dehydration of bubble walls
and vesicle expansion on decompression. Water dif-
fuses into bubbles because the chemical potential of
water dissolved in the melt is higher than in the
vapour phase after decompression of the melt. As a
result, bubbles begin to expand. This diffusion of
water creates a thin layer of dehydrated melt around
the bubble. Owing to the lower water content within
this thin layer, the melt in the viscoelastic shell tends
to contract. If this stress (from bubble wall contrac-
tion) exceeds the tensile strength of the dehydrated
melt itself, then the melt fractures. This process may
also be allied with the volume expansion of bubbles
which exert stresses on the viscoelastic liquid shells
separating growing bubbles. Thus, the driving force
for fracture initiation is the volume contraction of the
boundary layer, the driving mechanism of fracture
propagation is the volume expansion of bubbles.
Using data on the diffusion of water in a rhyolitic
melt with =2 wt% water [18], we calculate the
thickness of the diffusion boundary layer which can
develop over a certain time. For example, at 600°C,
a layer <15 um thick develops within 5 min,
whereas at 500°C, a layer of similar thickness devel-
ops over a 45 min period. For a thin bubble wall
shell to rupture, the critical concentration gradient
required is estimated to be > 1 wt% H,O [32] (see
Appendix A).

The mechanism of dehydration of glass in a diffu-
sive boundary layer resulting in elastic shrinkage of
bubble walls was theoretically postulated by Mungall
et al. [33]. This modelling was applied to moderately
hydrous shallow intrusives, such as cryptodomes and
vent plugs (where TsTg), that are suddenly un-
loaded during cooling [33]. Romano et al. [34] exper-
imentally observed decrepitation of bubbles (the

propagation of cracks between vesicles) in hydrous
bubble-bearing albite glass at temperatures less than
T,.

" For our in situ volume expansion experiments
T... exceeded 495°C and was less than 810°C,
corresponding to hydrous and anhydrous rheological
T. values (where n = 10"> Pa s), respectively. As
w:ater diffuses into growing bubbles, the melt on the
bubble margin contains a lower water content and
consequently higher T,, with a corresponding viscos-
ity closer to 10" Pa s. As 1.8 wt% water
diffuses from the melt into bubbles, the T, of the
bubble wall increases by = 315°C and the viscosity
by = 5-6 orders of magnitude. In order to rupture
the thin bubble wall layer, it is sufficient to have a
small overpressure in the bubble, or small tensile
stresses within the bubble wall shell. These stresses
are smaller than are postulated by Mungall et al. [33]
as only a thin shell (a small part of a diffusive
boundary layer) is being ruptured, not the whole melt
layer between two bubbles. In addition, the polygo-
nal network of cracks (Fig. 7c) is interpreted as
being due to water diffusion and the resultant con-
traction of the melt near the surface, whenever the
time scale of diffusion is shorter than the relaxation
time of shear stresses [35]. Possessing a higher vis-
cosity with a larger shear stress relaxation time,
bubble surfaces cannot mechanically respond to sur-
face contraction, due to the relatively fast diffusion
of water. Thus, cracking will occur by this process if
the Tierry < Ty oubble wany [33]

Our volume expansion experiments are not in-
tended to simulate what happens to a magma that is
vesiculating on decompression close to the fragmen-
tation horizon within volcanic conduits. Volume ex-
pansion experiments would need to be performed
under a range of pressure and higher temperatures,
which would be experimentally difficult. What we
do know is that, in silicic magmas, cracking occurs
over longer time scales at low temperatures. In con-
trast, for basaltic magmas we do not expect diffu-
sional fracturing, because Dy, , is large [36] and the
viscosity of the melt is low [37]. In basaltic magmas
the decompression may result in complete degassing,
rapid nucleation and bubble growth over a short time
scale. Cracking of the type seen in our dilatometric
experiments may occur at the contact with wall-rock
in shallow silicic intrusions due to the degassing of
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water in cooling silicic magma. This process would
result in the effective weakening of the contact re-
gion of the magma with the country rock. Another
environment where such mechanical weakening could
occur is in the centre of cooling pyroclasts while
they are entrained in the eruptive column, or during
further cooling once they are deposited. This process
may also occur within the centre of clasts and could
accompany the formation of breadcrust textures on
clast exteriors. These features, described by McPhie
et al. [38], are a typical feature of explosive mag-
matic and phreatomagmatic eruptions that are associ-
ated with the extrusion of silicic lava flows and
domes.

6. Conclusions

(1) A significant contrast exists between the mea-
sured viscosities of a rhyolitic magma with ~ 1.8
wt% water and a dry melt of the same composition.
Volatiles diffuse from the melt into bubbles, the
value of T, near bubble walls increases by 315°C,
and bubble-wall viscosity by = 5-6 orders of mag-
nitude as the H,O content is locally depleted. The
process of bubble wall cracking may be responsible
for the effective mechanical weakening of solidify-
ing vesicular magmas in intrusions and could also be
associated with the formation of breadcrust textures
of pyroclasts.

(2) Vapor-melt separation and bubble growth
close to rheological T, in rhyolite melts with > 1
wt% H,O are accompzinied by brittle shell cracking.
If decompression of a water-bearing melt occurs at
< 300°C above the T, of the wet melt, the dry inner
bubble surface will be at a temperature below the
glass transition temperature of the dry melt. The
brittdeness of a thin wall shell of a growing bubble is
the reason for tensile fractures observed by SEM
MICroscopy.

(3) Exsolution processes in water-rich rhyolitic
melts are unlikely to include significant incubation
time lags when the supersaturation of H,O within
the melt is > 1 wt%.

(4) Higher water contents including a higher frac-
tion of molecular water in the melt are expected to
result in smaller variations in Dy - 71 and Peclet
number with temperature. )
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Appendix A

Mechanical weakening of the vesicular water-rich
silicate melt stems from the fact that the thin shell of
several microns thickness around nucleated and
growing vapor bubbles may be brittle if degassing
results in a local viscosity increase on the inner
surface up to 10''"'? Pa s. In order to rupture a
brittle thin shell it is sufficient to have small pressure
difference between the inner and outer surfaces or
create critical tensile stresses.

Overpressure may result from the fact that during
the degassing of a silicate melt the shear viscosity
increases. But, relative to the shear viscosity in-
crease, the diffusion coefficient of water decreases to
a lesser extent. The critical overpressure in order to
rupture a thin shell can be estimated as follows:

h?
AP, = EF (1A)
where £ is the Young modulus of the melt, & is the
thickness of shell, R is the radius of a shell [32]. For
example, if hA/R is 1:1000 for fracturing of the
brittle shell we need an overpressure in 10° times
less than the Young modulus of the melt.

During the process of water degassing from the
melt, tensile stresses build up in the diffusional
boundary layer. Tensile stresses on the inner surface
of a bubble are due to the volume shrinkage of the
degassed melt. They are equal to the divergency of
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strain gy, + 0,, = 3KBAC":°, where K is the bulk
modulus of a shell, B is the concentrational volume
expansion coefficient due to the water solubility, and
ACH:9 is the water concentration contrast between
the inner and outer surfaces of the shell. For a thin
shell (A <R) the critical overpressure in Eq. (1A)
can be expressed via critical tensile stresses AP, =
(0,, + gyy)h/R. Substituting AP, in Eq. (1A) we
find that the rupture of a thin shell corresponds to the
critical water concentration gradient AC as follows:

E h
ACH:0 > 3B_KE (2A)
or.
oo | ~2V
gradccrii. = —B-]T (3A)

where v is the Poisson ratio. Assuming % /R is 1:50,
B=0011/wt% H,0, E/K = 1.5 we get AC> 1%
H, O of water concentration contrast in order that the
volumetric shrinkage of a glassy shell may cause
tensile fracture.
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