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Abstract

As measured in air above the glass transition range, the viscosity of an alkali basalt increases markedly with time by
about two orders of magnitude in 12 h. This effect is essentially physical and due to the presence of microcrystals
although partial crystallization of the melt into spinel and an SiO;-poor pyroxene leads to a considerable enrichment
in silica of the residual liquid. Partial crystallization depends strongly on the initial redox state of samples in that the
presence of ferrous iron is required for spinel crystals to form and for pyroxene to nucleate and grow around them.
Other measurements show that the viscosity of the crystal-free liquid decreases slightly with increasing ratios r = Fe?*/
> Fe because the differences between samples with r=0.16 and 0.83 amount to about 1.5 and 0.3 log-units at 950 and
1400 K, respectively. Comparisons of the viscosities of the residual liquid matrix and of the initially crystal-free basalt
show that physical effects caused by the presence of microcrystals begin to be observed at a low crystal fraction of
5 vol%. Finally, a model of viscosity calculation is developed for the melts which reproduces all data obtained in this

work to better than 10%.
© 2003 Published by Elsevier B.V.
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1. Introduction

At all scales, the effective viscosity of a mag-
matic suspension is an essential parameter influ-
encing petrological and volcanological processes,

* Corresponding author. Tel.: +33-1-44-27-49-38;
Fax. +33-1-44-27-24-87.
E-mail address: richet@ipgp.jussieu.fr (P. Richet).

from rates of crystal growth and gravitative set-
tling to the buoyant rise of bubbles and the mode
of volcanic eruption. Although basaltic melts are
especially important in this respect, their viscos-
ities have mostly been measured for homogeneous
liquids at temperatures higher than 1270 K [1,2].
Because knowledge of viscosity is actually needed
at subliquidus temperatures, measurements near
the glass transition are needed to complement the
high-temperature data. As far as we are aware,
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however, these measurements are scarce for ba-
salts or related melts. Examples are studies by
Cukierman and Uhlmann [3], made between 873
and 973 K on a lunar composition, by Exnar and
Voldan [4], and Giordano and Dingwell [5] on an
Etna basalt between 1000 and 1820 K.

A primary aim of our study has been to deter-
mine the viscosity of a basalt melt at high and low
temperatures in order to make interpolations pos-
sible in the petrologically relevant temperature in-
tervals. For iron-rich materials such as molten
basalts, an important concern is the oxidation
state of samples in view of the significant effect
of the redox state on viscosity that has long been
demonstrated [3,6-13]. As a matter of fact, the 10-
fold viscosity increase with time observed by Neu-
ville et al. [14] for an andesite liquid above the
glass transition range was tentatively ascribed to
oxidation of ferric into ferrous iron during the
experiments.

In this contribution, we report new viscosity
experiments on partially crystallized basalt sam-
ples with different redox state (Fe>*/SFe ratios
(r) ranging from 0.16 to 0.83). These experiments
allow one to quantify the effects of both Fe?*/SFe
and the degree of crystallization on the viscosity
of partially crystallized melts. The time depen-
dence of the viscosity was actually due to partial
crystallization, whose rate was strongly dependent
on the initial redox state of the sample. This com-
plication has in fact the advantage of allowing the
influence of partial crystallization on the rheology
of molten basalt to be determined. However, our
viscosity measurements made on three samples
with different redox state then demonstrated that
the kinetics of redox reactions are much too slow
below about 1000 K to cause significant viscosity
changes.

Another important goal of our work has thus
been to separate the physical effects due to the
presence of crystals from the chemical effects in-
duced by the changing composition of the melt.
For this purpose, we have used analytical trans-
mission electron microscopy (ATEM) to identify
the crystallizing phases and analyze their compo-
sition and that of the residual glass matrix. We
have also measured the viscosities of five synthetic
melts simulating the residual melt phase during

basalt crystallization for crystal fractions ranging
from about 5 to 60 vol%. Finally, we have exam-
ined basalt fibers subjected to the same heat treat-
ments to detect a possible influence of surface
conditions on partial crystallization.

This study thus complements the observations
made under similar high-viscosity conditions on
simple congruently melting systems [15,16] or at
higher temperatures on complex compositions
(e.g. [17-19]). While the latter measurements are
difficult to interpret because of rapid changes in
the crystal fraction, the present measurements
deal with phases crystallizing when a glass is
heated above the glass transition. These phases
generally differ from those forming at higher tem-
peratures when a magma is cooled. This is not an
important drawback, however, for our purpose is
to determine the physical and chemical effects at
work under conditions controlled as tightly as
possible. In other words, we are more interested
in establishing procedures with which these effects
can be accounted for in a general way rather than
in determining the rheology of a particular basalt
melt under some specific conditions.

2. Experimental methods
2.1. Starting materials

An alkali basalt from Stein Frentz (Germany),
dubbed SFB, was chosen as the starting material.
To compare the viscosities of this basalt and those
simulating the residual glassy matrix after differ-
ent crystallization stages, we synthesized the five
compositions listed in Table 1. These composi-
tions were prepared from oxide and carbonate
mixes through repeated cycles of grinding and fu-
sion at around 1800 K. The chemical composi-
tions of the glasses were checked by electron mi-
croprobe analyses (Table 1). They are in very
good agreement with the nominal values [20].
The vitreous nature of the quenched products
was checked by X-ray diffraction and transmis-
sion electron microscopy (TEM). In Table 1 is
included the room-temperature density of the
glasses as measured with an Archimedean meth-
od, toluene used as the immersion liquid. We also
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Table 1
Chemical composition (wt%)* of Stein Frentz basalt (SFB) and the glassy matrix compositions SFB5, SFB10, SFB20, SFB40 and
SFB60

SFB SFBS SFBI0 SFB20 SFB40 SFB60P
Si0, 46.58 (18) 48.23 (20) 49.34 (83) 51.58 (47) 58.97 (22) 74.84 (40)
ALO; 13.28 (15) 13.10 (09) 12.80 (14) 12.12 (14) 9.86 (06) 4.24 (06)
Na,O 5.60 (20) 5.63 (12) 6.10 (16) 6.48 (30) 8.99 (17) 11.34 (20)
K,O 1.38 (07) 1.45 (03) 1.52 (06) 1.76 (04) 2.34 (05) 3.39 (08)
FeO 11.20 (20) 10.23 (22) 9.86 (33) 8.93 (27) 7.24 (13) 1.19 (05)
Ca0 10.00 (10) 10.01 (08) 9.62 (17) 9.24 (19) 533 (12) 1.96 (08)
MgO 9.15 (08) 8.91 (07) 8.10 (16) 7.24 (11) 4.56 (06) 1.98 (04)
TiO, 2.45 (05) 2.32 (07) 2.12 (08) 1.51 (05) 1.58 (09) 0.50 (03)
Total 99.64 99.88 99.46 98.86 98.87 99.44
o 2.862 2.775 2773 2.740 2.595 2.424
Fe2*/SFed 0.43 0.29 0.26 0.26 0.33

4 Average of 10 analyses made with a Camebax electron microprobe, uncertainties on the last digits given by the numbers in pa-

rentheses.
® The iron content is too low to get a Mdssbauer spectrum.

¢ Room-temperature Archimedean density (g/cm?) of the glasses.

d The ratio Fe?*/SFe is determined either from wet chemical analyses for SFB glass or by Mdssbauer spectroscopy for SFBS,

SFB10, SFB20 and SFB40.

list the redox ratio as determined by either wet
chemical analyses or by Mdssbauer spectroscopy
(mesurements kindly performed by B.O. Mysen,
Geophysical Laboratory, Carnegie Institution of
Washington).

2.2. Viscosity measurements

The creep apparatus described by Neuville and
Richet [21] was used to measure viscosities from
the observed deformation rate as a function of the
applied stress:

n = o/3(dIn 1/dr) (1)

where / is the length of the sample, ¢ the time and
o the stress. Measurements on NIST standard
glasses indicate that the results are accurate to
better than 0.04 log-unit. Stresses and strain rates
were typically in the ranges 10-10* bar and 1073—
107° s~ !, respectively. The reported data are the
average of about 10 measurements made at differ-
ent stresses. The standard deviations from the
mean are generally smaller than 0.02 log Pa s,
which indicates that, unless otherwise noted, the
reported viscosities are Newtonian. Samples were
cylinders initially from 3 to 6 mm in diameter,
with a height ranging from 6 to 12 mm. Their
opposite faces were ground and polished to

achieve parallelism to within a few um. The
time required to heat the samples from room tem-
perature to the temperature of the experiment and
then to achieve thermal stability and isothermal
conditions to within 0.1 K was about 1 h.

At high fluidity, the viscosity was measured
with the rotating coaxial cylinder setup described
by Vignesoult and Thelohan [22], which was cali-
brated with the NIST 710 standard glass. Plati-
num and molybdenum crucibles and bobs were
used for measurements in air and nitrogen, re-
spectively. Wet chemical analyses of the iron re-
dox ratio were made before and after viscometry.

2.3. TEM observations

The observations by TEM were made with a
Topcon 002B microscope (LaBg gun, 200 keV),
and the chemical analyses with a TN3ss.N en-
ergy-dispersive X-ray spectrometer attached to
the microscope and equipped with an ultra-thin
window suitable for light-element analysis. For
spectrum analysis, the method developed by Van
Capellen is used [23-25]. For the viscosity sam-
ples, the observations were made directly on very
fine powders ground into ethanol and deposited
on a carbon film mesh. For glass fibers, the sam-
ples were prepared from a set of five to 10 fibers
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glued with epoxy across the 400 um central hole
of copper grids with a single aperture, argon ion
thinned at 5 kV for a few hours under an angle of
15°, and finally carbon-coated on both sides.

2.4. Determination of crystal fractions

The crystalline fractions developed during vis-
cosity measurements were evaluated by ATEM. A
window of 500 nm X250 nm across the observed
area was selected for determining the modal com-
position. Several areas in the same sample were
selected in order to have more precise crystal frac-
tions. In this way we estimate the errors as 2
vol% and £ 5 vol% for crystal fractions around 5
and 50 vol%, respectively. As an indirect check of
these crystal fractions, the chemical composition
of the residual glass was determined by ATEM. It
agreed well with that calculated after taking into
account the analyzed composition of the crystals
and their estimated volume fractions.

3. Results
3.1. Viscosity and density of SFB (r=0.43)

For measurements made between 10° and 10'?
Pa s, the major feature is the important increase
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Fig. 1. Time dependence of the viscosity of partially crystal-
lized SFB melts with r=0.43 at 933 and 948 K. Note the
Newtonian nature of the viscosity as indicated by the rapid
relaxation to the initial value after stress changes successively
made from 65 to 208 and from 208 to 810 bar during the
933 K experiment.
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Fig. 2. Viscosity of partially crystallized basalt in the range
10'°-10' Pa s. The arrows indicate the viscosity increases
observed during the experiments (Table 2). All samples were
prepared in the same way (see text), except sample B5, which
was annealed in air at 973 K for 24 h prior to the measure-
ments.

of the viscosity of our basalt with time at constant
temperature (Fig. 1). After a typical 10-fold in-
crease in about 10 h, the viscosity then leveled
off and remained Newtonian, as shown in Fig.
1, by the insensitivity of the measured values to
stress variations. A time dependence was also ob-
served for the viscosity of an andesite melt by
Neuville et al. [14], who ascribed it to partial ox-
idation of the sample during the measurements.
However, wet chemical analyses did not indicate
changes in the redox ratio of our partially crystal-
lized basalt samples after experiments. Even if the
measured redox is that of the bulk sample, it must
be close to the redox of residual melt as the crys-
tal fractions are lower than 5 vol% for all these
samples. In contrast, partial crystallization of the
samples during the measurements was clearly re-
vealed by X-ray diffraction experiments.

The viscosities measured as rapidly as possible
for a series of six samples of SFB (r=0.43) are
plotted in Fig. 2 and listed in Table 2, where the
first and the limiting measured viscosity are in-
cluded. These measurements show that the viscos-
ity of partially crystallized basalt strongly depends
on the thermal history of the samples and thus on
the duration of the experiments. For instance, the
viscosity of sample Bl is about one order of mag-
nitude higher than that of B2 (see Table 2), which
is related to the fact that the temperature of the
first measurement was 998 and 953 K, respec-
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Table 2
Viscosity (Pa s) of molten Stein Frentz basalt
# T log n Duration # T log n Duration
(K) (K)
Bl (01 =2.862; pr=2.959) B2 (0 =2.862; pr=2.852)
1 998.1 10.22 5 1 953 11.10 9
2 963.4 11.54 20 2 943 11.85 60
3 940.2 12.56 60
4 980.7 10.91 21 B3 (pi =2.862; pr=2.858)
5 1008.0* 10.14 1 947.5% 12.22
11.77 25 12.61 780
2 954.3 11.54 30
B6 (pi =2.862; pr=2.857) 3 963.6 11.16 13
1 947.5% 12.22 4 976.3 10.76
12.42 1200 11.21 41
2 958.8 11.87 65
3 970.9 11.43 36 B4b (pi =2.861; pr =3.006)
4 981.3 11.04 24 1 929.1* 11.30
5 991.0% 10.79 12.80 1335
12.81 580 2 952.2 11.70 125
3 966.3 11.18 11
4 977.32 10.84
B3P (pi=2.994; pr=3.038) 11.05 30

Non-Newtonian viscosity (see text)

Measurements reported in chronological order, duration of the experiments (min), and initial (p;) and final (pr) room-temperature

density (g/cm?).

4 When the viscosity increased with time, the first and second values are the initial and final measurements, respectively.
b Samples B4 and B5 annealed at 973 K for 24 h in CO and in air, respectively, before viscometry.

tively, for these samples. Likewise, the viscosity of
sample BS is still higher (Fig. 2) because this sam-
ple was annealed in air at 973 K for 24 h before
viscometry.

Macroscopically, the density of the materials is
a sensitive probe of partial crystallization (Table
2). However, the density variations are not a mo-
notonous function of the annealing time. When
the temperature of the viscosity measurements
was lower than 980 K the density decreased
slightly (see samples B2, B3 and B6), whereas it
increased markedly when the temperature ex-
ceeded 990 K (samples Bl and B4, Table 2).

3.2. Effect of the redox state on viscosity and
density of SFB

In addition to time and temperature, the other
important factor affecting both viscosity and par-
tial crystallization is the iron redox ratio of the
melt. Whereas the density of sample BS increased
by 5% after a 24-h annealing in air at 973 K, that

of sample B4, from the same batch, did not
change after an annealing of the same duration
under a CO atmosphere and its viscosity was
also similar to that of untreated samples (Fig.
2). To investigate the effect of the redox state on
viscosity, three samples with different Fe’*/SFe
ratios were prepared. A ratio of 0.43 was obtained
for a sample melted in air at 1800 K in a Pt
crucible. This ratio was only 0.16 when oxygen
was bubbled in the melt, and a value of 0.83
was obtained for another sample melted in a mo-
lybdenum crucible under a nitrogen atmosphere.

For these three samples, the viscosity was mea-
sured in air under the same conditions at about
930 and 950 K (Fig. 3). At each temperature the
viscosity remained constant or increased only
slightly with time for the reduced sample
(r=0.83), whereas it again increased by several
orders of magnitude for the two others. These
differences between the viscosity of the oxidized
and reduced samples were the highest at the low-
est temperatures. These observations suggest that
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Fig. 3. Time dependence of the viscosity of partially crystal-
lized basalt melts with various redox ratios at different tem-
peratures. For clarity reasons, the two curves for oxidized
sample (r=0.16) have been displaced upwards by 0.5 log-
units.

crystallization of basalt and the resulting increase
of its viscosity with time at constant temperature
are enhanced by high Fe’* concentrations.
Another approach showing more clearly the ef-
fects of crystallization was followed to determine
viscosities between 900 and 1100 K. These mea-
surements were made dynamically at a constant
heating rate of 5 K/min with a constant stress. As
shown in Fig. 4 for a calcium magnesium silicate
melt which does not crystallize during viscosity

T (K)

Fig. 5. Viscosities of basalt samples with different redox
states measured isothermally at high temperatures with a
Couette method and dynamically at 5 K/min above the glass
transition. The six-order-of-magnitude effect of crystallization
is indicated by the arrow that joins the curves representing
the TVF equations of Table 3.

measurements, good agreement was ensured in
this way with the static data, the differences be-
tween these two methods not exceeding 0.04 log-
units for Newtonian viscosities. This agreement is
a good test for the validity of this technique to
measure directly the effect of crystallization dur-
ing viscosity measurements over a wide range of
temperatures.

The results obtained for the three basalt sam-
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Fig. 4. Comparison between the viscosities measured isother-
mally (solid circles) and dynamically with a heating rate of
5 K/min (open circles) for a melt of composition 59.9 mol%
Si0,, 26.6 mol% CaO and 13.5 mol% MgO.

Table 3
Viscosities (Pa s)* of SFB melt for three redox ratios ()
r=0.83 r=0.43 r=0.16
T log n T log n T log n
(K) (K) (K)
939.6 10.43 945.0 10.74 957.5 10.80
941.9 10.33 949.9 10.54 960.1 10.68
944.9 10.19 954.8 10.25 962.6 10.51
947.4 10.10 957.3 10.16 965.3 10.41
949.9 10.02 959.9 10.07 967.8 10.32
952.3 9.98 962.5 10.00 970.4 10.20
1500.0 0.88 1400.0 1.76 972.9 10.12
1550.0 0.67 1500.0 1.12 1400.0 1.83
1600.0 0.49 1550.0 0.86 1500.0 1.18
1650.0 0.32 1600.0 0.63 1600.0 0.68
1700.0 0.17 1650.0 0.43 1650.0 0.48
1700.0 0.25 1700.0 0.29

4 Viscosities not affected by sample crystallization (see text).
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ples with different redox ratios are reported in
Fig. 5 along with the values measured at super-
liquidus temperatures by Vignesoult and Thelo-
han [22] under either air or a nitrogen atmo-
sphere.

No crystallization occured at about 950 K for
the three sets of samples as checked by TEM ob-
servations. At these temperatures, the viscosity
differences reflect the redox differences that we
have already described. In conjunction with the
high-temperature observations (Table 3), the data
can be used to define the complete temperature—
viscosity relationships indicated in Fig. 5 by solid
lines. Empirically, these can be represented by
Tammann—Vogel-Fulcher (TVF) equations:

log n = A+ B/(T—T)) (2)

where A, B and T, are adjustable parameters
listed in Table 4 for the various redox ratios. At
intermediate temperatures, the viscosity increases
clearly demonstrate the marked differences in
crystallization kinetics between the two oxidized
and the reduced samples. Whereas the effect of
crystallization on viscosity reached six orders of
magnitude near 1150 K for the former, it was
only a factor of 10 for the latter when the experi-
ment had to be terminated at 1040 K because the
values were becoming too low to be measured
with our creep apparatus.

3.3. TEM observations

The TEM observations were made on samples
taken either from the cylinders used for the low-
viscosity measurements or from fibers with a re-
dox ratio Fe’*/SFe=0.43. First, no significant
difference in microstructures was observed be-
tween both kinds of samples. Consistent with
the rapid crystallization kinetics indicated by the

Table 4

Tammann-Vogel-Fulcher (TVF) parameters of the three ba-
salt samples (cf. Table 3), and average absolute deviations
(AAD) of the experimental data from the fitted values

Fe*/SFe 4 B Ty AAD
0.16 —3.46 3741 695.8 0.03
0.43 —3.59 3910 673.0 0.03
0.83 —3.48 3653 678.3 0.06

Table 5
Chemical composition (wt%) of crystalline phases
Spinel® Pyroxene® Esseneite’

SiO, 27.8 29.51
Fe,0; 23.89
FeO 70.4 16.0 0.69
Al,O4 39 19.0 17.95
CaO 12.6 23.40
MgO 9.9 17.4 2.68
MnO 0.11
Na,O 1.1 0.14
TiO, 15.8 6.1 0.99

2 Total iron expressed as FeO.
® Cosca and Peacor [26].

viscosity measurements, this indicates that the in-
fluence of surface crystallization is small in com-
parison to homogeneous crystallization in the
bulk. Within the resolution of the microscope,
no crystals were detected in samples heated to
temperatures lower than 950 K, except iron-rich
crystals with a size of 15-50 nm that were forming
under the electron beam. At 1000 K, the basalt
formed microcrystals with a size of about 10 nm
grouped in a heap of 120 nm (Fig. 6a). Two dif-
ferent phases were detected for samples heated at
this temperature. These are close to spinel and
pyroxene compositions, but the analyses of these
phases were more reliable when the microcrystals
were large enough. The same kinds of microcrys-
tals appear at 1100 K (Fig. 6b). These are spinel
(35 %15 nm) intermediate between magnesioferrite
(MgFe;04), ulvospinel (Fe,TiO4) and hercynite
(FeAl,Oy4), and an SiO,-poor pyroxene (Table 5)
with a mean size of 10 £ 5 nm whose composition
bears some analogy with that reported by Cosca
and Peacor [26] for an esseneite of ideal formula
CaFe**AlSiO4. More important, we emphasize
that the chemical composition of the residual
glass is homogeneous after crystallization. In oth-
er words, diffusion in the supercooled residual
melts is sufficiently rapid to ensure re-equilibra-
tion of the system on the time scale of the viscos-
ity experiments. Taking as the average divalent
cation diffusion coefficient the values given by
Cooper et al. [27] for a basaltic glass, we find
that the characteristic length (1 = 2+/Dt where
D is the diffusion coefficient and ¢ is time) is about
2 um at around 950 K in a 12-h experiment. This
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Fig. 6. TEM observations of partial crystallization of molten basalt and size increase of the crystals with increasing temperature.
(a) Microcrystals of about 10 nm in the glassy matrix. (b) Phases forming near 1100 K: pyroxene (size: 10+ 5 nm) and spinel
(35 15 nm). (c) Phases forming near 1300 K: pyroxene (70 % 15 nm) and spinel (300 = 50 nm).

length is much larger than the average distance was generally smaller than 40 nm. It increases to
between crystals in the partially crystallized sam- 300 and 70 nm for spinel and pyroxene at 1300 K,
ples after viscosity experiments (cf. Fig. 6a). respectively (Fig. 6c). Correlatively, the total crys-

The same crystals were observed after experi- tal fraction increases. For example, the spinel and

ments at 1200 and 1300 K. At 1200 K their size pyroxene phases represent about 1 and 40 vol% at
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1100 K, respectively, and 5 and 55 vol% at 1300
K. As a result of crystallization of a silica-poor
pyroxene, the composition of the residual glass
matrix becomes considerably enriched in SiO,.
This variation is linear in the temperature range
studied, the SiO, content increasing from about
47 wt% at 970 K to 60 wt% at 1100 K, and to 75
wt% at 1300 K (Table 6). These crystalline phases
are similar to those observed during reheating of
Kilauea basalt glasses [28,29].

Finally, for the SFB samples with r=0.43 we
observed after viscosity measurements made be-
tween 930 and 950 K that the crystal fraction
was about 5 vol% with about 1 vol% of spinel
and 4 vol% of pyroxene phases.

3.4. Non-Newtonian rheology

In static measurements, the rheology of most
samples remained Newtonian once the viscosity
had reached the limiting values shown in Figs. 1
and 3. The only exception is sample B5, whose
viscosity was non-Newtonian in the 10-100 MPa
stress range that could be investigated (Fig. 7).
These relationships point to a pseudoplastic be-
havior, probably originating in interactions be-
tween the crystalline inclusions. They extrapolate
to non-zero stresses at zero strain, which mark-
edly decrease with increasing temperature. For
sample BS, the apparent yield strength thus de-
creases from 20 MPa at 1121 K to 6 MPa at
1163 K. Non-Newtonian rheology was not inves-
tigated in the dynamic measurements plotted in
Fig. 5 since the stress was kept constant.

00—
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Fig. 7. Strain rate as a function of the applied stress for the
SFBS5 sample (r=0.43) at various temperatures.

Table 6
Evolution with temperature of the chemical composition of
the residual glass matrix (wt%)

Initial 1100 K 1300 K
SiOs 46.6 59.8 74.7
FeO* 11.2 7.3 1.2
ALO; 13.3 9.9 4.3
CaO 10.0 5.3 2.0
MgO 9.3 4.5 1.7
Na,O 5.6 9.0 11.9
K,0 1.4 2.4 3.5
TiO, 2.6 1.6 0.5

2 Total iron expressed as FeO.

In a few additional runs, however, we did ob-
serve that the viscosity was decreasing strongly
when the stress was increased above 1150 K. At
1160 K, for example, the viscosity decreased from
101144 to 101993 Pa s when the stress varied from
240 to 930 MPa. Since the effect of temperature is
predominant in Fig. 7, the apparent yield strength
varies more with temperature than with crystal
fraction, in agreement with the conclusions drawn
in previous studies of simple silicate melts under
similar experimental conditions [15,16].

3.5. Physical vs. chemical effects on the viscosity of
partially crystallized basalt

Additional experiments have been done to sep-
arate the physical and chemical effects on the vis-
cosity of partially crystallized basalt and to ac-
count in a quantitative way for the former.
These were low-temperature measurements of
the viscosities of five melts whose composition
simulates that of the residual liquid after forma-
tion of 5, 10, 20, 40 and 60 vol% of crystals as
determined from chemical analyses performed
with our analytical transmission electron micro-
scope (cf. Table 1). The results are listed in Table
7 and plotted in Fig. 8§ against temperature. From
SFB5-SFB20, the viscosity changes are very
small. For the higher silica fractions of SFB40
and SFB60, the viscosity actually decreases be-
cause of the increasing amounts of alkaline-earth
and especially of alkali oxides. For extrapolation
purposes, empirical TVF equations have been fit-
ted to the high- and low-viscosity data for each
composition (Table 8). The low-viscosity values
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Table 7
Viscosities of synthetic glassy matrices SFB5, SFB10, SEFB20, SFB40 and SFB60 (Pa s)
T log n T log n T log n T log n T log n
(K) (K) (K) (K) (XK)
SFB5 SFB10 SFB20 SFB40 SFB60
906.1 12.55 914.8 12.18 910.6 12.05 867.2 12.39 810.3 11.87
915.8 12.02 925.2 11.61 917.1 11.70 883.9 11.63 821.1 11.45
925.5 11.51 935.2 11.10 923.1 11.37 894.5 11.24 830.1 11.07
935.8 10.95 945.2 10.59 934.0 10.91 902.9 10.90 840.8 10.75
946.8 10.40 955.1 10.02 945.8 10.42 913.5 10.50 852.1 10.39
962.5 9.65 969.6 9.33 956.2 9.99 928.8 9.94 862.8 10.06
973.9 9.10 980.9 9.132 966.9 9.54 944.1 9.42 872.9 9.77
994.5 8.49* 992.2 8.97% 971.5 9.10 958.8 9.02 887.3 9.37
1017.7  8.04% 1002.9 8.944 993.2 8.48 971.4 8.66 898.4 9.05
1473 1.55 1021.5 8.442 1017.0 7.78 983.7 8.33 910.4 8.76
1573 1.02 1473 1.62 1046.7 6.95 1004.9 7.82 923.9 8.42
1673 0.60 1573 1.08 1473 1.75 1473 2.31 933.6 8.22
1773 0.24 1673 0.66 1573 1.22 1573 1.75 952.4 7.89
1773 0.29 1673 0.79 1673 1.36 966.5 7.67
1773 0.41 1773 1.02 1473 3.07
1573 2.51
1673 2.07
1773 1.68

The viscosities at 1473, 1573, 1673 and 1773 K of all compositions were calculated with the model of Bottinga and Weill [30].

2 Indicates viscosity increase (crystallization) during measurements.

were calculated from Bottinga and Weill’s [30]
model (see Table 7). Interestingly, there is a vis-
cosity cross-over near 1100 K above which the
most siliceous melts become the more viscous.
Although there is some scatter in the data listed
in Table 8, these trends are borne out by the TVF
parameters and 77, temperatures (77, is the tem-
perature at which the viscosity is 10'> Pa s). Near
this temperature, where our measurements have
been made, the important conclusion is thus
that the viscosity increases due to crystallization
cannot result from the changing composition of
the residual liquid. In other words, these effects
are physical in origin and result from interactions
between the suspended crystals.

4. Discussion
4.1. Iron state, viscosity and partial crystallization
Consistent with previous studies [6-11,13,31],

our measurements show that the viscosity of mol-
ten basalt increases when the starting material be-

comes more oxidized. The effect of the redox state
on viscosity is more pronounced at lower than at
higher temperatures. As an example, the differ-
ence between the viscosities of oxidized and re-
duced basalt melts is about 1.5 and 0.3 log-units
at 950 and 1400 K, respectively. Since the glass
transition temperature is operationally defined as
the temperature at which the viscosity is 10!> Pa s,
it also depends on the redox state of the melt.
From the parameters of Table 3, T}, is about
940, 925 and 915 K for Fe’*/SFe=0.16, 0.43
and 0.83, respectively, thus decreasing with in-
creasing Fe>*/SFe ratio (Fig. 9). Such trends are
generally interpreted to mean that Fe’" is essen-
tially a network former and Fe>* a network modi-
fier [32], so that oxidation of Fe?* to Fe’* results
in changes in the degree of polymerization and
hence in the viscosity.

With regard to the effects of crystallization on
viscosity, we first note that their magnitude in-
creases markedly with the iron content of the
melt. At about the same viscosities, increases of
only an order of magnitude have been observed
for andesite liquids with about 5 wt% total FeO
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Fig. 8. Viscosities of liquid matrix compositions measured
isothermally at low temperatures and calculated at high tem-
peratures with Bottinga and Weill’s [30] model. For compari-
son, the TVF and dynamic curves of SFB (r=0.43), and the
data at high temperatures of Ryerson et al. [18] for another
basalt composition are reported.

[14,33] and of half an order of magnitude for a
molten rhyolite with 0.8 wt% total FeO [14]. The
kinetics of crystal nucleation/growth strongly de-
pend on the iron state, increasing with an in-
creasing proportion of Fe’*. Although the com-
positional changes of the liquid matrix are
essentially due to the growth of pyroxene, the first
phase to nucleate homogeneously is a spinel. The
pyroxene then nucleates heterogeneously, as has
been described for a variety of supercooled liquids
in the system FeO-CaO-MgO-Al,03-Si0; [6,34—
37].

The volume fraction of spinel has been ob-
served to decrease with decreasing oxygen fugac-
ity [35]. In view of pyroxene nucleation on spinel,
this is probably why basalt melts crystallize much
faster under oxidizing than under reducing condi-
tions [6,38,39]. These observations are thus con-
sistent with our measurements, which clearly
show the influence of iron on basalt crystallization
and that the presence of iron in the form of Fe’*
is essential for the viscosity to increase with time.

In view of the crystal fractions reported in the
preceding section, our observations are consistent
with the rheological changes observed for the two
simple systems, namely Mg3Al;SizOp; [15] and
Ca,Al,SipOg melts [16]. In both studies, a transi-
tion from Newtonian to non-Newtonian rheology
was observed for crystal fractions of 30-40 vol%,

Table 8

Tammann—Vogel-Fulcher (TVF) parameters of synthetic
glassy matrices SFBS, SFB10, SFB20, SFB40 and SFB60,
and temperature at which the viscosity is 10'> Pa s (T1y)

A B Ty AAD? Ti>
X)
SFBS5 —3.26 3900 660.4 0.04 916

SFB10  —3.03 3691 672.8 0.04 918
SFB20  —3.34 4273 633.5 0.04 912
SFB40  —3.15 5106 539.0 0.02 876
SFB60  —1.82 4761 461.6 0.06 806

4 Average absolute deviation of the experimental data from
the fitted values.

at which the inclusions begin to interact. The
transition is slightly less abrupt for crystals having
different shapes and showing a size distribution
investigated by Lévesque et al. [16] than for the
spherical particles of nearly the same size studied
by Lejeune and Richet [15]. The rheological tran-
sition that takes place in crystallizing basalt melts
should thus be more similar to the former case.
There exists an important difference with these
results, however, in that the observed increases
of Newtonian viscosities remained lower than
one order of magnitude because congruent crys-
tallization left the melt composition unchanged in
the later studies [15,16].

4.2. Prediction of the viscosity of partially
crystallized melts

The composition dependence of viscosity has a
considerable geochemical and industrial impor-

940

T T T T T T T ]
+ BASALT

935 [ S E

930 | . .

925 [ +‘\\ .

920 | . ]

95 | \%-

or0 Lo v v 0w v by b e b e by b 1l
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Fe**/SFe

T, X

Fig. 9. Variation of T}, against the redox ratio Fe?*/SFe.



12 M. A. Bouhifd et al.| Earth and Planetary Science Letters 6927 (2003) 1-14

tance. Quantitative predictions of viscosity as a
function of composition and temperature over
wide ranges of temperature and composition re-
main difficult, however, because of the complexity
of the variations of viscosity especially near the
glass transition. Covering a wider temperature
range than the classical model of Bottinga and
Weill [30] for superliquidus temperatures, the re-
cent model of Giordano and Dingwell ([40] and
personal communication), for instance, reprodu-
ces the viscosity data of Tables 2 and 7 reasonably
well in its interval of calibration. Except for sam-
ples SFB40 and SFB60, the model of Giordano
and Dingwell reproduces all the other viscosities
to within one order of magnitude; this is essen-
tially due to the extremely high peralkalinity of
these samples.

To make more precise predictions, essentially
around the glass transition temperature, we have
followed an approach similar to that of Williams
et al. [41] and Taniguchi [42]. The viscosity in this
case can be expressed by the following equation:

log (n/n1,,) = A(T—T12)/[B + (T—Th)] (3)

where 7 is the viscosity in Pa s, 71, the temper-
ature at which the viscosity is 10'> Pa s, and 4
and B are constants independent of chemical com-
position. In fact, expressions like Eq. 3 implicitly
incorporate the effects of composition through the
parameter T, of the homogeneous composition.
In this work, we determined the constants 4 and
B by fitting the viscosity data of several composi-
tions as a function of (7—T);) and observing that
a single master curve can be obtained with the
parameters 4=—15.7 and B=285 K (Fig. 10).
These values are similar to those found by Tani-
guchi [42] for melts along the diopside-anorthite
join. The viscosity data used in our fit are those of
Sipp et al. [43] (NC and BNC compositions),
some titanosilicate melts [44] and the data for
diopside, Mg76.11 and Ca76.11 samples [45].
Although there is some scatter in the data, no
systematic deviation due to compositional change
is observed and the deviations from the model
values are lower than half an order of magnitude
at low temperatures and lower than one order of
magnitude at higher temperatures.

With Eq. 3 and the parameters 4 and B found

in this work one can reproduce the viscosity data
of Tables 2 and 7 to better than 0.4 order of
magnitude near the glass transition temperatures,
and to within 0.5 order of magnitude at higher
temperatures for all compositions, except SFB60
for which the difference is twice as great near the
glass transition temperature. This equation could
thus be used, at least for other basic melts, pro-
vided that the temperature 77, is known.

Beginning with Einstein’s work, several studies
have been devoted to the prediction of the viscos-
ity of partially crystallized liquids. The Einstein—
Roscoe equation is the most widely used by using
the following equation:

n=ny(1-@/®n)™" 4)

where 1) is the viscosity of the homogeneous
melt, @ is the crystal fraction and @, and n are
adjustable parameters that have been extensively
used to account for the viscosity of partially crys-
tallized melts (e.g. [15,18,46-48]). Different sets of
n and @, parameters have been suggested by
these authors. The values of @, depend not
only on the size, but also on the shape and size
distribution of the particles in the melt. As an
example, @, ranges from 0.74 to 0.6 for sus-
pended spheres of equal size, depending on the
packing density. As @, and n are strongly corre-
lated, values of n ranging from 1.5 to 5 have been
proposed.

Our results do not allow us to suggest appro-

2 T T T T

O Experimental data

Master curve

log (n/m,,)

0 200 400 600 800 1000

Fig. 10. Viscosities of several compositions and the derived
unified curve with 4=—15.7 and B=285 (Eq. 3, see text).
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priate values for these parameters because we did
not determine accurately any viscosity—crystal
fraction relationship. We just note that, with the
standard values n=2.5 and @, =0.75, the viscos-
ity increases plotted in Fig. 1 are accounted for if
one takes a crystal fraction of about 5 vol% at the
end of the measurements, as suggested by TEM
observations. As long as the viscosity does not
depart markedly from Newtonian behavior, we
thus conclude that Eqgs. 3 and 4 provide a reason-
able description of the viscosity of partially crys-
tallizing basalts.

At higher crystal fractions the effects of course
become more important and more complex since
the viscosity of the suspension can vary by orders
of magnitude depending on the stress applied. For
a constant stress of around 9 X 107 Pa, the relative
importance of physical and chemical effects can
be determined from the differences shown in
Fig. 8 between the viscosities of the partially crys-
tallized samples and residual liquids. Of particular
importance is the rapid viscosity increase ob-
served for a crystal fraction of about 40 vol%.
This is consistent with the observations made on
simpler, congruently crystallizing systems [15,16].
We have also plotted in Fig. 8 the high-temper-
ature observations made by Ryerson et al. [18] on
another basalt up to a crystal fraction of 69 vol%
at the lowest temperature investigated of 1323 K.
Because the viscosity is markedly non-Newtonian
at such high crystal fractions, comparisons be-
tween both kinds of measurements are impossible.
The trends observed in both studies are neverthe-
less mutually consistent.
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