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The Viscous Behavior of Tarumai dome 

lava and Oshima lava 

Tsutomu MURASE 

(Received Oct. 22, 1959) 

Abstract 

Viscous behavior as a function of temperature was determined near the softening 
range by an ordinary static method for Tarumai (or Tarumae) dome lava and Oshima 
lava. In these experiments viscosity exhibited a slow, approximately linear decrease 
with increasing temperature until a certain temperature range characteristic of each rock 
was reached; from then viscosity decreased very rapidly, and the lavas showed the 
same behavior as Showa-Shinzan new lava, that is, the more rapidly the specimens were 
brought to high temperature, the lower their apparent viscosities became. Also the 
writer compared the results obtained by the present reheating experiment with those 
concerning remelting experiment. The comparison showed the former viscosity to be 
higher than the latter. In explanation of these results, it should be noticed that the 
mechanical effect of the crystal in rocks may influence the viscous behavior of a 
crystal-liquid mixture, besides the influence of the change of chemical composition of 
rock melts. 

The writer discusses whether. there is any significance to be attached to the 
present experiments in order to gain a better understanding of some matters related 
to the restoration of rocks to the viscosity possessed at or previous to the time of 
extrusion. 

1. Introduction 

A cursory comparison of viscosity obtained by reheating experimenP) and 
that by remelting experiment2) for Oshima lava seems to establish a link 

between them within the narrow limits of 50 degrees above 1100°C. The 
possibility of such a link, however, is not supported by data obtained in the 
field;3) the experimental data are higher than the field data, ca. 107 poises at 
about 1000°C. What does the difference signify? Kani2 ) ascribed the 
sudden increase of viscosity below 1250°C to crystallization of plagioclase and 
magnetite. Volarovic et a1. 4 ) mentioned that rocks having a low viscosity 
begin to crystallize during measurement, then their viscosity gradually in­
creases at a stable temperature. Also Preston5 ) studied a similar effect of 
crystallization on the viscosities of two glasses below the liquidus temperature. 

In the present paper the writer reports the results of measurement of 
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viscosity of Tarumai (or Tarumae) dome lava of which silica content is found 
between that of Showa-Shinzan new lava and Oshima (or Oo-sima) lava. In 
addition the writer measured the viscosity at higher temperature than that of 
Sakuma's measurement!). Remelting experiment for Tarumai dome lava has 
been carried out already by Rani & Hosokawa 6 ), hence some considerations are 
presented on the above-stated difference and on some matters touching upon. 
the viscosity of lava at or previous to the time of extrusion by the comparison 
of the values obtained at the same temperature. 

In the 1900's one saw the formation of two volcanic domes in Japan under 
one's own eyes, viz., Tarumai dome 7 ) and Showa-Shinzan domeS). Tanaka­
date9 ) distinguished volcanic domes recently formed in Japan by the modes of 
their formation, one of them may be called the "Tarumai type" and the other 
the "Ousu type" to which latter Showa-Shinzan dome may belong. The dif­
ferenceof modes of their formation suggests that the viscosity of respective 
lavas plays an important role. In this sense it is very interesting to compare 
the results for Tarumai dome lava with the writer's previously reported 
results for Showa-Shinzan new lava10J • 

2. Method and Specimens 

The method of viscosity measurement applicable to the present experiment 
is the same as that described in the previous paper. Temperature is raised at 
a constant and definite rate. 

Thus viscosity is derived from the following equation: 

Table I. Chemical Composition of Specimens (wt. %). 

Specimen Tarumai dome lava Oshima 1950 lava 

SiO 57.40 52.02 
AlzOa 16.84 15.83 
FezOa 3.68 2.28 
FeO 5.96 10.80 
MgO 3.28 4.47 
CaO 6.60 9.48 
NazO 2.88 1.58 
KzO 1.21 0.29 
H 2O+ } 0.36 0.99 
HzO- 0.24 
Ti02 0.65 1.52 
P20S tr. n.d. 
MnO 1.08 0.09 
S 0.02 

Total 99.96 99.59 

Analyst K. KANI J. OSSAKA 
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r; = (1/3) {(Wl3g/4 bd3) + (5 wl4 g/32 bd3)} (dt/dX) 
where all notations are the same as listed in the previous paper. 

In the previous paper the present writer who assented to Sakuma's discus­
sion described that the lag of deformation due to elastic after-effect is negligible 
if the temperature are higher than 800°C. But the approximate value of the 
retardation time (r') used in Sakuma's discussion is based on his previous ex-
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periment. Therefore it is inappropriate to use this retardation time contained 
both the lag of deformation due to elastic after-effect and the change of other 
physical property due to the thermal history of specimen. Considering these 
effects the writer uses in the present paper. such notation as ~600 which denotes 
the apparent viscosity obtained under the heating rate of 600°C/hour. 

Chemical and petrographical data were published by Ishikawalll for 
Tarumai dome lava and by Tsuya and Morimoto12l for Oshima lava. The 
chemical composition of the specimens is given in Table 1. 

The percentage of error in the results secured due to all factors contained 
in the above-stated equation was less than ± S% in poises below about 11S0°C 
and ± 10% above about IIS0°C owing to the non-uniformity of thermal ex­
pansion of specimens: These errors admit of discussion which is presented 
below in connection with the logarithm scale in this paper. The obtained 
viscosity coefficient of commercial glass fiber compared with that obtained by 
an elongation method differed by less than ± 10% in viscosity range 1013 

-106 poises. This comparison perhaps gives a significant measure of the 
accuracy of the present method. 

3. Results 

Results obtained at the various heating rates in the temperature range of 
about 800-1400°C are graphically represented in Figs. 1 and 2 where 
temperature (T) is plotted along the abscissa, while the logarithm of viscosity 
(log ~) along the ordinate. They were almost the same as those in the case of 
Showa-Shinzan new lava. Oshima lava below about noo°c data are from 
Sakuma1l. 

In each figure the viscosity of each lava exhibits a slow, approximately 
linear decrease in a low-temperature range followed by a more rapid non-linear 
decrease at high temperatures; then at still higher temperatures the rate of . 
decrease is much greater, for example, for Oshima lava within the narrow 
range of SO°C at temperatures above 1100°C. 

When the specimens below a certain temperature were dealt with under 
various rates of increase of temperature, viz., 1000°C/hour and 600°C/hour, 
viscosity was observed to depend not only on temperature (T), but also on 
heating rate (dT /dt); the more rapidly the specimens were brought to high 
temperature, the more fluidal they became, viz., ~1000<~600. For Tarumai 
dome lava, Fig. 3 shows the relation between viscosity and various heating 
rates. This figure shows that ?j600 is almost the lowest limit of viscosity of 
specimens, that is, ~600=~oo. The solid lines are the curves of viscosity obtained 
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Fig. 3. Viscosity-heating rates curve for Tarumai dome lava. 

by the empirical formula 

log 7] = A+B exp (-ct) 

where A, Band C are the factors determined by temperature. Now let it 

be taken in the above formula that 170 is the viscosity at t =0. 7]0 above a 
certain temperature accords with YjOO. Up to the present stage of studies this 
formula is only a mathematical expression. It is desirable to make further 
investiga tions in order to learn whether there is any. physical meaning to be 
attached to this formula. 

The conclusions that arise necessarily from the above-described results are 
that experiments under constant temperature, after specimen had been rapidly 
heated to the desired temperature, showed that viscosity increases with time 
and gradually approaches an asymptotic value as shown in Fig. 4. The 
results were obtained at a slightly different temperature, but the value of 
Showa-Shinzan new lava seems to approach an asymptotic value faster than 

that of Oshima lava does whilist that of Tarumai dome lava is found between 
them; moreover the asymptotic value is in accord with Yjo. 

Attention must be given to the fact that the viscosity at temperature 
higher than some certain value is not the viscosity of the subst~ntial part 
of specimens because the volatile materials are vesicated. Then the specimens 
assume a foamy state containing many bubbles which considerably decrease 
the viscosity of the specimens. The density variation can be measured after 
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Fig. 4. Viscosity (log 17 (t=t) -log 17o(t=O)) versus time curves. 

Open circles: Oshima lava at about 1000°C. 
Solid circles: Tarumai dome lava at about 1000°C. 
Crosses: Showa-Shinzan new lava at about 101OoC. 

quenching other specimens which were heated under the same heating rate as 
the principal specimen used in measuring viscosity (Fig. 5). Recently the 
variation in viscous behavior as a function of density (or porosity) was carried 
out by the sonic method with respect to ice and snow in Greenland ice cap. It 
was found that log 'YJ decreases almost linearly with decrease in density (or 
with increase in porosity) until it reaches 0.55 (or.about 40% in porosity) and 
that the rate increases for the lower densitiesI3 ). 

In the case of volcanic rocks it was difficult to obtain specimens in which 
porosity is distributed uniformly. Fortunately for Oshima lava the writer 
could obtain foamy specimens which had vesicated volatile material at the 
time of extrusion until their porosity was about 40%. Results plotted in 
Fig. 2 show that 40% porosity lowers viscosity from 1013 to 1010 poises at 
1000°C at which the specimens remain unchanged in their density as shown in 
FIg. 5. The relation between viscosity and density (or porosity) must be in­
fluenced by the mode of vacancy and possibly by size distribution of bubbles. 

Knudsen14) developed an empirical equation form, approximating the 
apparent dependence of the strength of brittle polycrystalline specimens on the 
combined effect of porosity and grain size, from concepts and data in the earlier 
published literature. In his theoretical considerations of the relation of 
intergranular contact area and specimen porosity, he investigated (A) the 
relation between porosity and contact area between adjacent spheres within a 
cubic, orthorhombic, or rhombohedral packing arrangement of coalescing 
spheres (Fig. 6) and (B) the relation between relative strength and porosity of 
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Fig. 5. Density variation by heat­
treatment. 

Crosses: Tarumai dome lava. 
Solid circles: Oshima lava. 

coalescing spheres based on the 
idea that if the contact between 
grains is weaker than the grains, 
then the specimen strength would 
be dependent on the area of contact 
between grains for all ranges of 

Fig. 7. Imaginary cubic packing 
arrangement of coalescing 
spheres. 
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[cited from Knudsen] 

porosity. Using similar conceptions 
the writer considers the relation bet­

ween viscosity and porosity. 
At first if the structure of actual 

rock specimens is assumed to be com­

posed of an imaginary cubic packing 
arrangement of coalescing spheres 

(Fig. 7), then one can use Fig. 6, 

just as it is, to represent the relation 

between porosity and contact area. In 

Fig. 7 average binding force per unit 
area on b-b' plane would be weaker 
than that on a-a' plane, hence b-b' 
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extent of the contact. The struc­
ture of actual rock specimens is 
much too disordered to permit an 
analysis of the relations between 
viscosity, porosity, and contact 
area. However, if one takes the 

viscosity of water vapor at 1000°C: 
ca. 10-3 -10-4 poises, as the viscos­
ity of 100% porosity specimens, 
the variation in the viscosity of 
porous rock specimens with chang­
ing porosity as first approximation 
would behave in the manner as 

shown in Fig. 8. 
If the relation for all present 

specimens which are less 40% in 
porosity value shows similar linear 

behavior, that is, Lllog 'YJ=log 'YJo(O% 
Por.)-log'YJx (x% Por.)=Ax, where 

x is porosity (%) and A =3/40, 
the present results as to viscosity 
evaluation for each lava may be cor-

plane is higher than the other in mo­
bility under a given shearing stress. 

Thus one can conclude that the por­
tion of the curves between maximum 
viscosity and 10% of maximum are 
nearly linear based on the assumption 

that viscosity is proportional to the 
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rected using the viscosity-porosity relation in order to investigate the viscosity 
of crystal-liquid mixture exclusive of gas phase. Fig. 9 shows the corrected 

results of two specimens for 1]0 and also the results of remelting experiment 
by Kani and Hosokawa6l . They used Tarumai dome lava and Oshima lava 

which is the lava of the outer somma of Oshima, but the chemical composition 
of the latter is almost the same as that of the specimens used in the present 
experiment. 

4. Discussion 

In Fig. 9 it is very interesting that viscosity obtained at comparatively 
higher temperatures is much higher for silica-rich specimens than for silica­

poor ones, but the results obtained at temperatures below about llOO°C under 
the same rates of increase of temperature are of almost the same value though 

the silica content of each rock is different. Accordingly results obtained by 
present experiment below about 1100°C do not depend on the chemical com­

position, but they may suggest that the mechanical interaction between the 

crystalline parts and glassy parts in the rocks plays an important role as the 
writer stated regarding the viscosity of Showa-Shinzan new lava. 

Comparison of the corrected data of reheating experiment with those of 
remelting experiment for Tarumai dome lava in Fig. 9, shows evidently. that 

the former shows much higher values than the latter in the range llOO~1200°C. 
Needless to say, special regard should be paid to the effect of composition on 
viscosity of silicate melts of which the composition is changed by crystallization 

during cooling. In addition to this, it should also be noticed that the 

viscosity of a suspension is represented as a function of the suspended amount 
by a formula which indicates that the suspended material increases the vis­

cosity of liquid15l . 

Using the same specimens as in measurement of the viscosity of the melts 
of Tarumai dome lava, Kani and Hosokawa investigated the order of 

crystallization of minerals in the melts; They exposed the specimen for about 

1 or 2.5 hours to a constant temperature and decided the sort of minerals by 

examining the optical properties of those products under the polarization 

microscope after quenching. Results obtained are given in Table II;' they show 

that the point of discontinuity in the viscosity-temperature curve accords with 

the crystallization temperature of magnetite and pbgioclase, and suggest that 

the crystallization of crystal in melts increases the viscosity thereof. In view of 

the occurrence of such effects the viscosity below the liquidus temperature may 

be subject to the cooling rate of rocks, that is to say, the faster the cooling 
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Table II. Order of crystallization of minerals in melts for Tarumai 
dome lava. (After Kani and Hosokawa) 

Temp. in DC 

1300 
1290 
1280 
1270 
1260 
1250 
1240 
1230 
1220 
1210 
1200 
1187 
1175 
1163 
1150 

Results 

Glass 

Magnetite + Glass 
Magnetite + Plagioclase + Glass 

speed, the less the volume of crystals; then the viscosity becomes lower and 
may show such viscosity as that of glass. Thus the remelting experiment 
shows that if the rock melts were held for a only comparatively short times at 
temperatures lower than the liquidus temperature, then the viscosity­
temperature curves obtained are merely continuations. The reheating ex­
periment shows that the viscosity of the resulting crystal-liquid mixture 
increases with the increase of the crystal contained in rock melts. 

Consideration with respect to the change of chemical composition and 
the mechanical effect due to the crystallization of crystal in melts makes the 
meaning of the present reheating experiment clear. A schematical diagram 
of viscosity-temperature of time curve is shown in Fig. 10. When rock melt 
is cooled in glassy state, temperature change in viscosity of the melt may 
be characteristic of glassy materials as shown in Fig. 10, (A). The results 
obtained for obsidian are the same16 ). In general, however, rock contains 
many minerals and glassy part, hence when rock melt is kept at a constant 
temperature (TI) below liquidus temperature, the melt may crystallize to 
reach perfect thermodynamical equilibrium and then the produced crystal 
mechanicallY increases the viscosity which becomes-constant when the 

equilibrium is reached. Accordingly viscosity-time curve is indicated by the 

arrow (a-a') as shown in Fig. 10, (B). The cases of (T2) and (T3) are in the 
same. In natural cooling the temperatures of rock melt goes down gradually, 
then the relation of viscosity-temperature or the time curve for rock melt may 
trace the path of (a-b-c) in this figure and it may arrive at a point (d). The 

specimens treated in present reheating experiment are in the state (d), and 
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Fig. 10. Schematical viscosity-temperature or time diagram. 

the reheating experiment begins at this point (d). Various heating rates show 
different data; (d-eo-f) , (d-el-f) or (d-e2-f). If temperature of specimens is kept 
constant at (eo), the viscosity of the specimens increases with the passage of 
time; viscosity-time curve is indicated by the arrow (eo-g). The case of (e l ), 

(ez) and (e') are the same. 
The physical state of the specimen which shows ,,0, therefore, approximate­

ly corresponds to the thermoiynamical equiliblium at the given temperature; 
then one can conclude that 1J0 is the upper limit of viscosity which the specimens 
show at the given laboratory temperature, and the lag of deformation does 
not exist. Of course, because it is unnecessary in the cooling process under 
natural conditions to consider the crystallization by reheating in laboratory, ,,0 
is the upper limit of the value which showed in nature at the time of extrusion. 

If the present considerations are confined to the matter of the viscosity 
of the specimens which are almost split into the phase of crystalline rock + 
volcanic gassesl7J, it is possible to conclude that the results obtained "0, by 
reheating experiment attain at least approximately the magnitude of the 
viscosity of the specimens at the time of extrusion. This is so in the case of 
Showa-Shinzan dome lava which is of a high crystalinity. In the case of 
Tarumai dome lava, however, it is not easy to make these calculation, because 
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one does not know the cooling rate of the rock and the crystallization rate 
of rock minerals at the cooling stage. Accordingly one only can conclude 
that the viscosity of Tarumai dome lava at the time of extrusion was somewhere 
between 7jO and the data obtained by remelting experiment. The following 
rough estimation based on field observations at the time of extrusion, supports 
belief that the value may be confined within above-stated limits. 

The relationship between the coefficient of viscosity and the pressure 
(LlP) necessary for driving the lava through a tube of radius (r) and length (l) 
at a mean velocity (v) may be written in the form 

Ll P = 8 r; v ljr2+m p v2 , 
where m=1. After Oinoue 7 ), Tarumai dome of which mass is about 2X 
107 m 3 was built within 2 ,days and the radius of crater-bottom where dome 
lava flowed out was about 30 m previous to the time of extrusion. In above 
expression if one takes r=100-20 m (the mean radius of the dome is about 
200 m), l = 5-50 km, LlP = 5x 102-Sx 103 atm. and p = 2, Y] = 1012_107 

poises. Though one does not know the temperature of the dome at the time 
of extrusion, if it was below 1200°C the limits of the viscosity calculated 
would be consistent with those obtained in the present experiment. 

The case of Oshima lava makes the consideration still more difficult. 
The viscosity of Oshima lava during the cooling process under natural condi­
tions is also illustrated in Fig. 9 for comparison 3). There is a considerable 
difference in viscosity, ca. 107 poises at about 1000°C., in other words difference 
'in temperature of, ca. ISO°C. at 105 poises between the field data and the 

reheating experiment data. The activity of Oshima lava flow may belong to 
the phase of lava+lloating phenocrysts+gasses, hence one must consider the 
following effects in order to explain the above-noted differences: i) Magma 
which was under sufficiently high pressures before the eruption undergoes 
degasation due to the release of the external pressure by the opening of an 
abyssal fissure; the magma takes a foamy form which alteration decreases 

mechanically the viscosity of the melts. For example, 40% porosity decreases 

the viscosity to 1/1000 as shown in Figs. 2 and 6. If one explains the above­
mentioned difference in viscosity, ca. 107 poises, with due regard to only the 
mechanical effect of porosity, the difference suggests that the flowing lava at 
the time of extrusion contained about 60% porosity. If this 60% porosity is 
composed of water vapor, it follows that the flowing lava at 1000°C contained 
about 0.6% (wt.) of water vapor at 50 bars, about 6% at 5000 bars and about 

10% at 1000 bars at the time of extrusion. ii) The effective role of water is to 
lower cyrstallization temperatures. Goranson18 ) determined phase equilibria 
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relations for the albite-water and orthoclase-water systems from 800 to 
1200°C and pressures to 4000 bars. Using his data if the freezing-point curve of 
Oshima lava behaves similarly to that of albite, a difference in temperature, 
ca. 150°C at 105 poises suggests that the flowing lava previous to the time of 
extrusion was under 500 bars and flowed out as the result of the opening of an 
abyssal fissure. Albite under 500 bars and I200°C can contain about 3% (wt.) 
of water. 

However, all liquids show a roughly exponential increase in viscosity 
with increasing pressure19 ), and the viscosity of rock was found to decrease 
by the dissolution of water20 ), then all will not come right in the end unless 
the porosity"and water content of lava under high pressures can be observed 
at or previous to the time of extrusion. 

5. Conclusion 

In this paper, the writer has suggested that the mechanical effect of crystal 
on viscosity below the liquidus temperature may play also an important role 
in order to explain the difference of visa city obtained by the present reheating 
experiment and remelting experiment. However, on the basis of only the 
experimental results as they are, one can not enter into further discussion 
required to make sure all matters pertaining to the restoration of lavas 
to the viscosity possessed at or previous to the time of extrusion. It is 
impossible because no experiments on the crystallization rate of minerals under 
water-vapor pressure have ever been performed. 

The present writer believes that some difficult pro1;llems therewith 
connected will be settled somehow or other and will be brought a satisfactory 

solution, step by step, in future. 
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