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Abstract Hazardous explosive activity may sporadically
accompany the extrusion of silicic lava domes. Model-
ling of the emplacement of silicic domes is therefore an
important task for volcanic hazard assessment. Such
modelling has been hampered by a lack of a sufficiently
accurate rheological database for silicic lavas with crys-
tals and vesicles. In the present study, the parallel-plate
viscometry method was applied to determine the shear
viscosity of five natural rhyolitic samples from a vertical
section through the Ben Lomond lava dome, Taupo
Volcanic Centre, New Zealand. Rheological measure-
ments were performed at volcanologically relevant tem-
peratures (780-950°C) and strain rates (10-5-10-7 s7?).
Although these samples are in the metastable state, vis-
cosity determinations, melt composition, as well as water
and crystal contents of samples were demonstrably sta-
ble during experiments. For samples containing up to
5 vol.% microlites, the composition of the melt, rather
than the physical effect of suspended crystals, had great-
er influence on the effective viscosity of the silicic mag-
ma. Samples with 10 vol.% microlites and containing a
flow banding defined by microlites show no significant
orientational effects on apparent viscosity. The rheologi-
cal measurements were used together with a simple cool-
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ing model to construct thermal and viscosity profiles re-
vedling conditions during the emplacement of the Ben
Lomond lava dome.
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Introduction

The emplacement of silicic lava flows and of the Pacific
Rim over the past decade has focused interest and atten-
tion on the potential hazards associated with these volca-
noes. Explosive activity may precede or accompany the
extrusion of lava. The distribution of vesicular textures
on silicic lava flows has been related to their likelihood
of experiencing explosive behaviour during flow ad-
vance (Fink and Manley 1989; Fink et a. 1992), and
variations in vesicularity are, in part, related to variations
in volatile contents (Westrich et al. 1988; Anderson
and Fink 1990). Some lava flows contain explosion cra-
ters indicating high internal pressures in these flows
(Anderson and Fink 1992; Fink et al. 1992), caused by
crystallisation and the resultant build-up of excess pres-
sure in the interior of the flow (Sparks 1997). Also,
flow-front collapse can generate pyroclastic flows
(Anderson and Fink 1990; Anderson et a. 1995; Jousset
and Okada 1999; Matthews et al. 1997; Mothes et al.
1998; Richter et al. 1994; Swanson and Holcomb 1990;
Wadge et al. 1995; Watanabe et al. 1999; Yamashina and
Shimizu 1999), as observed at active dacitic lava domes
such as Lascar and Socompa volcanoes in northern
Chile, Usu—Hokkaido and Unzen in Japan, Cotopaxi in
Ecuador, Santiaguito in Guatemala, Mount Drum in
Alaska, and Mount St. Helens in the U.S. The formation
of explosion pits and pyroclastic flows are the two most
significant volcanic hazards associated with viscous si-
licic lavaflows.

Despite its obvious importance for risk assessment,
previous modelling of silicic flows has been hampered
by an insufficient rheological database on lavas for input
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into eruption models. Also, very recently, questions have
been raised concerning the accuracy of empirical models
which predict the effect of water on the viscosity
of rhyolitic and andesitic melts (Dingwell et al. 1996;
Richet et al. 1996; Hess and Dingwell 1996; Schulz et al.
1996; Scaillet et a. 1996). As a first approximation,
some physical properties can be deduced from detailed
physical and textural studies of lava flow carapaces
(Fink 1983) or from sections bisecting the thickness of
flows (Stevenson et al. 1994). More recently, however,
viscosity has been measured for natural rhyolitic obsidi-
ans at volcanologically relevant temperatures and strain
rates (Stevenson et al. 1995, 1996). This new type of da-
ta permits much more accurate modelling of the rheolog-
ical properties of silicic flows.

We studied a silicic lava dome in New Zealand, the
Ben Lomond dome, Taupo Volcanic Centre. Viscosity
measurements on natural samples taken from specific la-
va flow facies, together with a simple cooling model,
were used to constrain the timing of formation of the
textural units. These results are useful for volcanic haz-
ards assessment for this and other, similar calc-alkaline
lavaflows.

The Ben Lomond flow

The Ben Lomond dome (ca. 100 ka) consists of two flow
lobes up to 3.5 km in length, bisected by afault scarp that
exposes up to two-thirds of the internal flow stratigraphy
(Fig. 1a). This lava flow consists of an eroded finely ve-
sicular pumice carapace (Fig. 1b, FVP), an upper obsidi-
an layer (U.OBYS) cross-cut by a pumicious breccia and a
spherulitic transition zone (TZ) into crystaline rhyolite
(RHY; for more details see Stevenson et a. 1994). The
base of the flow is not exposed, as valleys between flow
lobes are filled by pumice aluvium. Almost all the FVP
layer has been eroded, and the flow is covered by a 22-ka
ignimbrite. Near the margins of the flow lobes, flow lay-
ering ramps upward, steepening in dip from 30 to 80° to-
ward the surface. The inferred vent position is near the
summit of the lava dome, based on flow banding orienta-
tion and the surface slope of the lavalobes.

This flow was chosen for rheological modelling be-
cause it: (@) has been adequately documented in the liter-
ature in terms of its stratigraphy (Stevenson et al. 1994)
and its composition and microstructural features (Sharp
et al. 1996); (b) contains both near-surface and internal
sections of the flow; and, most importantly, (c) it con-
tains fresh non-hydrated, unweathered rhyolitic obsidian
ranging from aphyric to containing ca. 10 vol.% microl-
ites, making it well suited to high-precision viscosity
measurements using the parallel-plate method.

Sample description

Viscosity measurements were performed on five natural
samples: one pumice (BLP) and four obsidians (BL3, 4,
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Fig. 1 Morphology of A the Ben Lomond Dome and B a strati-
graphic column with sampling sites. FVP finely vesicular pumice;
U. OBS upper obsidian layer; TZ spherulitic transition zone;
RHY crystalline rhyolite layer. Stratigraphic units are in metres
(redrawn from Stevenson et al. 1994)



6, 7). The stratigraphic locations of these samples are
shown in Fig. 1b. In addition, viscosity measurements
were performed on one sample (BL6-r) re-fused at
1650°C to remove water, and one sample hydrothermally
treated so as to contain 0.5 wt.% H,O. These experi-
ments were necessary in order to better constrain the vis-
cosity of the melt phase with varying water contents for
the vesicular pumiceous samples.

Natural samples

Sample BL7 is aplaty obsidian clast collected from FVP
(finely vesicular pumice) within the exposed upper 6 m
of the lava flow carapace. Individual clasts are less than
0.36 m size and comprise aphyric, non-spherulitic black
obsidian with striated surfaces and rare bubble-rich inter-
nal layers. Microlite content is <0.2 vol.% consisting of
strings of Fe—Ti oxides and opx—cpx rods.

A black aphyric obsidian (sample BL6) was collected
within the upper 5 m of the upper obsidian layer
(U. OBS in Fig. 1b). This sample is sparsely spherulitic
and microlite-poor with <0.5 vol.% microlites of rod-like
shape (10x1 pum size), stringer and spider-like form. Rare
microphenocrysts (<40 pm width) occur comprising
magnetite, augite, amphibole and tabular plagioclase
laths of 60x30 um average size.

Sample BL3 is grey-banded obsidian collected ap-
proximately 15 m below BL6 (ca. 30-35 m below the
flow surface). BL3 contains up to 8 vol.% crystals (aver-
age ca. 5 vol.%) which occur in several populations:

1. Microphenocrysts <1.2 pm width (as described above
for BL6)

2. Rod-like microlites with aspect ratio of 10-15, and
average length of 16 pm (<0.6 pm width)

3. A smaller population of crystals <0.6 pm in width,
termed “nanolites’ by Sharp et a. (1996).

BL4 was collected within 1 m of BL3. The hand speci-
men contains a microlite-rich flow band 3 cm width with
ca. 10 vol.% flow-aligned microlites homogeneously dis-
tributed within the flow band. In addition, the sample is
characterised by a larger proportion of plagioclase laths
compared with BL3.

White and pale pink pumiceous blocks occur as a
pod-like outcrop at an equivalent depth of 30-35 m be-
low the surface. These pumiceous blocks comprise a
clast-supported breccia which also occurs as an inverted
cone-shaped outcrop cross-cutting the U. OBS and FVP
near the flow surface. Individual clasts average 120 mm
length and attain 1.2 m in size. This outcrop is interpret-
ed as a pumiceous breccia associated with explosion pit
formation (Stevenson et al. 1994). Experimental samples
(designed BLP) were derived from the pumice of the
cone-shaped outcrop. The samples had an average vesic-
ularity of 50 vol.% elongate vesicles with average appar-
ent aspect ratios of 5-10 and an average vesicle diameter
of ca. 10 um. Thistextural typeis entirely microlite-free.
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Preparation of annealed and hydrated samples

In order to prepare an essentially dry rhyolite melt, chips
(ca. 5 mm size) of BL6 were vesiculated at 1300°C for a
few minutes followed by cooling and crushing to a fine
grain powder. The powder was incrementally annealed in
a Pt-crucible for several hours at 1650°C followed by
slow cooling to room temperature over 24 h (Stevenson
et al. 1998). The end product (BL6-r) contained no crys-
tals, no bubbles, and had a water content of ca
0.03 wt.% measured by FTIR. This formed the starting
material for the synthesis of a hydrous BL6 melt. Pow-
dered BL6-r was added to a Pt-capsule, the equivalent of
0.5 wt.% distilled water was added, and then the capsule
was sealed by arc-welding. The capsule was examined
for possible leakage by testing for weight loss after dry-
ing in an oven at 150°C for at least 1 h. Oven drying also
ensured that the water (as vapour) was evenly distributed
throughout the capsule. The hydrated melt was synthe-
sised in an internally heated pressure vessel (CRSCM,
Orléans, France) at 1300°C in excess of 3 kbar pressure
for ca. 65 h (for method details see Roux et a. 1994).
The end product was a bubble-free glass. All samples
were held at 100°C during at least 1 h before rheological
experiments in order to remove the absorbed water.

Methodology of viscosity measurements

For the natural samples and BL6-r, experimental viscosity
determinations were performed in a vertical push-rod di-
latometer, described previously by Bagdassarov and Ding-
well (1992) and Stevenson et a. (1998), using the paral-
lel-plate method (Gent 1960; Fontana 1970). Cylindrical
samples (diameter 8 mm, length ca. 10 mm) were drilled
from hand specimens, and the cylinder ends were ground
flat and paralel. Samples of BL4 were drilled within a
flow band parallel and perpendicular to flow-band orienta-
tion and microlite long axes. Microlites were distributed
homogeneously within this sample. Coherent cylinders
could not be drilled from samples of the FVP unit (BL7)
because of the small size of obsidian clasts. Experimental
samples of FVP (BL7) were heated to the temperature of
interest at a rate of 10 K min-1, then deformed by up to
10% of their initia length between two parallel plates of
Al,O; Fridit-Degussit (Germany). Previous measure-
ments of shear viscosity on NBS 711 standard melt and
comparison with tabulated data (e.g. Bagdassarov and
Dingwell 1992), as well as parallel-plate viscometry on a
remelted and anhydrous rhyolite (annedled for severa
hours at 1650°C), have shown that shear viscosity )5 isre-
producible to within 0.07 log,, units Pa s. For the experi-
mental stresses 103-10° Pa, strain rates 10-5-107 s are
a least three orders of magnitude lower than those at
which non-Newtonian behaviour is expected to occur for
rhyolite melts (Webb and Dingwell 1990a, 1990b), and no
strain-rate or stress-dependent rheology was observed.
Parallel-plate viscometry of viscous melts is possible
within the range 108-10! Pa s. Over most of this experi-
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mental range, significant crystal growth/dissolution and
bubble growth does not occur during the timescale of
these experiments. When natural obsidians containing
0.1 and 0.2 wt.% water, originating from near-surface
levels, are heated (at 1 bar) to temperatures >100°C
above the glass transition, vesiculation can occur
(Bagdassarov et a. 1996; Stevenson et al. 1997). Prelim-
inary experiments were required to determine the “oper-
ating window” of temperature for viscosity measure-
ments. The lower temperature limit results from the re-
laxation effect at viscosities higher than 101! Pa s, and
the upper temperature limit is determined by the temper-
ature where vesiculation and expansion of the sample oc-
curs within the experimental time scale of several hours.
An “operating window” is defined as that temperature
range above the glass transition in which no measurable
drifts in sample chemistry or texture occur on the time-
scale of the experiment.

After determination of the “operating window” for
each sample, the natural samples were heated to the re-
quired temperatures at a constant rate of 10 K min-1 and
then held at a constant temperature as a series of loads
were applied following aload and unload procedure pre-
viously described by Bagdassarov and Dingwell (1992)
and Stevenson et al. (1998).

For hydrated sample BL6 the micropenetration method
was used to determine viscosity (for method details see
Pocklington 1940; Tobolsky and Taylor 1962). In order to
accurately measure viscosity in a glass sample containing
water, the duration of the experiment should be much
shorter than the bubble nucleation time. The precision of
the method depends on how robust the fitting of the depth-
penetration curve to the theoretical dependenceis (see dis-
cussion of this method in Stevenson et a. 1997).

In addition, the heat capacities of two natural obsidian
samples BL3 and BL6 were measured in a differential
scanning calorimeter (Setaram DSC 111) during cooling
and reheating at four matching rates between 4 and 12 K
min-1 (Stevenson et al. 1995). The derived heat capacity
curves on these glassy samples were used to identify the

glass transition temperature, which is dependent on the
heating rate. To test any compositiona drift in the sam-
ples during the course of experiments, chemical compo-
sitions were analysed on both pre- and post-viscometry
samples using ICP-AES and electron microprobe. Water
contents were measured by FTIR for all samples before
and after viscosity experiments following methods in
Stolper (1982) and Newman et a. (1986) at BGI (Bay-
reuth, Germany). Additionally, energy dispersive analy-
sison TEM was used for accurate determination of glass
composition of the microlite-bearing BL3 sample (Sharp
et al. 1996).

Experimental results
Composition and water contents

Chemical composition and water contents of the Ben
Lomond samples are listed in Table 1. It has been dem-
onstrated that bulk compositions are essentially homoge-
neous throughout the flow (Stevenson et al. 1994).
Chemical bulk compositions of natural and remelted
BL6 and BL6-r are identical except for water (Stevenson
et a. 1998).

The FTIR measurements show that water loss was
negligible during viscosity measurements. In addition,
optical microscopic analysis showed that microlite con-
tents remained constant within error before and after vis-
cometry (Stevenson et al. 1995, 1996, 1998). The pale-
pink pumice samples (BLP) were orange after parallel-
plate viscometry. Although the composition of the sam-
ple remained the same during experiments, some oxida-
tion may have occurred as oxygen species remnant from
vesicles diffused form into the melt matrix of the sample.
Near the free surface the oxidation may be controlled by
the diffusion of Fe2* cations to the vesicle surface and a
counter flux of positrons into interior of glass (Cook and
Cooper 2000). Even so, ho drift in viscosity was record-
ed over the 4 h duration of the experiment.

Table 1 Chemical analyses of

Ben Lomond samples. n.d. Not ~ Oxide BL7XRF  BL6ICP-AES BL6 remelted BL3glassTEMa  BLPXRF

determined ICP-AES
Sio, 77.06 77.48 (0.2) 77.53(0.4) 77.88 (0.56) 77.03
TiO, 0.18 0.17 (0.6) 0.17 (0.6) 0.16 (0.9) 0.19
Al,O, 12.50 12.2 (1.1) 12.17 (0.3) 12.03 (0.2) 12.74
FeO, 14 1.3(0.9) 1.3(0.3) 1.19 (0.17) 1.44
MnO 0.05 0.05(0.9) 0.05 (0.6) 0.05 (0.05) 0.05
MgO 0.24 0.17 (0.2) 0.17 (0.9) 0.05 (0.13) 0.23
Ca0 111 1.14 (0.6) 1.13(0.3) 1.06 (0.13) 11
Na,0 4.01 3.9(0.8) 3.89(0.3) 3.64(0.3) 3.69
K,0 3.46 3.6(0.7) 3.6(0.7) 3.88(0.34) 3.52
P,0Os 0.02 n.d. n.d. 0.01 (0.06) 0.02
TotalP 99.61 100.63 100.22 100.00 99.78
H,O 0.124 0.132 0.036 n.d. 3.12¢

aFor microlite-bearing BL3 sample TEM energy dispersive analysis of the glass between microlites
islisted (Sharp et al. 1996). Analytical uncertainties 1 o arein parentheses

bTotal of original analysis: all other values are normalised to volatile-free conditions

cLOI (loss onignition) value (105-1000°C); otherwise, water determined as total water by FTIR



Table 2 Viscosity data

Sample T (°C) logn (Pas)
BL6 915 8.50 (0.06)
879 9.10 (0.07)
854 9.51 (0.04)
820 10.05 (0.04)
820 10.25 (0.05)
788 10.62 (0.06)
BL7 807.5 10.24 (0.09)
820 10.07 (0.05)
844 9.68 (0.03)
870 9.24 (0.05)
883 9.19 (0.05)
BL3 915 8.88(0.02)
905 9.13(0.03)
891 9.31(0.02)
880 9.54 (0.03)
875.6 9.48 (0.08)
868 9.75 (0.05)
848 10.03 (0.08)
843 10.21 (0.05)
819 10.50 (0.09)
801 10.73 (0.02)
BL4 (perpendicular to flow 860 10.14 (0.07)
banding) 880 9.87 (0.05)
893 9.65 (0.07)
910 9.32 (0.02)
BL4 (parallel to flow banding) 867 10.11 (0.08)
880 9.99 (0.06)
894.5 9.68 (0.06)
917 9.27 (0.06)
948.5 8.91 (0.02)
BLP explosive breccia pumice 881 10.74 (0.06)
900 10.42 (0.08)
914 10.10 (0.09)
925 10.02 (0.07)
929.5 9.85 (0.06)
954 9.72 (0.09)
BL6-r (remelted) 861 10.07 (0.02)
879 9.81 (0.04)
886 9.62 (0.04)
905 9.34 (0.04)
914 9.09 (0.03)
923 9.04 (0.03)
951.5 8.62 (0.02)
BL6-hydrateda 650 11.13(0.01)
664 10.76 (0.005)
678 10.51 (0.005)
697 10.19 (0.001)
717 9.77 (0.006)

aViscosities were measured by the micropenetration method; for
details see Stevenson et a. (1997). Experimental uncertainties 1 o
arein parentheses

Fresh glass within the flow also enabled estimates of
water content by Karl Fischer methods (ca. Westrich
1987). From loss on ignition estimates (LOI at
500-1000°C), the pumiceous sample (BLP) contains ca.
0.5 wt.% water, assumed to be mainly H,O* as OH-
groups structurally bound within Si—O polymers with a
maximum loss by pyrolysis at 600°C. From Karl Fischer
titrations, the total water content from obsidians decreas-
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Fig. 2 Viscosity measurements of the Ben Lomond samples.
Numbers indicate the water content of samples in weight percent.
Arrow shows the difference between hydrated to 0.5 wt.% of water
and remelted “dry” sample BL6. At temperatures 800-820°C, the
difference may be as high as 2.6 orders of magnitude

es from 0.1+0.01 wt.% proximal to the inferred vent to
0.08 and 0.06 wt.% for more distal sections on the flow
margins, 2.5 and 2.8 km SE and SW, respectively. Bulk
XRF determinations show that Cl and F occur in trace
amounts of 900 and <150 ppm, respectively (Stevenson
et al. 1994). Pre-eruptive volatile contents were not esti-
mated because there are no melt inclusions in phen-
ocrysts to analyse, or fresh juvenile obsidian clasts with-
in a pre-dome tuff.

Viscosity

Viscometry results on al samples are listed in Table 2
and plotted in Fig. 2. Over the viscosity range
1081011 Pa s, the temperature dependence for these
melts is Arrhenian with the following form:

(1)

where n;is the shear viscosity at T(K), and A, and E,, are
the pre-exponentia factor and the activation energy of
viscous flow, respectively, and R=8.314 J mol-1 K-1 is
the gas constant. Values for A, and E, are listed in
Table 3.

E
logyo 175 = l0gyo A, "'W

Scanning calorimetry

The glass transition temperature T, for enthalpy relax-
ation can be obtained from the peak in the heat capacity
curve in a sample cooled at a rate q. The dependence of
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Table 3 Pre-exponential factor and activation energies of shear
viscosity

Sample logioA, E, (kImol)
BL6 -8.709 (0.57) 392.2 (11.9)
BL7 —6.742 (0.056) 351.3(20.9)
BL3 —8.883 (0.065) 405 (14.4)
BL4 (O to flow banding) —9.247 (0.04) 421 (28)
BL4 (]| to flow banding) —8.814 (0.06) 4135 (24.6)
BLP explosive breccia —6.557 (0.117) 381.2 (56)
BL6-r (remelted) -9.927 (0.05) 434 (18.6)
BL6-hydrated —8.265 (0.05) 342 (15.5)

1 o error in parentheses

T4 on heating and cooling rates for silicate melts obeys

the Arrhenian relationship with the following form:
E

—logyold] =logy A, +W9TRTQ’ ©

where q is cooling rate in K/s, and A, and E the pre-

exponential factor and activation energy for enthalpy re-

laxation, respectively (e.g. Stevenson et al. 1995).

Both shear stress (viscometry) and enthal pic (calorim-
etry) relaxations are approximated to be Arrhenian over
the investigated temperature and viscosity range. Activa-
tion energies defined by both methods are equal E,=E
(Stevenson et al. 1995). This permits the cooling rate o?
anatural sample to be calculated, if the viscosity at peak
temperature (from heat capacity or dilatometric curves)
is determined:

©)

where viscosity isin Pas, qisin K s1. Thevalue of K is
set to 11.3 if the onset of the scanning calorimetry peak
is taken as T, (see Scherer 1984), or to 10.49 if the peak
temperature In the calorimetry scan is taken as T, (see
Stevenson et al. 1995). The glass transition temperature
range spans approximately 50-70 K depending on the
particular thermal treatment used and the temperature
dependence of the shear viscosity. If the cooling rate var-
ies by afactor of four, a 25 K variation in the peak tem-
perature or T, is observed (Stevenson et al. 1995). An-
other me'thodg to estimate T, is to use the onset of the
peak on a scanning curve for heat capacity or volume ex-
pansion (Scherer 1984). The difference in the cooling
rate estimation is discussed below, and T, measured as
function of laboratory cooling rate are presented in
Fig. 3.

l0gyoq = K =logy, ns(Tq)1

Effect of microlites and bubbles on apparent viscosity

The presence of crystals and bubbles influence the vis-
cosity of magmatic suspensions (Dingwell et al. 1993).
Based on experimental data in Fig. 2 and Table 2, the
physical effect of up to 10 vol.% microlites, their shapes,
and of 50 vol.% vesicles on the effective viscosity of
magmatic suspensions can be evaluated.

10 Scanning Calerimai
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Fig. 3 Calorimetric data on the Ben Lomond samples. Arrows in-
dicate the Tg obtained on raw samples without preliminary heat-
ing/cooling treatment. Inset demonstrates two methods for evalua-
tion of T,: from the peak temperature (I); and from the extrapolat-
ed onset of the peak on the scanning calorimetry curve (11)

BL6 vsBL3

Bulk compositions (from electron microprobe and XRF
analyses) of BL6 and BL3 are the same (Table 1). How-
ever, TEM energy dispersive analysis of glass composi-
tion (Table 1), and scanning calorimetric data with
matched quench rates (Fig. 3), indicate that the viscosity
difference between BL6 and BL3 is amost entirely due
to small changes in melt composition (Fig. 2). Owing to
crystallisation of microlites within BL3, the resulting
change in melt composition significantly outweighs any
physical effect (<0.2 log units) of 5 vol.% suspended
crystals contributing to the effective viscosity of the
magma (Stevenson et al. 1996). This explaineswhy T, of
these two samples differs by almost 30°.

Sample BL4

In comparison with BL3, the effect of 10 vol.% crystals
increases the effective viscosity of sample BL4 by an
additional 0.6 log units (Fig. 2). Unlike BL3 and BL6,
we were unable to obtain reproducible calorimetry data
for BL4. Based on a comparison between peak tempera-
tures at matched heating and cooling rates in the dilato-
meter, and between calorimetric peaks for BL3 and
BL6, we estimate that the physical effect due to the
presence of 10 vol.% crystalsis 0.3-0.4 log units of vis-
cosity.

Experiments performed on cylinders of melt drilled
from within the flow band either perpendicular or paral-
lel to the long axes of microlites (BL4-per and BL4-par
in Fig. 2) show no significant difference in apparent vis-



cosity. Any shape factor effect of the microlites on the
effective viscosity is within the experimenta error (ca
0.1 log units of viscosity). These viscosity measurements
on samples with differing microlite contents demonstrate
that rheological complexity due to microlite orientation.
Although, the local contrast in viscosity between layers
with differing microlite contents and orientation is mod-
erate, the transient rheological effects may be significant
and may result in a development of flow bands.

Effect of vesiclesin sample BLP

The highest viscosities were obtained for the vesicular
pumice from the explosion breccia unit (Fig. 2). To iso-
late compositional (e.g. H,O content) from physical ef-
fects (e.g. vesicle content) on the viscosity of this vesic-
ular sample, some assumptions need to made. Firstly,
because samples from within the Ben Lomond flow
have a uniform bulk composition, the composition of
the anhydrous made from this pumice glass by remelt-
ing at 1650°C is assumed to be similar to the composi-
tion of an annealed sample BL6-r. There are difficulties
involved in accurately determining water contents of
pumice, as glass films between bubbles tend to be thin
and prone to hydration. The hydrated sample with
0.5 wt.% water is equivalent to the composition of the
melt phase of the pumice. Relative to BL6-r, the effect
of 0.5 wt.% water in the melt explains the apparent de-
crease in viscosity by ~2.6 log units (see Fig. 2). With
the viscosity data of the hydrated sample representing
the viscosity of the melt in the pumice sample, we con-
clude that the effect of ca 50 vol.% of bubbles (with
high aspect ratios ~10) at these stresses and strain rates
appears to increase the viscosity by ~3.5 log units in
comparison with hydrated rhyolite. Obviously, this re-
sult is contrary to existing experimental and theoretical
data on the rheology of bubble-bearing glasses and
melts (Sura and Panda 1990; Bagdassarov and Dingwell
1992; Stein and Spera 1992; Manga et al. 1998). How-
ever, Lejeune et al. (1999) also found an increase in
shear viscosity of silicate melts for small volume frac-
tions of vesicles (0.03-0.14 vol.%). The explanation of
the observed viscosity anomaly of the natural BLP sam-
ple is as follows. The melt, initially containing water,
has been decompressed and degassed to produce pum-
ice. During the degassing stage, vapour bubbles nucleat-
ed and grew in the hydrous melt, contributing water to
the vapour phase. This means that there is a thin rim of
anhydrous melt surrounding each vesicle in the pumice
sample (Stevenson et al. 1997). The contrast in the vis-
cosity between anhydrous rhyolite and rhyolite with the
dissolved 0.5 wt.% water is 2.6 log units (this study)
and with 1.5 wt.% dissolved water (Stevenson et al.
1997) would be 5.2 log units at temperatures
700-850°C. Effectively, the effect of strained elongated
vesicles surrounded by practically elastic shells may re-
sult in a shear viscosity increase, which has been ob-
served in experiments with BLP sample. When the con-
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centration of elongated vesicles is close to the so-called
touching limit, they may build an elastic “skeleton”
structure in the melt and even support some small shear
stresses in laboratory experiments. Alternatively, the
anomaly in viscosity may be attributed to the explosion-
related nature of the sample. Very fast explosive cooling
caused nucleation and growth of vesicles at lower tem-
peratures and in a very complicated strained environ-
ment. Thus, by annealing the same natural sample, the
measured paralel-plate viscosity would be differ-
ent from relaxed and non-strained foam samples (ca
Bagdassarov and Dingwell 1992). Our data also record
that in comparison with the anhydrous glass sample
BL6-r, an increase in viscosity of ~1 log unit occurs for
BLP.

Some implications for emplacement and cooling
of the Ben Lomond dome

Rheological constraints

For understanding the factors which govern the dynam-
ics of the Ben Lomond dome emplacement, an estima-
tion of eruption temperature T, and lava flow thickness
are required.

To constrain the pre-eruptive crystallisation tempera-
ture for the essentially aphyric Ben Lomond flow, the
one-pyroxene geothermometer of Lindsley (1983) was
applied to a pyroxene microphenocryst Wo,s 54, and a
minimum temperature of 900+50°C was obtained. Be-
cause some undercooling is required for fast crystallisat-
ion of “nano-scale” microlites, we can assume that the
calculated temperature is a maximum, with a more real-
istic temperature being T, ca. 850°C (Sharp et al. 1996)
derived from size distribution of microlites and tempera-
ture—nucleation rate relationship. Alternative estimations
of the eruptive temperature based on coexisting Fe-Ti
oxides in the glass phase in suits of Taupo Volcanic Cen-
tre provides ca. 840-850°C (see Fig. 3 in Shane 1998).
Comparison against other high silica rhyolites in Taupo
Volcanic Centre constrains the pre-eruptive temperature
as ca. 800°C (Shane 1998).

For this lava flow, the direct estimation of the lava
flow lobe thickness is hampered by a lack of upper ob-
sidian layer (U. OBS; Fig. 1) exposure, due to valey in-
fill between flow lobes by pumice alluvium derived from
the 1.8-ka Taupo ignimbrite. The maximum thickness of
fine vesicular pumice layer (FVP; Fig. 1) exposed is6 m,
and in some places 10 m thickness has been stripped
away by erosion. From morphological analysis, a reason-
able estimate of lava flow thickness at the time of erup-
tion and emplacement isca. 90 m.

The duration L of lava flow emplacement can be esti-
mated with the use of Jeffreys equation (Jeffreys 1925;
Nichols 1939) for average flow velocity (v)

y= P LY EnO M2

30 O
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by integrating for temperature from the initial emplace-
ment temperature T, to the final temperature T

()

where h is the lobe thickness, 6 is basement slope, n is
the effective shear viscosity, pislavadensity and g isthe
average cooling rate between T, and T,. The shear vis-
cosity has been taken as an average for BL6 and BL4
samples between Ty and 850°C (Fig. 2). Equation (4)
yields an average flow velocity of (104 m s1). As the
distance between the inferred vent and the toe of each
flow lobe is known, emplacement time can be estimated
as ca. 1.5 years. Using an equation from Kilburn and
Lopes (1991) the upper limit of the emplacement time is
ca 6 years.

No textural evidence has been found for the emplace-
ment of the Ben Lomond flow as a “ permeable foam” as
advocated by Eichelberger et al. (1986) for some rhyolite
domes, in which a magmatic foam is believed to collapse
during flow to form obsidian. Instead, the Ben Lomond
lava flow is assumed to have erupted as a relatively de-
gassed and poorly vesicular magma, with vesicularity in-
creasing within the upper parts of the flow during flow
advance (Stevenson et al. 1994). The minimum eruptive
water content, from FTIR analyses, is 0.13 wt.%, with
volumetrically minor Cl and F. The measured viscosity
of the bubble-free magma between 10 and 40 m depth in
the flow at 850°C is between 1095 Pa s for BL6 and
1010 Pasfor BL4 (Fig. 2). Lavain the dome would have
ceased to flow at temperatures near T,, when shear vis-
cosity is approximately 1012 Pa s. In this temperature
range, shear stresses cannot relax by viscous deforma-
tion, and strain of the lava dome may occur only via brit-
tle failure. The temperature at the extrapolated viscosity
of 1012 Pa s is between 700 and 730°C for al measured
samples (Table 2). From calorimetric data, the onset of
peak temperature is inferred to be 650-680°C giving a
lower temperature limit for the emplacement of the Ben
Lomond dome (Fig. 3).

To -
L = [ v [g@T,
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Reconstruction of temperature profiles

The simple cooling model described by Manley (1992),
based on a one-dimensional solution of the heat transport
equation for a horizontal layer, was applied to the Ben
Lomond flow. The model takes into account the latent
heat of crystallisation, the insulating effect on the upper
boundary due to a pumiceous carapace, increased heat
loss due to rainfall, and alows the temperature at the
basal contact to vary with time from an initial tempera-
ture equal to the average of the lava's emplacement tem-
perature and the basement temperature. The model
solves only the heat transport equation, and does not take
into account the coupling of flow velocity and heat trans-
port, but this effect is minor in cases where flow duration
was short compared with cooling time, as was the case
for the small Ben Lomond flow. Output from the model
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Fig. 4 Temperature profiles of the Ben Lomond flow at time steps
of 1, 3,5, 10, 20, 35 and 50 years, as derived by numerical model-
ling with the emplacement temperature T,=850°C. The thickness
of the lava flow is assumed to be 90 m. Horizontal solid lines de-
marcate the textural zones observed in the lava flow (Fig. 1). Two
additional textural zones (L. OBS lower obsidian; BRX breccia)
are not exposed in the Ben Lomond flow but are inferred to be
present as they are in other rhyolite flows (Manley 1992) and are
accounted for in the numerical model. The range of the glass tran-
sition temperature T, is shown by the vertical lines

may be used as a first approximation for the cooling his-
tory of the Ben Lomond lava flow.

Figure 4 represents approximate time-temperature
profiles through the southwestern flow lobe ~2 km from
the vent for times between 1 and 50 years after emplace-
ment. The calculations assume an emplacement tempera-
ture T,=850°C and a rainfall of 20 cm per annum. The
equivalent heat losses due to a rainfall have been sub-
tracted from the heat transport equation for that portion
of the upper part of the flow in which T<300°C. The
temperature profile changes only slightly when the mean
annual precipitation is taken as 50 cm. The temperature
profile alows the caculation of cooling rates of
~106 K s for a depth of 10 m and 107 K s1 at 30 m
below the surface. However, uncertainties in the total
flow thickness, and in the thickness of the FVP layer, in-
fluence the estimated cooling times as shown in Fig. 4.

At a given depth in the flow, the time difference be-
tween the beginning of emplacement and the cessation of
viscous flow (Tg) provides a first approximation of the
length of time available for development of the vesicu-
larity and crystallinity of the various textural units.

Discussion and conclusion

The upper 10 m of the lava flow stratigraphy is typically
vesicular, implying that above this depth the vapour
pressure in bubbles exceeded the overburden pressure.
Dense obsidian occurs at depths where overburden pres-
sure exceeded vapour pressure or where vesiculation was
retarded due to a very long nucleation time for vapour
bubbles (ca. Bagdassarov et al. 1996). Alternatively,
some dense obsidian flows may be formed by a process
analogous to welding of a permeable magmatic foam



(Westrich and Eichelberger 1994). The time—temperature
profilesin Fig. 4 indicate that after the emergence of the
lava flow from the vent, approximately 4 years is re-
quired for the upper 10 m (FVP) of the lava flow to cool
below the temperature of the brittle—ductile transition.
Nucleation and growth of bubbles within the FVP can
only occur within this time, when T>T,. Formation of
spherulites in the upper obsidian layer can occur within
3-25 years after the emergence of the lava from the vent.
In contrast, crystallisation of the groundmass within the
central part of the flow (the RHY layer) is permitted to
take more than 25 years. The pumice breccia/lU. OBS
contact at 35 m depth is characterised by flow-deformed
vesicles, indicating that the interior of the lava flow re-
mained ductile. In contrast, near the surface, the pumice-
ous breccia crops out in two dimensions as a fracture-fill
deposit cross-cutting both U. OBS and FVP units. These
features indicate that formation of the pumice breccia
occurred immediately before flow cessation. The pumice
breccia near the surface was interpreted previously
(Stevenson et a. 1996) as a cross section through an in-
filled explosion pit. The pumice breccia has a sharp con-
tact, with angular fragments of spherulitic black obsidian
within brown fractured and perlitised glassy ground-
mass. This field evidence suggests that the explosion pit
formed after the upper part of the flow cooled below T,
up to 3 years after the lava emerged from the vent. In
contrast, the interior of the flow (e.g. the pumiceous pod
at 30 m depth) could have remained ductile for up to
15-20 years after flow emplacement. Slow cooling of
the lava flow interior caused it to remain at a lower vis-
cosity for alonger period of time than the flow carapace.
If atension crack propagating downwards into the flow
were to intersect a volatile-rich pocket within the upper
obsidian layer, gas decompression could result in the for-
mation of an explosion pit, long after the upper several
metres of the lava flow had cooled below T,

Using Fig. 4 and the Arrhenian temperature depen-
dence of the viscosity (Fig. 2), time-viscosity profiles
were also constructed for the first 8 years of the flow's
cooling history (Fig. 5). As the flow’s emplacement du-
ration was between 1.5 and 6 years (see above), viscosity
data for crystallite-poor sample BL6, which would have
passed through T at approximately 5-6 years after erup-
tion, was used to calculate the time-viscosity structure of
the entire upper 40 m of the flow. The greater crystal
contents of the deeper samples (BL3 and BL4) would
have developed over a time period longer than the em-
placement duration.

The textural characteristics and viscosity of the brec-
ciabody (BLP) centred at 35 m depth provide important
insights into the state and activity of the Ben Lomond la-
va flow during emplacement. The breccia material’s lack
of microlites indicates that it formed before slow cooling
could cause crystals to nucleate and grow, and also indi-
cates that breccia formation likely caused “freezing” of
the breccia material by explosive loss of water vapour
and the resultant displacement of the material’s solidus
to higher temperatures. The loss of water then allowed
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Fig. 5 Viscosity profiles at time steps of 1 through 8 years, esti-
mated on the basis of the rheological measurements of Ben
Lomond sample BL6, BL3, BL4 and the temperature profiles plot-
ted in Fig. 4. The rectangles show the viscosities of the explosion
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er breccia body apparently developed viscosities much higher than
the surrounding lava due to presence of vesicles caused by explo-
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Fig. 6 Temperature profiles of the Ben Lomond flow at time steps

of 1, 3, 5, 10, 20, 35 and 50 years, as derived by numerical model-
ling with the emplacement temperature T,=800°C
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Fig. 7 Viscosity profiles at time steps of 1 through 8 years, estimat-
ed on the basis of the rheologica measurements of Ben Lomond
sample BL6, BL4, BL3 and the temperature profiles plotted in Fig. 6
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the breccia to remain microlite-free even as it cooled at
approximately the same rate as the surrounding lava, as
represented by BL4 with up to 10 vol.% microlites.

Figure 5 also shows that local explosive decompres-
sion events early in the lava flow’s cooling history can
significantly change its local viscosity structure and thus
influence it flow dynamics. Flow velocity might also be
affected if breccia formation involved a substantial per-
centage of agiven portion of alavaflow.

For comparison, the results of cooling model with the
emplacement temperature T,=800°C and time-viscosity
profiles for the first 8 years of the flow’s cooling history
are shown in Figs. 6 and 7, respectively. Lower pre-erup-
tive temperature means higher viscosity and shorter time
before the flow ceased to flow.
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