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Effusion rates, rheological properties and compositions of planetary lava flows are 
commonly determined from their morphology [l-61. However, only high effusion rate, low 
viscosity lava flows can be appromated  as  isothermal fluids during their emplacement. 
Realistic models of most lava flows need to incorporate changes in rheological properties due 
to cooling, [7.8] crystallisation and vesiculation. In this contribution, we will discuss the 
limitations of current methods of calculating rheological properties of crystallising lavas 
and we will present more appropriate models. 

Aphyric, non-vesicular basaltic lavas are newtonian [9,10] and their viscosities at  
temperatures above the liquidus can be calculated from their chemical composition [ l  1,121. 
Sub-liquidus viscosities of supercooled glasses can be estimated using an  Arrhenius 
relationship with higher activation energies [13,14]. However, rheological models of 
vesiculating or crystallising lavas need to take into account the changing chemistry of the 
residual melt during crystallisation, and the proportions and dimensions and deformability 
of the crystals and bubbles [9.15-191. For basaltic melts, the effects of crystals on the 
apparent viscosity are generally calculated using the Einstein - Roscoe relationship [9,15,20]. 
Relative viscosities are calculated from: 

= qS/q = (1 - R $1-2'5 .................................................................................... (1) 
where q, is the viscosity of the suspension; q1 is the viscosity of the liquid phase; $ is the 
concentration, by volume, of solids; and R is 1.35 for uniform spheres [2 11. This relationship 
is in agreement with experimental data for dilute ( ~ 3 0 % )  suspensions of spheres [21]. 
However, there are few lavas which contain crystals whose shape can be approximated by 
spheres. Marsh [22] argued that Equation 1 can be modified for non-spherical. crystallising 
lavas if R=1.67. From Equation (1). this corresponds to a concentration at  which the 
viscosity of the suspension has inflnite viscosity ( of (1/ 1.67) i.e. 0.6. This relationship 
has been used extensively by geologists during the past decade [10,23-251. While Marsh's [22] 
relationship is a useful approximation at low concentrations. it predicts values which are at  
variance with measured values for concentrated suspensions (Table 1) which have measured 
values of $,, in the range 0.32 to 0.71 [261. Although variations in Qmax will be less for 
lavas than for the suspensions in Table 1, we argue that the assumption of a constant R for 
lavas is not appropriate because of variations in shapes and size distributions of the 
suspended crystals. Calculated relative viscosities using the Einstein - Roscoe equation with 
values of R which are considered to be appropriate for lavas are shown in Table 2 where it can 
be seen that, for concentrations lower than 30%. calculated values of qrel vary by less than a 
factor of 3. 

However, $ and $ma are not the only factors which affect the rheological properties of 
magmatic systems. Others include particle shape, mean size and size distribution; the 
rheological properties of the continuous fluid; and the ability of the particles to deform. It is 
generally accepted that there is no single relationship which will be applicable at  all 
concentrations [27-321. and it is equally clear that, while a n  assumption of newtonian 
behaviour may be appropriate at  low concentration, any high concentration model must 
take into account the non-newtontan properties of the suspension. 

A method which calculates the rheological curve over a wide range of strain rates for 
concentrated suspensions has been developed by Gay et al. [26]. Their original equations can 
be reexpressed as  a series of dimensionless equations which can not only be satisfactorily 
applied to their data, but also to other data within the concentration range at which they are 
applicable. The equations are: 

Ty = 1.26~g{Dd($~-$)}{$~/(l- $m )}2{l/(tl.502)} .................................................... .(2) 
BITY = O.O66{h 2/(orn +)}{p21~~2 p TY }0.21 ............................................................. .(3) 
qo = Q{ (lm /(h +)} 2.5.. ............................................................................................. (4) 
q~ = ql e~p{[2.5+($/($~-$) 0.481 ((db )} ................................................................. (5) 
TW - TY = { E qinf )} + {[(qo - q1nf ) E] / [ I+E(~~  - qinf )/B]} .............................................. .(6) 

where zy is the yield strength of the material; Dp is the mean diameter of the particles; 6 is a 
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particle shape factor; o is a geometric standard deviation; p is the density of the fluid; q0 and 
qinf are the apparent viscosities at low and high strain rates respectively; and zw and E are 
the shear stresses and corresponding strain rates of the suspension. 

Their method permits yield strengths, shear stresses and corresponding strain rates to be 
calculated for particles of different shapes and particle size distributions in the 
concentration range 0.52<( $/ Qm, k0.82. corresponding to concentrations between 0.3 and 
0.5 for $,, = 0.6. The validity of equations 2 to 4 has been checked using published 
experimental data which have been obtained by other workers who have given sufficient 
information about the properties of their suspensions [33,341. As examples of the usefulness 
of this method for magmatic systems, the measured and theoretical results from Mount Etna 
are compared in Figure 1. 

It is concluded that the rheological properties of crystallising, non-vesicular lavas can be 
estimated by calculating the viscosity of the melt using Shaw [12] or Bottinga & Wefll [ll] . 
The effects of crystals can be calculated using two methods. At @<0.3, relative viscosities can 
be estimated using the appropriate Einstein-Roscoe equation with R = (1/ @max ); unless there 
is evidence to the contrary, a value of R = 1.67 should be used for lavas [22]. For more 
concentrated suspensions, equations 2 to 6 should be used. Using the methods outlined 
above, the effects of cooling on the rheological properties of crystallising basaltic lavas can 
be taken into account when developing appropriate finite difference models of lava flows. 
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mure 1 Comparison of the calculated (circles) 
and measured viscosities (triangles) for the 1975 
lava from Mont Etna at  1083 C T3511 
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In view of recent interest in modelling the formation of silicic domes [I],  and the 
discovery of a large dome on Venus [2], it is appropriate to determine whether a new method 
of calculating the rheological properties of basaltic lavas from a n  analysis of their 
physico-chemical properties [3.4] can be applied to experimental data for silicic magmas [5]. 

McBirney & Murase [6] and Murase et al. [5] recognised that the large increases in 
apparent viscosities of their crystallising Mount St Helens dacite (see Fig. 1) could not be 
explained using the modified Einstein - Roscoe equation derived by Marsh [7], and they 
introduced the following equation based on laboratory measurements by Sherman [8] to 
determine the relative viscosity: In q r = In (qinf/q 1) = { a ~  ml[($maxl$) - I]} - k, 
where qinf is the apparent viscosity of the suspension at an infinitely high strain rate ; q~ is 
the viscosity of the liquid phase; a= 0.11 to 0.036 [5,6,8]; Dm is the mean particle diameter in 

microns; @ is the concentration of solids; $rnax is the concentration at which the viscosity of 
the suspension has W t e  viscosity (assumed to be 1); and k= 0 [5] or 0.15 [6,8]. 

This relationship has subsequently been used [9,10] to calculate apparent viscosities of 
crystallising silicic magmas. However, Sherman's equation has the following condemning 
limitations when applied to magmas: it was developed for emulsions, not for a non-spherical 
solid phase; he assumes that the suspension behaves as  a newtonian fluid; and the maximum 
crystal size for which his method is appropriate is 3p. Because of the exponential 
relationship between apparent viscosities and particle size, unrealistically high apparent 
viscosities will be calculated using this method for particle sizes > 100 pn (see Table 1). For 
example, Self et al. [9] calculated apparent viscosities of 1023 Pas for the Chao dacite, 11 
orders of magnitude higher than the viscosity at  the glass transition temperature. 

We argue that Murase et al. [5] assumed, incorrectly, that the difference, by up to 9 orders 
of magnitude. between the apparent viscosities of the crystal-rich melts and the supercooled 
glasses at  identical temperatures (Fig. 1) had to be explained entirely by crystal interaction. 
Alternative explanations for these differences include the following. 

(i) All suspensions become non-newtonian at concentrations which are dependent on 
particle shape and deformability. Suspensions containing spherical particles become non- 
newtonian at  volumetric concentrations greater than 0.25-0.30 [11,12]. while suspensions 
containing irregular objects may become non-newtonian above 0.05 to 0.10 [13-151. The 
presence of a few percent of bubbles in any fluid will induce non-newtonian behaviour due to 
variations in bubble deformation at different strain rates [ 161. 

(ii) The activation energy of flow of the rhyolitic melts increases by a factor of about 3 at 
temperatures below the liquidus [17,18]. 

(iii) Measurements of the rheological properties of rhyolites have shown that the melt 
itself becomes non-newtonian [16,191 and that its flow behaviour can be apprbximated by a 
power law rheological model. While some of the departure from newtonian behaviour in 
their measurements resulted from the deformation of bubbles which were present in their 
melts, Spera et al. [16] conclude that bubble-free rhyolitic melts will behave as  power law 
fluids at above liquidus temperatures. By contrast, aphyric, non-vesicular basaltic melts 
show no evidence of non-newtonian behaviour [20.2 11. 

(iv) Murase et al. [51 estimated apparent viscosities at two different strain rates. Their 
counterbalanced sphere method operates at strain rates around 0.05 s-1 to 3.5 s-1, while their 
bending beam method involves mean strain rates of 10-10 s-1 to 30.10-10 s-1. If we assume a 
power law exponent of 0.8 for bubble and crystal-free rhyolitic melts [19], the apparent 
viscosities at low strain rates will be one hundred times those at the higher strain rates used 
in their counterbalanced sphere measurements. 

Using the method outlined in 141 and taking into account points (i) to (iv) above, we have 
re-analysed the results in [51. These are shown in Table 2 and Fig 1. The chemistry of the 
melt at 1000 C has been calculated on the basis of the crystallinity measured in [5] , and the 
apparent viscosity of the melt (7.77.108 Pas) has been estimated using the method described 
in [31. The shape factor used (0.5) corresponds to rectagular plates of dimensions 10: 5: 1. The 
value of $ (0.693) at 1000 C measured by [51 is higher than the maximum determined for 
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erupted lavas [7]. The assumed value of hax used in this analysis (0.84) reflects the higher 
crystallinities which can be attained during laboratory rheological measurements. The 
yield strength calculated using these values is 370 Pa. The presence of this yield strength, and 
the calculated non-linear shear stress-strain rate relationship for the Mount Saint Helens 
dacite (Table 2) mean that the calculated apparent viscosity at a strain rate of 10-10 s-1 
(3.7.1013 Pas) is over 3 orders of magnitude higher than the apparent viscosity (3.5.1010 Pas) 
at the higher strain rates (around 1 s-1) encountered in the counterbalanced sphere 
measurements. 

Referring to Figure 1 the differences between the measured viscosities of the supercooled 
glasses and crystal-rich lavas can now be explained. The relatively rapid increase in the 
measured viscosity [5] of the melt at 1200 C (A-B) reflects the increased activation energy of 
flow at sub-liquidus temperatures [18]. The changing chemistry of the residual melt due to 
crystallisation changes the trend from (A-B) to (A-C). The effects of crystals is to increase the 
apparent viscosities even further: at higher strain rates, the trend will change to A-D, 
whereas at lower strain rates, the appropriate trend will follow A-E. As a consequence of the 
non-newtonian viscosity of the melt itself, apparent viscosities at low strain rates can 
increase by a further 2 orders of magnitude i.e. up to the measured values (A-F). 

In conclusion, future estimates of the rheological properties of rhyolitic magmas 
should not be based on the inappropriate use of the Sherman equation I81 which was 
modified by Murase et al. [5]. Instead, the method outlined above should lead to a more 
realistic estimate of rheological properties at different strain rates. 

Concentration 

0.3 
0.5 
0.3 
0.5 
0.3 
0.5 

Temperature / 'C 

Table 2 

Calculated 
rheological 

properties of 
Mount Saint 

Helens dacite 

Figure 1. Murase et al. [5] experimental data for the 
apparent viscosity of a dacite. Differences between 
the apparent viscosities of the melt (A-B) and the 
crystal-rich lava (A-F) can be calculated. (See text) 

Table 1:Mearured [4] and calculated relatiw 
v-es using Murase el al Equation 151 
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