
Abstract Water dissolved in a silicate melt can strongly
influence its physical properties and thus magma behav-
ior during crystallization, degassing, foaming and frag-
mentation. Etna is a basaltic volcano whose activity is
dominated by effusive eruptions which have long repre-
sented a threat to the densely populated, surrounding ar-
ea. Recently, recognition of the products of a Plinian
eruption (122 B.C.) has raised further issues for hazard as-
sessment at Etna and other basaltic volcanoes. Constrain-
ing the behavior of Etna magma under conditions rele-
vant to both effusive and explosive hazards requires vis-
cosity data under conditions near the glass transition.
Here we have investigated the viscosity of hydrous Etna
lava in order to better understand eruptive processes
which characterize this volcano. The experimental meth-
ods which have been used include piston cylinder synthe-
sis of the hydrated melts, micropenetration viscometry for
low-temperature viscosity measurements, and near-infra-
red spectroscopy for the evaluation of sample homogene-
ity and measurements of water content. Additionally,
scanning calorimetric determinations were performed to
check whether incipient crystallization had occurred.
Sample compositions were determined using electron mi-
croprobe analysis and 57Fe Mössbauer spectroscopy. Re-
sults from this study are compared with previous reports
of trachytic, phonolitic and model calc-alkaline rhyolite
(HPG8) compositions. The viscosity of the basaltic melt
(dry and wet) has been parameterized in terms of temper-
ature and water content via the non-Arrhenian equation:
log10η=–4.643+(5,812.44–427.04×H2O)/(T(K)–499.31+
28.74×ln(H2O)) where η is the viscosity in Pa s, H2O is
the water content in wt%, and T is the temperature in
Kelvin. We observe that the viscosity of alkali basalt (at

more than 0.5 wt% H2O) is similar to that of an alkaline
trachyte (Agnano–Monte Spina eruption, Phlegrean
Fields) and much higher than that of a peralkaline phon-
olite (Teide, Tenerife) at similar silica contents and
NBO/T. For water contents above 1.5 wt%, the viscosity
of the basalt is similar to that of rhyolitic melts with simi-
lar water contents. At temperatures ranging from 1,050 to
1,150 °C and with water contents between 0.5 and
2.3 wt% (eruptive conditions), the viscosities calculated
using the equation defined in this study are (1) in reason-
able agreement with those calculated using Shaw’s mod-
el, and (2) much lower than those experimentally deter-
mined in a previous study. However, outside these tem-
perature and water content ranges, the agreement with
Shaw’s model (1972) breaks down.
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Introduction

Viscosity is probably the most important property gov-
erning magmatic processes such as the formation, trans-
port and crystallization of magma associated with volca-
nic activity ranging from explosive to effusive flow. The
main factors controlling the viscosity of magmas are
temperature and chemical composition, volatile contents
(mainly H2O and CO2), and crystal and bubble content
(Dingwell et al. 1993). Significant advances in modeling
the viscosity of multicomponent hydrous melts have
been made (Shaw 1972; Hess and Dingwell 1996). Nev-
ertheless, there is no general predictive model available
which adequately copes with the non-Arrhenian temper-
ature dependence of melt viscosity. More data in multi-
component space are required to achieve this goal.

In the present study we determine the molten viscosi-
ty of an alkali lava flow erupted from Etna in 1992. Etna
is the most active volcano in Europe, and it is character-
ized by quasi-persistent Strombolian activity and fre-
quent lava flows. In the last 20 years the average erup-
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tive rate has been 1 m3 s–1 (Coltelli et al. 1998). Interest-
ingly and, until recently, less well appreciated, is the fact
that Etna has also exhibited sub-Plinian and Plinian ac-
tivity. The most recent such event, dated 122 B.C. in 
Roman chronicles (Alessi 1830; Ferrara 1835), was a
very destructive event, with a conservative estimate of
the volume of the exposed deposits of ≈0.4 km3 (Coltelli
et al. 1998). Despite its rarity, basaltic Plinian-style ac-
tivity represents significantly destructive volcanic
events, and thus data from such eruptions in the past can
yield improved hazard assessment for basaltic volcanoes.

A model for calculating the viscosity of hydrous and
anhydrous Etna basalt is provided on the basis of a Tam-
mann-Vogel-Fulcher (TVF) equation composed in the
same form as that proposed by Giordano et al. (2000).
Comparisons are made with the behavior of hydrous
melts and derived viscosity models. Implications for ex-
plosive fragmentation of basaltic melts are discussed.

Methods

Basalt was obtained by fusion and homogenization of a
sample from the 1992 lava flow on Etna collected by M.
Coltelli. Melting, homogenization and low-viscosity-
range measurements (0.1–1 Pa s) were performed in air
at 1 bar in the 1,400–1,550 °C temperature interval using
a concentric cylinder apparatus (Dingwell and Virgo
1988). Samples were fused and stirred in a Pt80Rh20 cru-
cible for several hours until inspection of the stirring
spindle indicated that melts were crystal- and bubble-
free, as indicated by stable, time-invariant and strain-
rate-invariant viscosity readings. After homogenization
of the liquid, three samplings of the melt were performed
to check the oxidation state of the iron by 57Fe Mössbauer
spectroscopy. Samples of the remelted material were col-
lected after homogenization and before viscometry at
1,550 °C, and during viscometry at 1,400 °C. The melt
was sampled by dipping an alumina rod into the crucible
and extracting a wetted liquid drop which was quenched
in water to obtain a glass. Values of the Fe3+/Fetot ratio
between 0.66 and 0.68 were observed. In this range the
influence of a temperature-dependent oxidation state on
viscosity is expected to be negligible (Dingwell 1991).
Glasses suitable for micropenetration viscosity determi-
nations were obtained by pouring the basaltic liquid onto
a steel plate. Glass compositions so obtained were ana-
lyzed using a Cameca (SX50) electron microprobe (ana-
lyzing voltage and current conditions are reported in Ta-
ble 1, together with the standards employed).

Powders from the quenched anhydrous glasses were
loaded together with known amounts of doubly distilled
water in platinum capsules (outer diameter 5.2 mm, wall
thickness 0.1 mm, and length 14 to 15 mm) which were
then sealed by arc-welding. To check for any possible
leakage of water from the welded capsules, they were
dried in an oven at 110 °C for at least 1 h and checked
for weight loss. This ensured a homogeneous distribution
of water inside the capsules. Syntheses of hydrous glass-

es were performed within a piston cylinder apparatus at
10 kbar and 1,450 to 1,600 °C. The samples were held
under these conditions long enough to ensure complete
homogenization of H2O dissolved in the melts (run dura-
tions between 28 and 37 min). After the piston cylinder
runs, the samples were isobarically quenched and then
slowly decompressed. It proved difficult to obtain hy-
drated samples without fractures. For those samples ex-
hibiting a strong tendency to fracture, we slightly re-
duced the pressure during quenching. This enhanced the
recovery of non-fractured homogeneous glasses. Doubly
polished sections 1 to 1.5 mm thick were prepared from
the resulting glasses for FTIR spectroscopy and micro-
penetration viscometry.

Samples were prepared for micropenetration viscome-
try using the methods described in Hess et al. (1995) and
Dingwell et al. (1996). Initial time provided for the re-
laxation process was 15 min. The indentation–time trac-
es were processed using the software described by Hess
(1996). The viscosity measurements could be performed
in a viscosity range from 109.6 to 1011.6 Pa s without ve-
siculation problems. One advantage of the micropenetra-
tion technique is that it requires only relatively small
samples. The homogeneity and stability of the water
contents of the samples were confirmed by FTIR spec-
troscopy before and after micropenetration viscometry
using the methods described by Dingwell et al. (1996).
No loss of water was detected. Scanning calorimetric
traces of the glass transition before and after viscometry
were identical, indicating no phase changes or chemical
changes in the samples. The absolute water content was
then estimated using the adsorptivity coefficients from
Dixon et al. (1985). Water contents were also determined

Table 1 Electron microprobe analysis of Etna basaltic lava from
the 1992 flow compared with other volcanic melts. AMS Ag-
nano–Monte Spina, A.I. agpaitic index

Oxide This study Teide AMS Kirgurich 
(wt%, n=42)a basalt

SiO2 47.03 60.46 59.98 52.05
TiO2 1.61 0.56 0.39 0.85
Al2O3 16.28 18.81 18.01 15.16
FeOtot 3.31 3.82 –
FeO 3.34 – – 5.16
Fe2O3 7.54 – – 4.48
MnO 0.20 0.20 0.11 0.10
MgO 5.17 0.36 0.88 9.49
CaO 10.47 0.67 2.91 9.29
Na2O 3.75 9.76 4.06 2.46
K2O 1.94 5.45 8.37 0.82
P2O5 0.59 0.06 0.21 0.13
Total 97.92 99.64 98.74 99.99
H2O – 0.02 0.02 0.09
F – 0.17 – –
Cl 0.1 0.31 – –
A.I. 0.58 1.17 0.87 0.325

a Analytical conditions: 15.0 kV, 10 nA, defocused beam of diame-
ter 20 µm; standards: albite (Na), spinel (Al), pyrophanite (Mn,
Ti), orthoclase (K, Si), Fe2O3 (Fe), andradite (Ca), forsterite (Mg),
apatite (P), vanadinite (Cl), LiF (F)
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by Karl-Fischer titration (KFT) prior to the viscosity
measurements at Hannover University, following the
method described by Behrens et al. (1996). For each
sample two analyses were performed. Average values of
the two determinations, the difference between which
was less than the experimental error, are reported in Ta-
ble 2. Even though the values recalculated through spec-
troscopy deviate less than 0.1 wt% from the nominal wa-
ter contents added to the starting powders (Table 2), they
differ from the values obtained by use of the KFT meth-
od. The KFT data are used in the following analysis and
modeling.

Results

The results of the viscosity measurements are presented
in Table 2 and in Fig. 1. Micropenetration viscometry at
1 bar was possible on basaltic samples with up to 2.3-
wt% water. Significant water loss can be excluded dur-
ing measurement via direct determination of water con-
tents by infrared spectroscopy before and after micro-
penetration viscometry. Any drift in viscosity during the
measurement due, for example, to instrumental drift or
sample degradation (e.g., water loss, oxidation, crystalli-

zation) can also be excluded by observation of the quali-
ty of the indentation curves in the micropenetration
method. A further check was performed by duplicate vis-
cosity measurements on single samples. Only during the
third cycle of measurements for two samples (with 1.64
and 2.31 wt% H2O, respectively) were very small differ-
ences in the viscosity values (on the order of 0.1 log
unit) observed. Data from the second and third measure-
ment cycles were not taken into account in the modeling.
These tests demonstrated the good reproducibility of the
measurements, and the negligible influence of any sam-
ple degradation during the experiment.

Comparison of high and low viscosity data for the an-
hydrous basalt indicates that the viscosity–temperature
relationship for the dry Etna melt is strongly non-
Arrhenian in the viscosity range 100 to 1011.6 Pa s
(Fig. 1). A non-Arrhenian dependence of viscosity on
temperature is a feature observed in virtually all silicate
melts, and it is a fundamental feature of more recent
models of melt viscosities (e.g., Hess and Dingwell
1996; Richet et al. 1996).

The viscosities of Etna alkali basalt melts (dry and
wet) were parameterized in terms of temperature and wa-
ter content via the equation

(1)

Table 2 Viscosity data for dry and hydrated 1992 Etna alkali ba-
salt

H2O FTIRa T log10 η H2O KFT
(wt%) (°C) (Pa s) (wt%)

0.02 1,544.7 0.18 0.02
0.02 1,520.1 0.26 0.02
0.02 1,495.5 0.34 0.02
0.02 1,470.9 0.43 0.02
0.02 1,446.3 0.52 0.02
0.02 1,421.7 0.62 0.02
0.02 1,397.1 0.72 0.02
0.02 711.9 10.82 0.02
0.02 715.9 10.70 0.02
0.02 731.0 10.23 0.02
0.50 575.2 11.60 0.64
0.50 597.2 10.80 0.64
0.50 601.9 10.74 0.64
0.50 611.6 10.50 0.64
0.50 618.5 10.42 0.64
0.50 619.4 10.33 0.64
1.03 553.2 10.99 1.13
1.03 557.9 10.89 1.13
1.03 564.5 10.73 1.13
1.03 575.3 10.37 1.13
1.50 532.3 11.20 1.64
1.50 544.6 10.88 1.64
1.50 549.2 10.57 1.64
1.50 551.7 10.54 1.64
1.50 556.8 10.25 1.64
1.50 576.8 9.75 1.64
2.29 524.6 10.16 2.31
2.29 534.8 9.77 2.31
2.29 544.9 9.57 2.31

a The absolute water contents are derived from infrared spectros-
copy using absorptivities from Dixon et al. (1985). Karl-Fischer ti-
tration (KFT) measurements are shown for comparison

Fig. 1 Viscosity versus reciprocal temperature for the 1992 Etna
basalt with varying water content (wt%). Solid circles represent
the measured viscosities, whereas open circles are the viscosities
calculated using Eq. (1). The line shows the interpolated curve for
anhydrous samples. Viscosity measurements for the Kirgurich ba-
salt (Khitarov et al. 1976) are shown for comparison (these mea-
surements were performed at pressures of 1 to 5 kbar)

where η is the viscosity in Pa s, H2O is the water content
in wt%, and T is the temperature in Kelvin. The mea-
sured data are compared with Eq. (1) in Fig. 1.
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Comparison with previous studies

In Fig. 2 our data are compared with those for olivine
basalt and alkali-olivine basalts investigated by Khitarov
et al. (1976) and Shaw (1969; Fig. 2a), Kani (1934;
Fig. 2b), and Kushiro (1986;  Fig. 2c). Most of the older
data sets (Fig. 2b) show strong deviations from Arrhen-
ian behavior, even in this restricted temperature range.
This behavior may be the result of unrecorded progres-
sive crystallization with decreasing temperature.

Viscosities for hydrous basalts are available from
Khitarov et al. (1976). These were measured under vari-
ous conditions with three different high-pressure systems
(piston cylinder system up to 23 kbar, internally heated,
gas pressure vessel up to 5 kbar, and in nitrogen in a re-
action chamber at 1–10 kbar).

The data are shown in Figs. 1 and 3 in terms of recip-
rocal absolute temperature and water contents, respec-
tively. There is a systematic positive difference between
the viscosities obtained at pressures of 1 to 5 kbar
(Fig. 1) and those calculated using Eq. (1) (Table 3).
Large discrepancies also exist between the high-tempera-
ture isotherms calculated using Eq. (1) and those ob-
tained by interpolating the Kirgurich viscosities 
(Khitarov et al. 1976; Fig. 3). Such large differences may
partially be due to pressure and/or compositional differ-
ences. However, such a large discrepancy in the high-
temperature range for such similar compositions (Ta-
ble 1) is unlikely because the compositions are similar
(Table 1). This is reinforced by the fact that we are deal-
ing with high water contents (greater than 2 wt% H2O)
where viscosities of multicomponent melts typically con-
verge (Giordano et al. 2000; Whittington et al. 2001). 

We have also compared the high viscosity data for
1992 Etna alkali basalt with rhyolitic melts (Dingwell et
al. 1996; Fig. 4), and with trachytic and phonolitic melts
(Giordano et al. 2000; Fig. 5). It can be observed that at

Fig. 2a–c High- and medium-temperature viscosity measurements
on basalts from various studies. a Shaw (1969) and Khitarov et al.
(1976), b Kani (1934), c Kushiro (1986). The viscosities were ob-
tained under different water and pressure conditions. Details of
viscosity, temperature, pressure and water conditions are given in
Table 3. The only hydrous viscosity values measured at pressure
were obtained by Khitarov et al. (1976). All the other data are
from dry samples

Fig. 3 Calculated isotherms for the Etna basalt (solid lines) and
interpolated isotherms for the Kirgurich basalt (dashed lines; 
Khitarov et al. 1976). The data are clearly discrepant. Partial crys-
tallization of the Kirgurich basalt samples, rather than composi-
tional effects, is the likely origin of this discrepancy. Numbers re-
fer to temperature in °C



12

Fig. 4 Viscosity–temperature relationships for the 1992 Etna alka-
li basalt and a rhyolite (HPG8) melt with silica content at the ex-
tremes of the natural eruptive products. Water contents (wt%) are
given in parentheses. Note that at water contents >2 wt%, the vis-
cosities are equivalent. The lines are visual guides

Fig. 5 Viscosity–temperature relationships for the 1992 Etna ba-
salt and products from the Agnano–Monte Spina trachyte
(Phlegrean Fields, Italy) and Teide phonolite. Water contents
(wt%) for the two liquids are given in parentheses. Lines (at 0.89,
1.12, 1.25+1.26, 2.04, 2.29, and 3.63+3.69 wt% H2O) are visual
guides for each hydrous sample of Agnano–Monte Spina trachyte.
The Agnano–Monte Spina alkaline trachyte and the Teide peralka-
line phonolite have viscosities which are much lower than those of
the Etna basalt and the HPG8 rhyolite at the same temperature

Table 3 Viscosities of the 
Kirgurich basalt under various
water pressure conditions 
(Khitarov et al. 1976)

Pressure Kirgurich basalt Etna basalt
(bar)

T H2O log10 η log10 η (calc) ∆log10 η
(°C) (wt%) (Pa s) (Kirgurich–calc)a

1,000 1,000 2.1 4.00 1.72 2.28
1,000 1,200 3.3 0.91 0.03 0.89
1,000 1,400 3.3 0.54 –0.74 1.29
3,000 1,000 4.7 2.30 0.57 1.73
3,000 1,200 5.7 0.46 –0.76 1.23
3,000 1,400 5.7 –0.06 –1.40 1.34
5,000 1,000 7.3 1.48 –0.46 1.93
5,000 1,200 8.5 –0.26 –1.63 1.37
5,000 1,400 9.3 –0.60 –2.32 1.72

a Systematic positive difference
between the measured data ob-
tained for the Kirgurich basalt
and our calculated viscosities
(Eq. (1) in text) at the same
H2O and temperature condi-
tions. The effect of pressure is
neglected for this comparison

water contents higher than about 0.5 wt%, the viscosity
of Etna alkali basalt is similar to that of trachytic melts
but significantly higher than that of the phonolitic melts.
At water contents above 1.5 wt%, the viscosity of Etna
alkali basalt is similar to that of the rhyolitic melt. 

The contrast between the behavior of the Etna basalt
at the low temperature and high viscosities measured in
this study and that predicted by the Shaw model is sum-
marized in Figs. 6 and 7. From this the following points
are evident.

1. The Shaw calculation yields very similar viscosities
for Kirgurich and Etna alkali basalt, regardless of wa-
ter content, thereby excluding any strong composi-
tional effect on the viscosity.

2. There is a persistent negative discrepancy, which in-
creases at lower temperatures and water contents, be-

tween the Shaw model and the experimental viscosi-
metric determinations for Kirgurich.

3. High-temperature (1,400–1,550 °C) anhydrous vis-
cosity as well as the viscosities calculated at close
eruptive conditions (1,050–1,150 °C; water contents
between 0.5 and 2.5; shaded area in Fig. 7), using our
vs. Shaw’s (1972) method, are in good agreement,
showing +0.2 and –0.4 log units average differences
at 0.5 and 2.5 wt% H2O, respectively. Strong devia-
tions are, however, evident for the dry melts under
eruptive temperatures (Fig. 7). Therefore, the Shaw
model appears to be acceptable for the low viscosity
range, thereby being relevant to many issues of high-
temperature eruptive phenomena such as lava flow,
conduit flow, and vesiculation.



13

Volcanological implications

Papale (1999) has suggested that “strain-induced” frag-
mentation is only possible for tholeiitic melts if unusual
conditions, providing for either very high viscosity of the
magma and/or very high strain rate, occur during erup-
tion. One possibility to increase the viscosity is a high
crystal content. Possibilities to increase the strain rate in-
clude such external forcings as a rapid magma chamber
depressurization through edifice collapse, or quenching
through magma–water interaction.

Papale (1999) relied on the predictions of the Shaw
model to simulate the ascent of a basaltic magma along
conduit. Our comparison of measured viscosities with
those provided by the Shaw (1972) scheme confirm that,
despite somewhat higher experimental viscosities, frag-
mentation of basalt melt by brittle failure cannot be gen-
erated using the “strain-induced” scenario suggested by
Papale (1999) unless further forcing mechanisms are
added.

This raises the question as to which adaptations of the
fragmentation scenario are likely to have generated this
sub-Plinian event. We consider it unlikely that the cry-
stallinity observed in the eruptive products of the
122 B.C. eruption, together with the hawaiitic chemistry,
can shift the viscosity to high enough values to generate
brittle failure during a strain(-rate)-induced fragmenta-
tion. The same amount of crystals which were observed
in the products of such Plinian-style eruptions at Etna is
commonly present in lava flows normally occurring at
Etna. We must therefore refer to some other additional
cause producing a strain-rate-induced fragmentation.

The strongly non-Arrhenian viscosity of the alkali ba-
saltic melts measured in this study indicates that, where
the magma cooled rapidly to much lower temperatures,
for example, by rock–water interaction, there would be
ample opportunity for brittle fragmentation due to the
relatively high viscosities at moderate temperatures.
However, a crystalline ground mass of the sub-Plinian
products of 122 B.C. would appear to rule out such a sce-
nario.

Alternatively, the external forcing via edifice collapse
discussed by Coltelli et al. (1998) could conceivably
generate the enormous decompression rates necessary
for brittle fragmentation of a moderately crystalline ha-
waiitic magma during a Plinian-style eruption. More data
on the viscosity of basalt in the crystallization interval,
together with accurate phase diagrams for these eruptive
products (Pompilio et al. 1998) and a careful examina-
tion of the kinetic background of sample crystallinity in
the eruptive products from the 122 B.C. eruption, should
help to clarify this matter.

Conclusions

The comparison under eruptive conditions – typically in
the temperature range 1,050–1,150 °C (Archambault and
Tanguy 1976; Armienti et al. 1987; Pinkerton and 

Fig. 6 Measured dry viscosities (closed circles) and wet viscosi-
ties calculated using Eq. (1) (bold lines) for the 1992 Etna basalt
in the low-viscosity–high-temperature interval. The viscosity mea-
sured for the Kirgurich basalt data (Khitarov et al. 1976) is shown
for comparison (diamonds). Thin solid and dotted lines show the
viscosities for the Etna and the Kirgurich basalts, respectively, cal-
culated using the Shaw (1972) method. Viscosities calculated us-
ing our Eq. (1) for temperatures ranging from 1,050 to 1,150 °C
and water contents up to 2.3 wt% agree well with those predicted
by the Shaw model. However, viscosities predicted by the Shaw
model for the Kirgurich basalt do not agree with the measurements
by Kitharov et al. (1976). The discrepancy becomes larger at low
T and water content

Fig. 7 Comparison between viscosities calculated using Eq. (1)
and viscosities calculated using the Shaw method for the Etna ba-
salt at high temperatures (1,000–1,550 °C) with water contents of
0.02, 0.5, 1.5 and 2.5 wt% (numbers). Dry viscosities calculated
using our equation at high temperatures (1,400 to 1,550 °C) are
consistent with those predicted by the Shaw model. However, at
lower temperatures, there is a large difference
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Norton 1995; Pompilio et al. 1998) and for 0.5–2.3 wt%
H2O (Metrich and Rutherford 1998) – between the vis-
cosities calculated using interpolations of data deter-
mined here (Eq. 1) and the viscosities experimentally de-
termined from Khitarov et al. (1976) and those calculat-
ed with the Shaw (1972) model demonstrate (1) a rea-
sonable agreement of our results with those calculated
using the Shaw method in the T range 1,050–1,150 °C,
(2) much lower viscosities than those obtained experi-
mentally by Khitarov et al. (1976), and (3) that extrapo-
lation of Shaw’s method outside this temperature and
water content range fails for these basaltic compositions.

This study confirms that fragmentation of basalt melt
(like, for example, that which occurred during the
122 B.C. sub-Plinian eruption) by brittle failure cannot be
generated using the “strain-induced” scenario suggested
by Papale (1999), unless further forcing mechanisms,
other than the high crystallinity commonly shown by
Etna lava flows, has occurred. Possible scenarios, like
those discussed by Coltelli et al. (1998) relative to the
122 B.C. eruption of Etna, are possible, although a more
careful examination of the eruptive products (kinetic
background of sample crystallinity) is required for clari-
fication.
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