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INTRODUCTION

There are very few aspects of igneous petrology which are not in
séme way closely related to the viscosity of magma. Rate of crystal growth,
gravitative settling or rise of solids and bubbles, mode of volcanic
eruption, flow differentiation mechanisms, flow characteristics of lavas,
mass transfer in magmas under externally imposed pressure gradients or
natural convection, rate of cooling of magmatic intrusions and lavas;
all of these phenomena are critically dependent upon the viscosity of
magmatic liquid or the effective viscosity of a magmatic suspension.
Quantitative evaluation of any of the above igneous‘processes must begin
with a knowledge of the viscosity of silicate liquids within the rather
wide range of temperature and composition displayed by natural mglgs. The
need for such viscosity data has long been recognized by petrologists, and
many attempts have been made to determine effective viscosities from field
observations of lava flow rates (Becker, 1897; Palmer, 1927; Nichols, 1939;
Krauskopf, 1948; Minakami, 1951; Walker, 1967, among others). Uncertainties
related to temperature measurements; size, shape, and roughness of the
flow channel; and gas and solid particle content make evaluation of such

viscosity determinations very difficult.




Laboratory viscosity measurements on geologically significant
liquids date back to the turn of the century. The first determinations
were probably made by Doelter (1902), who was able to classify on a
qualitative scale the viscosities of various rocks and minerals melted
in the laboratory. Much of the early work is summarized by Kittl (1913).
The measurements of Kani (1934a, 1934b, 1935), Kozu and Kani (1935), Kani
and Hosakawa (1936), Volarovich (1936), and Volarovich and Tolstoi (1936)
were valuable contributions towards an understanding of the temperature
and composition dependence of silicate viscosity. Bowen (1934) measured
the viscosities of molten orthoclase and albite, and included an
interesting discussion of the significance of viscosity in petrology and
liquid silicate.experimental work. More recently, viscosity measurements
on molten rocks have been reported by Euler and Winkler (1957), Shaw (1969),
Carron (1969), and Murase and McBirney (1970).

Newton's law of viscosity states that the shear stress in liquids
undergoing laminar flow is proportional to the local veloci;y gradient
perpendicular to the stress. The proportionality constant in this relation
is known as the viscosity coefficient, n. In Newtonian fluids it is
independent of the magnitude of the shear stress. The silicate liquids
discussed in this paper closely approximate the Newtonian model. Fluid
suspensions of solids or bubbles are best described by non-Newtonian
models. For a discussion of this problem in geological context the

reader is referred to Shaw et al. (1968) and Shaw (1969).



The viscosities of silicate liquids are strongly dependent upon
chemical composition. . For example, at 1300°C where most igneous rocks are
completely melted, the composition range "basaltic’ to "granitic"
corresponds to a viscosgity range of 102 to 108 poises. Such extreme
variability emphasizes the need for systematizing the composition dependence
of viscosity. Without such an approach, much of igneous petrology remains
iargely qualitative. In discussing the differentiation of the Stillwater
magma, Hess (1960) found it necessary to know the viscosity of the magmatic
liquid. Taking what he considered to be reasonable estimates of the upper
3 x 104 poises) and lower (3 x 102 poises) viscosity limits of basalts,
Hess was forced to adopt the geometric mean (3 x 103 poises) as the best
value for the Stillwater magmas. This same value was adopted as the
viscosity of the Skaergaard thagmas. by Wager and Brown (1967). Jaeger
(1968) states that: "In all discussions of convection a knowledge of
the viscosity of the liquid is vital, and no certain information is avail-
able about this." In subsequent calculations, Jaeger (op. cit.) is forced
to adopt Hess' figu;e as typical for magmas.

In petrology it has been difficult to make direct and quantitative
use of viscosity data partly because the measurements have been performed
on individual molten rocks without a systematic investigation of composition
dependence. Fortunately a large number of measurements have been made
in simpler, two to five component systems, which make it possible to
syétematically analyze the composition dependence of viscosity 1n anhydrons

silicate liquids. It is the main purpose of this paper to present the



results of such an analysis in the form of a simple model designed to
allow reasonably accurate calculations of viscosity as é function of
temperature and composition.

In this paper we treat directly the problem of predicting viscosities
of anhydrous silicate liquids. Such §iscosity numbers are applicable to
many extrusive melts and to nearly dry magmatic liquids in general (e.g.,
lunar liquids). The fluidizing action of HZO dissolved in silicate
nelts is well recognized (Saucier, 1952; Sabatier, 1956; Friedman, et al.,
1963; Burnham, 1963; Carron, 1964 and 1969; Shaw, 1965), and it 1is now
possible to predict the effect of H20 content on viscosity in a semi-
quantitative way. Data for hydrous melts are not yet sufficient, however,
to warrant direct integration with the more complete set of data on the
effect of other melt constituents. We have chosen, therefore, not to
incorporate H20 directly in our model. Rather, it seems to us that the
best procedure is to use the present model for calculating viscosities
of anhydrous compositions, and, where necessary, to estimate the effect
of added HZO according to the suggestions of Shaw (1965), and Carron (1969).
The model presented here can easily be modified to incorporate the effect

of H20 whenever sufficient additional data are accumulated.
INPUT DATA

Selecting an unbiased set of viscosity input data presents certainm
problems which cannot always be resolved in a purely objective fashion.

Fortunately the influence of the selection procedure is minimized when
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the total data population is large as is the case for viscosity measure-
ments of silicate liquids. We have used a total of 2,440 observations
which span the temperature range 1100-1800°C and the composition range
35-91 mole % 3102. In Table 1 we list the silicate systems, approximate
temperature ranges, and references for the input data selected.

In general, all the measurements selected for this study are reported
to be accurate to within 10% or better, and there is no reaéon to doubt the
yalidity of this error limit for the viscosities per se. For purposes
of attempting a correlation between viscosity, temperature and composition,
the reliability is probably not as good as this figure suggests. Accurate
control and measurement of high temperatures are difficult. The same
is true of composition. Bubblé formation, volatilization, contamina-
tion of sample by ambient atmosphere and crucible are potential sources of
error in reporting accurate viscosity-composition data. Since viscosity
is strongly dependent on temperature and composition we estimate the
overall uncertainty in the input data to be substantially greater than
10%. The simplest way to gauge the reliability of the data is to directly
compare the results of various investigators wherever this is possible.
This comparison is made in Table 2 and shows that the agreement is good,
but well outside the 10% limit in many cases. Nevertheless, the dééa of
Table 2, and the selected input data in general, constitute the most
accurate viscosity measurements available, and the scatter is certainly

woll within the limite that would be deemed petrologically useful.
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A few published viscosity data are not included in Table 1. As a
general guide, we have assumed that modern data is more likely to be
accurate. In order to avoid a”biased set of data, we have followed the
practice of either totally accepting or rejecting the data reported in
a single investigation rather than selecting only those measurements
which closely fitted our model. The data of Saito and Saeki (1965) for
the system SiOz-CaO—Cr203—FeO-TiO2 were not included because they are
in serious disagreement with the results of Bockris and Lowe (1954) and
Kozakevitch (1960) at comparable compositions. We have not included
the measurements of Kato and Minowa (1969) in the system SiOz—Al 0,-Ca0

273

(with additions of Mg0, FeO, MnO, T102, V205, Cr203, and P20 ) because of

5
ingufficient evidence for the control of composition. The data of Saito
and Kawai (1951) on 8102—A1203-M30—Ca0, Behrendt and Kootz (1949) on

SiOZ—AIZOB—MgO—CaO and Sioz-MgO-CaO—TiOZ,
on 8102-A1203~Hg0—Ca0 were obtained using graphite crucibles at temperatures

Shil (1961) and Schleier (1958)

in excess of 1500° C. Silicate melts are known to attack graphite
seriously at elevated temperatures and consequently these data have not
been incorporated. The results of Gimmel'farb (1968) in the system 5102-
A1203—Ca0-FeO were also not selected because of possible contamination
problens.

The 2,440 observations which have been selected as input data gre a
compromise between our evaluation of reliability and a desire to inébrporate

maximum information on the effect of petrologically significant components.

From this point of view the weaknesses of the input are: (1) the effect
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of K20.is known only from the binary K20—8102 system, (2) there are few
reliable data on the effect of Fe203. Additional measurements on the above

and on liquids containing Tioz, FeQ, and MnO would be very desirable.
CHEMICAL DEPENDENCE OF VISCOSITY

General

The dependence of silicate liquid viscosity on bulk chemistry may be
explained qualitatively in terms of the classic concepts of silicate
structure. Liquid 8102 is éonsideréd to be a non-periodic array of SiO4
tetrahedra linked together by strong Si-O covalent bonding at all corners.
In such an idealized system, flow must involve the rupture of some of the
Si~0 bonds. Consequently, the activagion energy and viscosity for pure
8102 flow are predictably high (Hofmaier, 1968). The addition of
metallic oxides to the SiO2 liquid results in a breakdown of the continuous
S$i~0-5i linkage due to the ionic nature of the metallic atoms. Some of
the Si-0 bonds‘are replaced by weaker M-O bonds, and the Si-0 bonds adjacent
to catiohs are weakened hecause the latter polarize the shared oxygen.

The process may be schematically represented by:

{ ) | i
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At the orthosilicate composition, (MO + MZO)/SiO = 2, the tetrahedral

2

linkages are supposedly gone, i.e., there are no silicon bridging oxygens
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and the structure consists of independent SiO4 tetrahedra. The progressive
weakening of the bonding of the SiO4 network by addition of M20 and MO
components has given rise to their description as network modifiers, and

it follows that the addition of such network modifiers causes a decrease

of viscosity. Other oxide components such as Fe203 and T102 are also
treated as network modifiers since the ionic radii of Fe3+ and T14+ preclude

any extensive participation of these cations in the network forming

tetrahedra. The dual role of A1203 is discussed in another section.

Model for Correlation

Regardless of structural details, it is clear from the above
generalizations that viscosity-composition variations will be most strongly
dependent on the concentration of network forming atoms such as silicon.

It also follows that the effect of various network modifiers may be quite
specific. Figures 1, 2, and 3 show the variation of the logarithm of
viscosity with composition in binary systems of the type MZO-SiOZ, MO—SiOZ,
MAlOZ-SiOZ, and MA1204-5102. In addition to the obvious increase of
viscosity with mole fraction of 8102, several features of the plots are
noteworthy. It is apparent that the effect of the various netﬁork
modifiers is quite specific, and that a éatisfactory quantitative model

of viscosity-composition variation must be more discriminating than the
usual "network former' and 'network modifier" categories. The data for

individual systems can be represented by a small number of straight line

segments, i.e., the logarithm of viscosity may be satisfactorily expressed
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as a linear function of composition over restricted composition intervals.

We may generalize this relationship in analytical form:

Inn=1 XiDi ¢h)
i
where Xi is the mole fraction of the ith component, and Di i8 a constant
associated with component i over a restricted range of composition. Each

temperature has a particular set of D, counstants. Our model is essentially

i
based on an extension of these observations to multicomponent systems.
The composition ranges have been arbirrarily selected at 35-45, 45-55,

55-65, 65-75, and 75-81 mole 7 8102, and the D, constants are determined

i
by minimizing the sum

§ = ? (In nmeasured - i xiDi): )
where j indexes all measurements within a composition range at a given
temperature. The set of Di constants which minimize S are determined by
iteration, starting with initial D1 values that are obtained from linear
least squares analyses of the two component systems of Tablie 1. The method

of Marquard (1963), combining the Gauss method and the method of steepest

descent, was used to obtain improved Di values for each subsequent iteration.

Choice of Components

Aluminum plays a dual role in silicate liquid structures. The
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addition of A1203 to 5102 liquid rapidly lowers viscosity (Kozakevitch,
1960 and Rossin et al., 1964). In such melts most of the aluminum is
evidently not isomorphous witﬁ silicon; 1t is predominantly in six-fold
coordination with oxygen and acts as a network modifier. The addition

of other monovalent or divalent cation oxides, however, allows aluminum to
enter the tetrahedral structural sites in place of silicon while preserving
local charge balance, and we postulate the existence of MAlO2 and MAlZO4

groupings as schematically represented by:

i J [} \

J
o O o owmto
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Fig. 4 shows that as A1203 is substituted for Nazo or Ca0 (keeping the

mole Z of SiO2 constant) there is a steep increase of viscosity until a
maximum value is reached in the vicinity of compositions equimolar in

A1203 and Na,0 or Ca0. This increase corresponds to the progressive
incorporation of aluminum in tetrahedral positions until all the associated
cations are used up. The tetrahedral framework is thereby . strengthened

and the average size of the flow units is increased until the equimolar
composition is reached. Any additional aluminum is octahedrally coordinated
and does not cause a further increase in viscosity. Similar observations
have been made on the viscosity relations in the system Mg0-Al,0.-5i0

273 2
(Riebling, 1964). The structural role of aluminum inferred from the viscosity
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data is in agreement with determinations of the coordination number of
aluminum in soda aluminusilicate glasses by Day and Rindone (1962) using

an X-ray fluorescence technique. These authors found that the wgvelength

of aluminum Ko radiation at compositions Al/Na < 1 correspondsto aluminum in
tetrahedral coordination whereas Al/Na > 1 compositions showed peak shifts
corresponding to aluminum in sixfold coordination. Thermodynamic analysis
of melts in the SiOZ—KAlO2 and SiOz—NaAlo2
indicates the existence éf KAlQO, and NaAlO2 species.

systems by Férland (1964) also

2

Most melts of geological interest have compositions such that the

sum of the MO and M20 oxides exceeds A1203 on a molar basis, and we

therefore assume that in such melts aluminum will be predominantly in
tetrahedral coordination. In accord with this observation and the preceding
arguments we have chosen to express the chemical composition of magmatic

silicate melts in terms of the following major oxide components: KAlOz,

2 20, and KZO. In

204, and MnAlZO4 may also be minor

NaAlO,, CaAl,O MgAlzoa, 8102, Ti0

2° 2747
addition, MnO, Sr0O, BaO, Li

FeO, }MgO, Ca0, Na

,0, BaAl

components. In calculating the mole fraction of the various components,
A1203 is first combined with KZO to form KA102. Any excess potassium is

assigned to K20. More usually an excess of A1203 is further combined with

NaZO, Ba0O, Sr0, Ca0, MgO, and MnO in that order until all A1203

up. The sequehce in which the aluminate components are calculated

is used

corresponds to the order of stability suggested by viscosity measurements.

For example, Kani (1935) observed that molten KA1S1308 is more viscous

than molten NaAlSi3O8. We interpret this to mean that K+ is favored over
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Nat when competing for positions associated with tetrahedrally coordinated

aluminum. Comparison of viscosities between the systems Na20-A1203—SiO2

and CaO-A1203--SiO2 are also informative in this regard. For this purpose,

the melts to be compared must have equal molar concentrations of SiO2

and A1203 and A1203 > Ca0 or Nazoz In such melts, differences of viscosity

(at equal temperatures) correspond to differences in the relative stabilities
of NaAlo2 and CaA1204 groups, and the data indicate greater stability for

the former. In binary MO—SiO2 liquids, the replacement of Ca0 by MgO
increases viscosity (e.g., Fig. 2). However, in MO-A1203—SiO2 systems

where molar A1203 > MO, the replacement of Ca0 by MgO decreases the viscosity
(e.g., Fig. 3), indicating that calcium aluminate groups are more stable

than magnesium aluminate groups. These and similar arguments lead us to
calculate the mole fractions of the aluminate components in the order:

2 BaA1204, SrA1204, CaA1204, and/MgAlZOA.
presently available on the viscosity of silicate liquids containing MnO.

KA102, NaAloO Few data are

Fortunately, the concentration of MnO in natural liquids is usually low,

and calculation of MnA].zO4 is arbitrarily performed last in the sequence.

Previous correlation models

The degree to which silica tetrahedra are directly bonded to each
other exerts an important influence on viscosity. In pure silica liquids
(0/Si = 2) all oxygens are involved in Si-0-Si 'bridges". At the ortho-
silicate composition (0/Si ; 4) there are only independent 510, tetrahedra,

i.e., no bridging oxygene. The variation of the 0/Si ratio in silicate
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liquids is a measure of the degree to which the Sioz'tetrahedra are linked
together. This line of reasoning led Murase (1962) to propose that the

bridge density (b.d.

4 - 0/s1i) of silicate melts be used to estimate the
compogition dependence of viscosity. In Fig. 5-c we have plotted the
logarithm of viscosity as a function of'bridgé density for 123 representative
measurements selected from the input data of Table 1. The cexrelation is
very poor primarily because the model neglects the effect of alumirm,

As previously pointed out, the role of aluminum in most natural liquid
compositions will be that of tetrahedral network former.

More realistic models based on the ratio of oxygen to tetrahedrally
coordinated cations (1ncludiné aluminum) have been proposed by Shaw (1965)
and Carron (1969). Figures 5a and 5b show an improved viscosity correlation
for these parameters although the scatter may still be several orders of
magnitude larger than the stated errors of the measurements. This scatter
is mainly due to the non-specific roles assigned to the individual network
forming and network modifying atoms in such general models. The quality
and quantity of viscosity data now available (Table 1) makes it worthwhile
to attempt a more quantitative correlation with composition. Where only
limited data are available, as with the effects of HZO, the generalized
composition parameters are useful for semi;quantitative estimates of

viscosity as shown by Shaw (1965), and Carron (1969).
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RESULTS
Constants

An initial set of Di constants (equation 1) was determined at 50°¢
intervals between 1200 and 1800°C by a least squares fit to the input
data (equation 2). The initial D8102 values were then plotted against
reciprocal absolute temperature, and the departures from linearity assumed
to be mainly due to insufficient data in certain composition ranges.

The best straight lines were then drawn by visual inspection, and the
resultant smoothed values of D8102 were used to determine new values of

Di constants for the remaining components by minimizing the sum:

S=2Z% (In n

3 observed ~ X510

2
D - L XD, )j 3)

510
2 2 4510

2

The final Di constants are given in Table 3 along with the number (N) of
input data at each temperature and composition range. We also list the
mean observed viscosity value and the root mean square of the difference
between calculated and observed viscosity for each set. There is generally
a smooth variation of the calculated Di constants against reciprocal
temperature. In most cases the variation 1is approximately linear with
respect to reciprocal absolute temperature over an appreciable range,

and linearly extrapolated or interpolated values are denoted by italics

in Table 3. 1In all cases the actual values calculated by the final

least square analysis (equation 3) have been retained without further

smoothing.



Figure 6 is a frequency diagram of Aln n = 1ln n (calculated) ~
In n (measured) for 2,440 measurements. The average difference is zero,
and the frequency distribution is quite symmetrical. Of the total number
of comparisons made, 77% lie between =~0.25 < Aln n < 0.25, and 997% lie

between -0.75 < Aln n < 0.75.

Viscosity Calculations

The entries of Table 3 are sufficient in many cases for direct
calculations of viscosity according to equatioﬁ 1. 1In other cases lack
of sufficient input data makes it necessary to estimate Di values for
certain components. This paper is primarily concerned with geological
applications, and we have chosen several compositions representative of
the magmatic range in order to discuss the calculations and the necessary
approximations. The compositions of the representative magma types are
given in weight percent in Table 4 along with the calculated mole
percentages of the components necessary for the viscosity calculations.

The results of the calculations are illustrated in Fig. 7.

Unfortunately, very few data are available on the viscosity of silicate
liquids contaiging Fe203. The few measurements which have been made are
all in the low Fe203 range with poor control of oxidation state, and it
is impossible to obtain accurate figures on the effect of this component.
To a first approximation the available data suggests that equimolar amounts

+
of Fe3+ and Fez have roughly the same influence on the viscosity of
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silicate melts (Endell and Zauleck, 1950; Johannsen and Brunion, 1959; and
Rintgen et al., 1960). In addition to the lack of experimental data on

the influence of Fe203, it must also be realized that tha artual p9203

content of magmas is usually not known to any degree of certainty. Anus,.,g

of solidified rocks often reflect post liquid-state oxidation due to

cooling and/or exposure to oxidizing atmospheres. Accordingly, all Fe3+

is converted to Fe2+ for the calculations. The small amount of phosphorus

usually present in magmas is added to silicon (cf. calculations in Table 4).
For present purposes it is comnvenient to consider as major components

all those present in concentrations greater than 5 mole %. For all major

components it is recommended that only the [, values actually listed in

i
Table 3 be used. This will mean that for certain compositions, the

calculations will be possible only over certain restricted temperature
ranges (e.g., see compositions 2-6 of figure 7). In most cases the
temperature range will be sufficient for petrological applications, and

the linear reciprocal temperature dependence may be extrapolated to some
extent providéd the system in question remains above the liquidus. The only
possible major component of rock systems for which there are no data in

Table 3 is KAlOz. The measurements of Kani (1935) on molten alkali

feldspar systems indicate that D should be somewhat larger than

KAlO2

D . When sufficient viscosity data become available for potassic
NaAlO2

aluminosilicate systems the DKAlo constants can be quantitatively
2
evaluated. In the meanwhile, we have been forced to use DKAlO = DNaAlO

2 2
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for purposes of calculation. Fortunately KAlO2 is not a major component
of most magma types (only composition number 1 of Table 4).

There is not always available a complete set of constants for the
minor (< 5%) components, and the following recommended approximations
have been used in the sample calculations. Where values of D are

TiO2

not available, we have used the approximation, D This 1s

T10, - Deao®
consistent with the experimental results of Johannsen and Brunion (1959)

on the effect of these two components. No data are avajilable for D
: NaAlO2

in the composition range 0.35 < XSiO < 0.45. TFortunately most rock
2

systems in this range also tend to have only relatively minor amounts of
alkali metals (cf. analyses 5 and 6 of Table 4)., In these cases we have

used the DNaAloz constants for the composition range 0.45 < x5102 < 0,55.

Wherever Di constants are lacking for certain minor MO components, we have
used the arithmetic average of the Dyo values listed in Table 3. All

the above approximations should be valid to within * 2 (natural logarithm
units) or better, and the error associated with each minor component
estimate will thereforé be less than * 0.10. The average error of several
such estimates is often less.

Figure 7 illustrates the range of viscosities calculated for typical
natural silicate liquids. Over 95% of the 65 calculated points fall within
t 0.20 (1n n) of a straight line plot, and we believe that linearly
smoothed reciprocal temperature plots are the most valid representations
of the calculated viscosities. Our model is based on a qua;i—linear

variation of the logarithm of viscosity with composition over somewhat
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arbitrarily defined composition ranges. This necessarily imposes an
artificial discontinuity on the calculated viscosities when the composition

is varied from one range to the next. Analysis number 2 (X = 0.659,

sio0
. 2
Table 4 and Fig. 7) falls-close to the arbitrary division between two

composition ranges. In order to illustrate this effect we have calculated

< 0.75 (curve 2a)
2

the viscosity using D, constants for the range 0.65 < X

i

and 0.55 < XSiOé 2 0.65 (curve 2b).

510

Viscosity of molten rock and mineral systems

The proposed model is primarily intended for calculating melt
viscosities in chemically complex geological systems. The most direct test
of the model is a comparison of calculated and measured viscosities in
such syétems. Unfortunately there is not an abundance of viscosity data
for geological systems, and we have decided to make comparisons with all
the measurements known to us rather than attempting to select only superior
experimental data. In Table 5 we have compiled most of the published
viscosity measurements for molten rock systems, and have compared them
to calculated viscosities. In each case the calculated viscosity is
obtained from a linear fit (against reciprocal absolute temperature) of
individual points calculated at 50° ¢ intervals using the data of Table 3.
The cémpositions of the melts are listed in Table 6. The total range of
viscosities covered and the correspondence between measured and calculated
values is given in Fig. 8. The general agreement shown in Table 5 and
Fig. 8 indicates that the model may certainly be usediwith confidence for

the purpose of obtaining viscosity values for geological calculations.
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Considering the experimental data by sets according to authof(s)
we detect no systematic trends in the differences between measured and
calculated viscosities except with the data of Euler and Winkler (1957).
The calculatéd values for this set of compositions tend to be somewhat
higher than the measured viscosities. For the 55 data points of thése
authors given in Table 5, the average deviation, I(ln n_ - 1ln nm)/SS, is
equal to 0.51. For the remaining 54 data points listed in Table 5, the
average deviation is very close to zero (~0.06).

We may also compare the measured and calculated viscosities of
Table 5 and Fig. 8 for individual rock compositions. The only serious
discrepancies occur with an olivine basalt and olivine dolerite (analyses
20 and 21, Euler and Winkler, 1957), a nepheline basalt (analysis 4, Kani,
1934), and an andesite (analysis 8, Volarovich, 1936). Therevis étrong
evidence thatifor the first three of these molten rock systems, the
measurements are not self-consistent. In Fig. 9 we have plotted the
logarithm of the measured and calculated viscosities against reciprocal
absolute temperature, and have shown the activation energy for viscous
flow that 1s indicated from the slope in each case. The measurements of
Kani (1934) on the nepheline basalt (Fig. 9a) imply an activation energy
of only 15 kcal/mole, well below the range of observed values for all
comparable silicate liquids. The measurements of Euler and Winkler (1957)
on molten baéalt and dolerite (Fig. 9b and c¢) indicate activation
energies which are very much too large since the activation emergy for

pure 510, 1iquid is 120 kcal/mole (Rossin et al., 1964). The calculated
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viscosities in all three cases indicate activation energies which are
consistent with values normally observed for comparable systems.

It is impossible at this stage to attempt any further quantitative
evaluation of the accuracy of the viscosity calculations. The differences
betwoen measured and calculated values may be due to a large number of
factors. First of all, the model itself is only a convenient approximation.
Our fit to the data on the simple synthetic systems is by no means perfect,
and in some instances the Di constants are based on relatively few
measurements. The measurements themselves are subject to all the errors
previously discussed in reference to the reliability of the input data.

The problem of accﬁrate composition is perhaps more acute in rock systems.
Many of the measuremenfs were performed on molten rocks which were analyzed
in separate splits without special precautions taken to insure homogeneity.
Most of the rocks contained some H20 before melting. Alkali metals are
subject to volatilization during heating in the presence of HZO' Crucibles
of graphite, alumina and platinum have been used in the experiments. All
three materials are known to react with silicate liquids under certain
conditions. The undetected presence of crystals in the melt may also
seriously affect measured viscosities. The effective viscosity of a
liquid-solid suspension may be cstimated from the equation due to Roscoe

(1952)

ng = n(l - 1.35 ¢)'2'5 %)
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where n, is the effective viscosity of a suspension made up of a liquid
_of viscosi£y n and ¢ volume fraction of solid particles (ideally uniform
spheres). The equation leads to an estimate of ne/n = 1.2 when ¢ = 0.05.
The presence of bubbles usually affects viscosity measurements in a
similar way. The gas pressure inside the bubble and the surface tension
at the gas-liquid interface oppose the deformation caused by shear strain
and increase the effective viscosity. An increase of viscosity due to
the presence of bubbles is well known from the study of foams made from
relatively low viscosity materials. It is perhaps less widely appreciated
that bubbles can also effectively lower viscosity if the energy necessary:
to deform a bubble in a liquid is less than the energy required to induce
viscous flow in the bubble-free liquid phase. This phenomenon may be
anticipated in highly viscous liquids, and was observed by Murase (1962)
who recorded decreasing viscosity of a glassy specimen of the Oshima 1950
lava at 1000° C during vesiculation.

A general evaluation of the over-all accuracy of the existing viscosity-
temperature-composition data for geologic systems could be obtained by
comparing the results of separate laboratory measurements on identical
compositions. Unfortunately, we are not aware of any published duplicate
measurements in rock systems which would allow such intercomparisons.
However, several independent measurements in feldspar composition
liquids have been published. A comparison of these is made in Table 7
where it can be seen that the scatter of measured values is comparable to
the differences between calculated and measured viscosities for rock

systems noted in Table 5 and Fig. 8.
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DISCUSSION

In order to arrive at a valid calculation model it has been
necessary to examine a wide spectrum of the literature covering measure-
ment and theory of viscosity in silicate systems. Such a comprehensive
review, combined with extensive statistical treatment of much of the
presently accumulated data inevitably results in a broad ;verview of many
interesting aspects of the problem of viscous flow in silicate';iquids.
We present in this section a brief discussion of a few points whicﬁ we

believe to be of interest.

Compositional Dependence of Viscosity

The linearity of the composition dependence of logarithmic viscosity
in silicate melts over even restricted composition ranges may appear
somewhat surprising, but it is interesting to note that similar relations
have long been known in ionic solutions. Jones and Dole (1929) found that

the viscosity of such solutions is given by
n=n(1+ AYC + BC) (5)

where R is the viscosity of the solvent, C is‘the molar concentration of
solute, and A and B are constants for a particular solute. The A/C term
is always positive and accounts for the expected iIncrease in viscosity due
to the electrostatic attraction between oppositely charged nearest neighbor

ions (Falkenhagen and Dole, 1929; Onsager and Fuoss, 1932). It is much
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smaller than the BC comtribution at all but very dilute concentrations.
Values of B coefficients are characteristic for individual ions and can
be either positive or negative. Negative viscosity coefficients in
aqueous solutions have.been explained in terms of the "depolymerization'
of water by certain ions (Cox and Wolfenden, 1934). The analogy with
network modifying components which have low or negative D1 coefficients
in our model is obvious;
In reviewing viscosity data for moderatelyldilute aqueous electrolyte

solutions, Gurney (1953) concluded that the contributions of individual iomns

to the BC term were approximately additive and independent, i.e.,

N, (4 2By 6)

where i indexes the individual solute ions. We note that since B1Ci<< 1

for all solutions studied, equation 6 can be rewritten as

ii

Inna~Inn + £B.C : (7)
. ° 34 '

In our model we have proposed that the composition dependence of viscosity
for silicate liquids is given by equation 1, which can be rewritten in the

form

Inn=0D + @

510 X

3 DSio2 3 (8
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where j indexes all compoments other than 8102. If we regard Si0, as the

2
"solvent" of silicate melts, there is a direct analogy in the composition

dependence of viscosity between the two types of liquids.

Temperature Dependence of Vigcosity

Almost all of the viscosity measurements we have examined were
found to obey closely an Arrhenius type equation, n = Aexp(E/RT). This
holds true for measured viscosities in molten rock systems as well as
measureuments in synthetic silicate systems of fewer components. The fit
to an Arrhenius equation is good enough in many caseé to allow the authors
to report the measurements exclusively in terms of the Arrhenius parametero
A and E. Out of all the data that were selected for the input set, only
those of Liutikov and Tsylev (1963) and Staronka and Choma (1968) could not
be fitted to an Arrhenius equation with 10% maximum deviation. The
reasons for these exceptions to the rule are not known to us.

Because the input data closely obeys the Arrhenius expression, it
is reasonable to expect a linear dependence against reciprocal temperature
for the deduced Di constants. As described in a previous section, this
was found to be approximately the case for the initial set of DSiO constants,

2

and the final set of DSiO constants were constrained to this type of
2

temperature dependence. It is interesting to note then that most of the
remaining Di constants also show a 1/T linear dependence. This is not
true for all components, and some of the Di vs. 1/T linear plots exhibit

kinks. It is not possible to state with certainty whether these
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irregularities are fundamental or simply due to the sparse data available

for certain components. In any case, constraining the D coefficients

510

2
to a linear 1/T dependence does not appreciably influence the agreement
between calculated and measured viscosity (root mean square difference

between calculated and measured natural logarithm of viscosity for the

entire input data set increased only from 0.239 to 0.246 when DS10 was
2

thus constrained). It should also be pointed out that calculated viscosities
for all silicate systems which we have considered so far indicate Arrhenius

E values which are consistent with the range of values to be expected from
estimates based on composition. Calculated viscosities do not show any

of the irregularities which are occasionaily displayed by the coefficients
for the individual components, and some restricted temperature extrapolation
via reciprocal temperature plots is probably permissible. These should not
extend appreciaﬁly below the stable liquidus temperature for any system
since there is evidence (see below) that E in the Arrhenius equation

becomes temperature sensitive in the metastable liquid range.

Many theories dealing with the liquid state have been proposed to
explain the temperature dependence of transport properties such as diffusion,
conductivity and viscosity. Some of these theories result in modified
fofms of the simple Arrhenius equation. For éxample, reaction rate theory
(Glasstone et al., 1941) applied to viscous flow in liquidé predicts

a relation of the form

n = K /T exp(E/RT) 9)
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In this equation and in equations 10 and 11, K denotes a constant that is
temperature independent. From our analysis of the data for silicate
liquids we conclude that there is no difference in goodnessrof fit between
equation 9 and the simpler Arrhenius relation. The existing data are

not sufficiently precise to act as a basis for either retaining or
rejecting the YT term in the pre-exponential.

When glass-forming liquids are cooled metastably below their
equilibrium liquidus temperatures no discontinuity is observed in their
second-order thermodynamic properties such as heat capacity or thermal
expansion coefficient. This temperature range represents a true region of
stability (really metastability with respect to ordered crystalline phases)
for the supercooled liquid. Further cooling to a temperature which is
characteristic for each particular liquid system causes a sharp decrease
in heat capacity and thermal expansion. Such measurements serve to
operationally define the supercooled liquid-glass transition in glass-
forming systems. It is recognized that the glass traﬁsition defined in
this way 1s a rate controlled phenomenon since with reduced cooling rates
it is possible to lower the temperature at which discontinuities are
observed in thermal expansion and heat capacity. In practice then, the
glass transition point, Tg, is somewhat arbitrarily determined by the
coincidence of molecular relaxation times in the supercooled liquid system
and ‘‘normal” cooling rates as judged by human standards (for most glass-
forming systems this usually corre3ponds'to a measured viscosity coefficient

of approximately 1013 polses at Tg). Based to a large extent on the type
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of behavior outlined above which is typical of classical glass-forming
systems such as the silicates, the glass transition has often been
discussed in purely kinetic terms, and giasses regarded strictly as
supercooled liquids which because of their great structural complexity
are only §ery slowly approaching the true equilibrium liquid structural
state. This view maintains that only the barrier of time separates
glasses from equilibrium supercooled liquids.

It is becoming increasingly clear that a purely kinetic concept of
the glassy state cannot be strictly correct. Kauzmann (1948) showed that
the equilibrium properties of the true supercooled liquid (i.e., above Tg)
when extrapolated to temperatures below Tg quickly lead to impossible
thermodynamic results such as negative configurational entropy. This
result led Kauzmann to believe that "a non-vitreous stable [really
metastable] liquid cannot exist below a certain temperature'. Gibbs and
DiMarzio (1958) have subsequently shown that this paradox can be resolved
by assuming that all supercooled liquids, given sufficient time, will
undergo a true thermodynamic second-order transition to a glass. The
temperature of this thermodynamic glass transition, To (as opposed to the
operationally defined kinetic glass tramnsition) corresponds to Kauzmann's
"certain temperature’ and is always somewhat below Tg' It is, in fact,
the lower limit of Tg as would be determined by measurements of heat
capacity or thermal expansion in experiments of ever-increasing duration.
This theory of glasses differs fundamentally from previous ones in that the
glassy state is considered a true thermodynamic equilibrium (albeit metas-

table) state.
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Recent developments of the ideal glass concept (Gibbs and DiMarzio,
1958; Adam and Gibbs, 1965; Angell, 1968a and 1968b, among others) lead to
some interesting conclusions regarding the temperature dependence of
viscosity in liquids. The entropy of a liquid may be considered in terms
of thermal and configurational contributions. The latter vanishes to zero
at T° according to the theory of the ideal glass transition. vSince viscous
flow can take place only via configurational changes, it follows that the
ideal supercooled liquid has infinite viscosity at To' Consequently, To
can be considered as the temperature at which the ideal liquid reaches
a configurational ground state, and this éharacteristic temperature should
be the effective temperature 'zero point" in equations describing the
temperature dependence of viscosity. In keeping with this generalization,
the theoretical freatment of Adam and Gibbs (1965) predicts a temperature

dependence of the form

n = Kexp{ ——————— (10)

As pointed out by Angell (1968a), when T is not far above To this is
approximately equivalent to the Vogel-Tammann—-Fulcher empirical equation
(Fulcher, 1925) which successfully describes the temperature dependence

of viscosity in many liquids.

n = Kexp | ~=——=- (11)
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We have attempted to fit the input data to both equations 10 and 11, but
despite the fact that they have an additional parameter over the Arrhenius
equation,-they did not provide a better fit to the measurements;’ This

may be related to the fact that our set of measurements are valid for
“high temperature liquids" (i.e., above the stable liquidus) whereas
equations 10 and 11 have been most successful in describing the properties
of liquid systems at lower temperatures (see Angell, 1968a for discussion
of this point). The above considérations serxve to emphasize our caution
about extrapolation of calculated viscosities much below the liquidus.
This should not prove to be a major obstacle in using the calculations for
petrologic purposes since the existence of greatly supercooled liquids

in nature is presumably rare.
CONCLUDING REMARKS

We have presented this model for viscosity in the hope that, in
spite of its obvious shortcomings, it wiil allow a more quantitative |
treatment of many geologic problems involving viscosity. The approach has
already proved useful in explaining certain aspects of lunar petrology which
can be related to the viscosity of lunar lavas (Weill et al., 1970 and 1971).
Another obvious application is that now it is possible to calculate the
progressive changes in viscosity of a multicomponent magmatic or synthetic
liquid during crystallization. Space does not permit us to do more in

this paper than simply present the model in detail. We leave it to others
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to develop additional applications and also to further test its validity
as additional data are gathered.

The variation of a physical property such as viscosity in temperature-
multicomponent space is clearly only a special case of a more general
petrologic problem involving other physical and chemical properties of
magmatic liquids. It is encouraging to find that even with the compositional
complexities of natural systems taken into account, some of these problems
lend themselves to relatively simple approximate analytical solutions (cf.,
"density of magmatic liquids in Bottinga and Weill, 1970, and plagiocalse
crystallization in Kudq and Weill, 1970). 1t is a pleasﬁre to think that
perhaps additional aspects of igneous petrology will prove capable of

being systematized in like fashion.
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Table 1. Silicate systems, approximate temperature ranges and

references for viscosity input data.

System
LiZO—SiOZ,
Na20-8102
K20~8102
Ca0-510
Mg0-510
Fe0-510
Sr0-8io
Ba0-Si0
NaZO—LiZO—SiO2
NaZO-KZO—SiO
Na20-0a0-510
Na20—3a0-810
Nazo-FeO—Sio
NaZO-TiOZ—Si
Ca0-Mg0-510,
CaO--FeO-SiO2
FeO~-Mn0-S1i0
FeO~Mn0-T102—Sio
Al,0.-Na,0-Si0

273 "2 2

A1203—CaO—SiO2

2
2
2
2
2

2
2
2
2
0

Y3

~N

2

A1,0,-Mg0-510,
A1,0,-5r0-510,
A1,0,-Ba0-510,

A1,0,-Ca0-}ig0-51i0

273 2
A1203-Ca0-Bao-SiO2
A1203—CaO--TiOz--SiO2

A1203—CaO-FeO-SiO2

A1203-CaO-Mg0-BaO-SiO

A1203—Ca0-Fe0—Mn0—SiO

A1203-CaO—MgO-Fe0—SiO

Al,0,~Ca0-Fe0-MnO-T1i0

2

N NN NN

T range (2C)
1100-1700-
1100-1750
1100-1600
1400-1800
1600-1800
1200-1450
1550-1800
1500-1800
1100-1150
1100-1400
1100-~1400
1100~-1150
1300-1500
1300-1450
1300-1650
1200-1350
1300-1500
1250-1500
1100-1750
1150-1800

1250-1800
1500-1800
1550-1800
1250-1650
1400-1500
1250-1450
1200-1450
1300=1650
1400
1250-1500
1400

Reference no.

1,2

1,2,3

1,2
4,11,12,14.15,18,19
1,15

5,6,16,17

1,15

1,15

7

7
7
7
9
9

14,18,19
8

16,17
16,17
9,10

11,13,14,15,16,17,18,19,
24,

14,15,19,20,21,24
15 ’e
15
14,16,17,18,19,22,23,24
16,17

24

24

14,22

16,17

25

16,17



Table 1. Continued

REFERENCES :

[
CWOWoOSNONL S WN

[
[

12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Bockris et al. (1955)
Shartsis et al. (1952)
Heidtkamp and Endell (1936)
Bockris and Lowe (1954)
Rintgen et al. (1956)
Urbain (1951)

Mackenzie (1957)

RYntgen et al. (1960)
Helbrugge and Endell (1941)
Riebling (1966)

Rossin et al. (1964)
Kozakevitch (1960)

Machin and Yee (1948)
Staronka and Choma (1968)
Hofmaier (1968)
Kozakevitch (1949)
Kozakevitch (1954)

Machin et al. (1952)
Machin and Yee (1954)
Riebling (1964)

Liutikov and Tsylev (1963)
Hofmann et al. (1959)
Machin and Hanna (1945)
Johannsen and Brunion (1959)
Bills (1963)



Table 2. Intercomparisons of viscosity input data.

i Reference no.
Composition (mole 7) Viscosity (poises) (gee: Table 1) _
§10, Li,0 Na,0 K,0 Fe0 1200°  1300°  1400°(C)
69.7 30.3 ' 131 54.9 25.6 2 (interpolated)
70.0 30.0 115 55.0 28.2 1
67.4 32.6 83.0 39.8 20.0 2 (interpolated)
67.0 33.0 81.3 38.9 20.0 1l
80.5 19.5 940 385 179 2 (interpolated)
80.5 19.5 911 351 151 2 (interpolated)
80.4 19.6 1030 410 182 3
80.0 20.0 - 224 100 1
70.5 29.5 270 112 55
70.0 30.0 200 87.1 41.7 1
69.9 30.1 204 81.8 50.0 2 (interpolated)
67.1 32.9 150 64.1 30.3 2 (interpolated)
67.0 33.0 135 60.3 28.2 1
83.3 16.7 2447 861 343 2 (interpolated)
83.1 16.9 2240 832 355 1
67.0 33.0 355 125 ) 2 (interpolated)
66.6 33.4 390 145 60.3 1l
39.2 60.8 5.75 1.6 - 15
39.0 61.0 - 1.5 1.0 6
39-0 61-0 - 101 100 16
5i0, 1Mg0 Cad  Sr0  BaO 1600° 1700° 1800°
S e I ) -
50.0 50.0 3.16 1.79 1.18 1
50.0 50.0 3.82 2.26 1.41 {115
69.5 30.5 - 13.6 8.5 4
69.5 30.5 - 18.1 10.0 15
48.3 51.7 1.81 1.11 0.75 4
48.3 51.7 1.8 1.1 0.8 12
58.4 41.6 4.68 2.75 1.8 115
58.3 41.7 4.7 2.7 1.8 P12
{




Table 2.

49.7
50.0

50.2
50.0

(CONTINUED)

Coﬁposition (mole Z)

Viscosit& (poises)

Reference no.
(see Table 1)

510, 41,0, Ca0  MgO 1300° 1400°  1450°
62.7 9.2 28.0 720 180 120 24
62.7 9.2 28.0 730 214 128 ] 13
53.2  12.6 34.2 247 70.9  42.3 18
53.3  12.4 34.3 250 80 55 24
53.2  12.6 34.2 - - 42.4 12
56.6 8.3 35.1 - 118  68.6 19
59.1  11.6 29.3 - - 115 21
59.1 11.6 29.3 - 269 148 19
1350°  1400°  1450°
55.0 24.5  20.5 27.7  18.2  12.2 19
55.2 23.9  20.9 29.3  15.4 9.2 14
40.8 38.9  20.3 - 4.11  2.89 18
40.7 39.1  20.2 10.4 5.3 4.2 14
1600°  1700° 1800°
52,0 23.5 24.5 19.5  9.71  5.17 20
50.0  25.0 25.0 12.5  6.16 - 5.25 15
1400°  1450°  1500°
39.5 5.8 47.5 7.3 6.77  4.60  3.29 23
39.5 5.8 47.5 7.3 5.8 3.1 2.9 22
43.6 5.7 36.3 14.4 10.2 6.9 4.58 | 18
43.6 5.7 36.3 14.4 8.8 6.3 4.2 22
49.6 5.8 37.2 7.4 16.9 10.9  7.53 18
49.6 5.8 37.2 7.4 21.7 14.9 8.9 22
61.6 12.1° 11.0 15.3 440 238 137 i 19
62.0 12.1 11.3 14.6 390 222" 124 | 14



- - - - - - - _ _ - _ - _ eo-<¢ma
otven
T,°8 82°6  60°0T €L°0T 9S°TIT 6%°TT €2°€T %Z'%T  T°'6T T'9T €LT %°8T G'61 a
. - - . - _ N . i} . ; ) i} Cotvi,
e 0%y
- - - - - - - %' ZT- 96°CI- TS°€T~ 00°YI- TL YT~ 61°ST- a
R o%en
- - - - - €71~ TI°€1- 9L'€T~ T¥°ST- [2°9T- €9°LI- S9°8T- 06°8I- a
—_ z
- 70T~ TE°TI- 80°TT- 9T'ZI~ [%°ZI~ SE°€1- (8°€T- 0S°¥I~ [8°%T- 86°ST- 691~ = 0"Flg
gy 9= HL°%=  9L°%~ 60°G~ 9T°G- 6T°S- 96°6-  9°G- - - - - - 0%8q
Se'¢- oL~ 88'S~  79- - - - - - - - - - 0*5q
- - - - - S'y- LIS~ L¥°€- 19°€- (8'T- 8€'€~ 8I'E- G- owwn_
8- 9%€- w'e- 7€~ 0°€-  L'z- T9'T- SO0'T- €T°T- LE'T- 6I'T- €8°€ 9°0- 0Hq
14
- - - - - - - owtr- Tv9- ELn- 6STh- - - 0y
_— —— — —_— o0od
- - - - - 8 L “L 89 (19 LS 1°¢ vy - a
z
_ ) _ _ _ _ _ _ _ _ _ _ _ OFL,
: Cors
€0°9 26°9  [6°9  1S°L  €0°8 958  0Z°6 086  0STOT  TT'TT 96°TT 08°CT ¢9°¢€T >a
~ §.°0 03 T80 woa3 Cors, -
008T  0SLT  00LT  OS9T Q09T  OSST  00ST  0S%YT  ©0OYT  OSET  OCET  0SZT 00T (O, T
*301d 2anjeaadway ajnjosqe fed01djoo1 sSnsidA ﬁq
® woij pajejodiajuy 10 pajerodeaixe ATIedUf] 218 SOTTEIF UT SIIQEN
I .
N/, HNAoﬂmucc.ﬁlwaocﬁSw: = 'P'S*W°1 = IOUIIIIJTP JO dienbs uesuwm 300§
A : N
,ﬁaﬂxw = Uul 03 Sufpioode £ITSOISTA JO UVOFIBTNOIED 103 SIuEISUM nn ‘e 91qel



i i i i i ) i ) i ) ) _ ) 0TV,
- - — 0°x
- - - - - 0°6- LI'6- S5°6- O0L°6~ 61°0T- 0Z'0T- a
. rwy . . (4
-6T°9~ T°8- [0°6- 62°0T- Zv'ZI- 90°TI- €6°6~ €£'0I- 6L°0T- L£'TT- €9°TT- 02°TI- 96°TT- 0" ®Nq
. z
- - - 10T~ SS'0T- $6°0T- #6°0T- £z°TT- €L°TT- 2€°CT- T6°CT- Tv°€1- T6°€I- 0" ¥4
236'9~ 08'9- 0L~ T€TL-  4LTL- 9Ll 68°L~ V8- - - - - - 0%t
199~ 29°9-  69°%- €9°%- §S'y- 9I'8- L9~ - - - - - - 015q
29°s~ €8°S-  96°S-  T6'S=- OE'Y-  0°9- 0v'9= 90°9= yT9- TE'9- €579~ 7679~ 98°L- 0%2q
[2°T~ 02°T~ 61T~ 6T°C~ 01z~ zL°T- TI'€~ 96°€~ L8°€~ E%'€~ €L°T- €6°€~ €9 0%y
- _ - - - OuR
- - - - - - - - a
- - - - - - 77~  §T'z- 80°T- L8°Y~ Iv'T- LT~ 6 E- 034,
_ S Cot1
- - - - - - T E-  0T'Y- 6€'v- lS'y- 80°G- T9'9-  S°9- a
z
S6°S €0°9 0S'9 SO°L 09°L €1'8  LL°8 0%°6 SO°0OT 080T SS°TT 07°TT  TT'ET 0154
§9°0 03 §/*( woIF Noﬁmx -
0 0 0 0 c0*0  €0°0 €I'C 10 %20 920 9z'0  TE0  LE'O ‘prsemea
’ 8Q0
€0°C  ZC'C  06'C  SS°9  ®6°9  £9°L 0S'Z €6°L €9L L0°8  6v'8  86°8  ¥8'9 Puur sae
L L 8 L 8 L 8T 3 g e vz 6T 8 N
Yz :
- - - - - - - pe 0T~ 69°TT- 8L°TT- SS'TI- - - 0 TVl
— —_— «oNZ.mz
wh g~ €98~ 97°8- SZ'g- TI'8- T16°L- €9°9- %0'9- I8'y- Ly'€- 65T~  T°0- T a
— 7ot 1ven
2€°9- 61°9~ 6L°C- %9°G~ 8z°S~ 48'y- 60°%- %8'Z- 4L'T- SUI- 6270  6L°0 17 a
— 6,0 ©31 1g°0 wWo13 NOﬂmx -
008T 06T 00/  0S9T  009T  0SST  00ST  0§¥T ~ 00%T  OSET  00ET  0SIT 0071 (5,) I
(ponugiuod) ‘¢ °TqelL



0%r1

- - - - - 7°8- 60°8- €%'8- 00°6- 8E€°6- 08°6~ HZ'OT- §9°0T- a
T¢Th= 959~  89°%- 26°%- 00°S- 00°S- 6L°9-  0°G- - - - - - 0%d
8'9- ZL'9- L9'%~ 98'h- 06°Y- €6'y~ C&- - - - - - - 0%5¢q
88°%- 9T°G- 6I'G~ 9€°S- TH°S- 99°G- 766~ TS'S- 46'G- BT'S- 8Sh- 674~ LS~ 0834
77°€~ 1S'€- TLE- 06°C- Z0'h- 89°9- €€~ 8L'E~ LZ°%- BT~ §9°€- 6I'E- T°E- 0%y

- - - - _ _ ) _ g- _ _ _ _ ouK,

- - - - - Z°I- 85y~ TS'9-  %9'9- 619~  [6°S- 8E'S- -60°€- 034,

z
- - - - - - T%-  9T°'%- 9Z°%- T9'4- Z€'4-  ZT7h- - OFLq
z
9L°% 82°S  OL'S  [Z°S  08%'9 SE€°L  L6°L 8S'S  SZ'6  L6°6  TLOT IS'TT  Z€°TT 0154
— §5*Q 03 go*(Q woi3 Noﬁmn -
€1°0 €10 - ¥T'0 02°0  [2°0 ¥I'0 T2°0 SZ'0 920 820 OE'0 €E€°0  8E°0 prsemea
8qo0
€0°T €€ 89°C  60°%  TIS'v  88'% 66y  €5'S  S6°S 869 ¢z o01'8  Szor - uur Sae
22 €2 vz 2z €2 €2 pg 91 18 L Sl €9 1€ N
) _ ) ) ) ) ) ) } } ) ) ) "ol Tvun
. . . . . . . . . . . e qua<wz
TT°¢~ 60°L- %6°0- 88°9- 98°9~ Z/°9- Y6~ OL'S~ SS'E~ 0%°Z- €0°I- 98°T 3¢ a
. — == "olryen

29°S- I6°S-  9€°C- 9Z°G~ 02°S- 22§~ BE'E- SS'T- T T-  EE°0-  SH'T 0% 8y a
— 7ol 1vea

62°z- €0°¢- OL°T-  9°I- - - - - - - - - - a
. . : ) . Cotven

62°9 0z'% ST°'9  €£°9  €5°9  L0°9 88y  T6'W  06'%  €6°%  Tv'Z  EU'E €' a

— 69°0 03 §/°( Woij NOﬁm« -
008T  0SLT  00LT  0S9T  009T  OSST  00ST  OSYT  00%T  OSET  OOET  06ZT  00ZT () L

(ponugiucd) ‘¢ Iqe]



ve'e-

03N

0= 5T°z- €l't~  €9°g- 9L°T- z€°'T- 69°Z- 88°'CZ- 6°T- L0°€- I.'Z- - a
- - - - - - - - LS*9- ST°T- 60°%- - - 0%,
- - - - - 59~ 6£°S-  8Y°9- LY~  Ob'S-  T89=  6I'9- B E- 0344
z
- - - - - - - €rz- S0'y-  9L'g-  ST'T- - - OFlq
Z
$8°7 GE'C  LL'€  OE€'% 8%  6€'C  00°9 09°9- 92°L  L6°L OL'8 0S°6 €01 0FSq
— §4°0 03 §G'0 woa3 Noﬂmx -
91°0 9I°0 SI'0 6I'0 6I'0 62'0 52°0 %2°0  4z'0 OI'0 SI'0  9T'0  0Z'0 “prs w1
g
(T°T  09°Z  SI'€ SS'€  S0'% SS'%  Sh'y  TO'S  08°S  w8%  8%'C  98°C  €€'9  ‘Cuuy Sae
€2 8z 62 z€ €€ ve 5o 28 99 95 9y X3 LT N
vz
_ ) ) ) ) ) ) N ) _ ) ) ) ol rvun_
. ——  Tolyyau
689~ L6°9- 08'%- TLY~ 06°y- 29°¢- Tg'€- TS'€- LT~  wTTe- T8I~ 0S'€- 9 0- a
Toltven
09°€~ 06S°¢~ T2'€- OT°E~ %0°¢- T6'CZ- %9°T- Ov'I- 220~ 2L°0 €L°0 8%°'C S8'T a
vz
) ) ) ) ) ) _ ) ) ) ) ) ) o‘tven
z
I°t 8L°S 76y  6E'S  S6'S  0S'9  %G'9  00°L 8L 26°S  9T°9  IE'S  €9°S OTVENg
[4 »
i i i i i ) i i ) ) ) ) ) otV
z
) ) i i i _ ) _ ) ) ) ) ) 0%,
) ofen
- - 0L°€~ €9'C~ ZI's- T9°8- 6L°L- S8°/- 00°8- 20°8- TI€°§~ (7°8- 89'8- a
— GG'0 03 C9'C WO3j Noﬁmx -
008T  O0SIT  00LT  0S9T  009T . OSST  00ST  OSYPT  O0OYT  OSET  OOET 0521  00ZT (9, L

(panut3uod)

€ 9198l



- - - - - - 6T  66°T 18°0 zZ£'I- 08°0- OI'I- Z°2- OFL,
| z
Z¥T29°T 08T 06°€  T2'E  T¥'E LS°€  06°C  LI'%  Eh'h  TLw 20°€  CE°C 015,
— €£°0 03 gy woi3 NOﬁmx -
¢T'0 §T°0  ¢I'0  9¢°0 TZ°0 €€°0 0€°0 §2°0 8T°0 9T°0 9I°0  4I'0  2T'0 prsemea
06"0  6T°T  IR'T 10T IS'T 08T  %8'CT  9€°€  62°€C S5 61'% #9'v  go'c °%uur sae
¢t ze €€ 2y Y z8 (Tt 20T L6 %9 6v %3 L N
} ) ) ) ) ) i _ ) _ ) _ ) "ol tvan
vz
16°0  S%°0 910~ 90°0~ €9°0- 0Z°'T- T9'Z  %E€'9  Ov‘€  wi'T  16°T $°¢ - 0" TVBH,
| _ Yol1ven
0£°T1~ 82°T- %I'I~ L0°T- 0S°0- 92°0- €L°0 SL°T %.'T 0S'E S8'%  60°9 1L a
) ) ) ) ) ) ) ) ) _ ) ) ) qouﬁ<mma
) ) . Cotven
80°% L¥'% 6%  ¥9°S  %I'9 0.9 ©S°L  4I'8 SI'6 656  86°6 650 SIII a
z
) ) ) ) ) ) ) ) ) } ) ) ) 0TV
) ) ) ) ) ) ) owv_a
ON eN
- - €T°T 690  6%°€- 98°€- TI'9- €€°9~ 49°9- %8°0- 98°9- [z /- (£ (- a
. 0°11
- - - - - 0°9- G6°S- Sv'9- €L°9- 00°[- 62°L- T9°L- LL'L- ommo
6€°2Z- 85°T- %9'C- 9L°7- %8'¢t- I8'Ct- 8°¢- - - - - - - ouma
6€°Z- 87'Z- 9v'Z- ISTT-  L§°T- 09T~ L7¢- - - - - - - omoa
00°¢- (I'€~ 8I°€- B8E'€- 2I'€- 90°€- 88°2- 2L°7- 8§°z- 1T~ LU T~ €9tI- voi- a
- — ¢y 03 g0 woag Noﬁmx -
008T  O0SLT 00T 0S9T  009T OSST  00ST  OS¥YT  00%T  OSET  OOET  0SeT 00T (9, 1
(penuijuod) g °T9BL



$0°0  S0°0  GTY0  9€°0  08°0 00 (I°0 TZ'0  €2°0 02'0 €2°6  SZ'0  gc'0  ‘prstmex
$3°0 3270 570 LT LT 90°z  8€'T  LS°T %0°Z 607 1€z 9.z w1 "%Cuur Sae
3 5 8 g 21 ve 1L oL €9 8¢ z¢ <z ot N
B} - i ; . ) } i} N } ) _ ) Toltvam
- . "0l 1vn
€I'0  6T°0  €2°0- fT°T- 92T 8y'§ - - - - - - - 0 a
————— —— t——— e Na
85°S  9€°9  TL°9  80°L  §°9 S8 10" TE'M  6E°S WS TL'9 L 98 0"TvEdq
i ) i ) ) ) ) ) ) ) ) ) ) quaammn
z
) _ } - } ) _ ) ) ) ) ) ) otven,
z
} - _ - } ) ) ) ) ) ) ) ) oTVY
) : ) ) ) ) ) ) ) _ ) ) ) 0bu,
— o%eNn
- - - - - 776~  TI'S- £0°C- 00°S- €6'%- 28'v- 69°%- Gy y- a
| z

- - - - - - L%~ %9'w-  IS°h-  9%y-  8E'y-  9Z'y— T - 0"¥q
) ) ) ) ) ) ) ) ) ) ) ) ) oeg
) _ ) ) ) ) ) ) ) ) ) ) ) 015

124
26'C- 08°Z- 6S°T- SE€°Z- TE'E- 8¥'Z- LT°T- TL'0  9T°0- 6€°0  TL0 WO 4.0 omun
€I'T- %0°TI- €20~ £0°T 2I'T 89T  €2°I- “S§L°0- SE°0- %6°0 1v'Z €51  0°¢C 0Hq

e —— U
- - - - - - 772~ €I't- 6%z~ (TI'€- T0°¢~ OI'€- 9°¢- e

—— )
- - - - - 0%~ 20°%- 00°€- O0Z'€- [8°C- 8'C- T15°Z- €8°T- 03q

~ GE°0 ©3 G0 woIy Noﬂmx ~

008T  0SLT  00LT  0S9T  009T . OSST  00ST  OSYT  00%T  OSET 00T  0SZT  00ZT ) I
(penupiuod) °¢ 31qel



Table 4. Compositions of representative magma types used in sample
calculations. Numbers 1, 2, 3, 5 and 6 are granite, diorite,
diabase, peridotite and dunite average analyses respectively
(Clark, 1967, Table 1<1). Number 4 is an average nepheline
basalt (Manson, 1967, Table VI, no. 14).

Wedight % (1) (2) 3) (4) (5) (6)
510, 70.18  56.77  50.48  46.0  43.95  40.49
740 0.39  0.84  1.45 2.6 0.10  0.02
A1263 14.47  16.67  15.34  15.6 4.82  0.86
Pe203 (a) 1.57  3.16  3.84 3.5 2.20  2.84
Feb 1.78  4.40 -7.78 1.9 6.34  5.54
Mn0 0.12 0.13  0.20 0.16  0.19  0.16
Mg0 0.88  4.17  5.79 7.4  36.81  46.32
Ca0 1.99  6.74 8.9  10.1 3.57  0.70
Na.O 3.48  3.39  3.07 3.4 0.63  0.10
K,0 411 212 0.97 1.7 0.21  0.04
HO (b 0.84  1.36  1.89 1.1 1.08  2.88
PO, (c) 0.19  0.25  0.25  0.53  0.10  0.05
Mole ¥

KA10 5.97  3.13  1.43  2.46  0.24  0.04
Naa16 7.68  7.61  6.85  7.45  1.10  0.16
CaA1254 2.41  5.99  6.28  5.45  1.88  0.33
Mga120, 0.47 0 0 0 0 0
ca0 0 2.36  4.76  6.80  1.56  0.40
Mg 1.02  7.18  9.95  12.48  49.23  58.69
MnO 0.11  0.12  0.19  0.16  0.15  0.12
Fe0 1.83  6.99  10.83  10.45  6.25  5.76
Ti0, 0.3  0.72  1.26 2.21  0.07  0.02
5105 80.13  65.90  58.45  52.54  39.52  34.48

a. All Fe't" is added to Fe'.

b. Calculations for anhydrous. liquids only.

c. All o' 1 added to si*t.
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Table 6 (continued)

Weight 7% 13 14 15 16 17 18 19 20 21 22 .23
muow 59,60 60.35 57.09 48,50 51.20 49.69 47.11 46.66 46.65 50.14 72.50
HHON 0.94 -1.20 0.72 1.72 2.03 2.63 2.41 2.63 1.93 2.63 0.10
wwwou 17.06 16.26 16.92 16.96 14.77 15.43 13.88 12.10 14.04 13.37 13.50
mnNOw -4.58 2.55 6.98 4.58 1.93 5.85 3.26 3.25 1.62 1.21 0.50
FeO 3.35 3.55 —— 3.70 8.04 7.69  9.58 7.52 9.96 10.13 1.85
MnO 0.18 0.53 0:12 o.wu 0.14 0.45 0.15 0.18 - 0.17 0.10
Mg0 | +1.37 4.51 7.49 4.62 7.21 6.51 9.02 12.33 13.15 8.20 1.30
Ca0 6.38 5.89 3.77 8.56 8.62 8.28 9.60 11.16 9.08 10.80 0.90
zmmo 4.28 2.77 1.85 6.23 3.89 2.36 2.87 2.22 2.15 2.32 4,55
Nmo 2.17 2.07 4,63 4.26 1.43 1.13 1.39 1.70 0.82 0.53 4.15
wwom 0.65 0.25 1.03 0.44 0.37 0.21 0.48 0.56 0.23 0.27 -—

(continued)



Table 6 (continued)

Weight % 2 25 26
mHON 43 50.71 60.71
HHON 11 1.70 0.92
bHNOw 7.7 14.48 17.46
MmNOu —— 4,89 3.45
Fel 21 9.07 2.67
MnO 0.26 0.22 0.10
Mg0 6.5 4.68 3.35
Ca0 9.0 8.83 5.53
zmwo 0.40 3.16 4.22
NNO 0.21 0.77 1.17



Table 7. Comparison of measured and calculated viscosities in feldspar liquids
Composition | T Viscosity (poises)
Aoov measured calculated
1 2 L 3 L 4 . 5% 6
W - M m
NaA1S1,0g 1400 | 113,000 | 177,500 m 40,000 | M M 115,000
{ i i
.. ] m
nm?,_.nm“_.mcm 1550 107 v 38 i 43 1 37 40
1. Riebling (1966). Composition given as 0.752 mwON. 0.123 Na,0, 0.125 >Hmow
2. Kozu and Kani (1935). Measurement on nmﬁ.anNOm at 1555 .

3. Bowen (1934).

4, McCaffery et al. (1931)

5. Rossin et al. (1964)

6. Hofmaier (1968)




Figure Captions

Figure 1. Composition dependence of viscosity in SiOZ-MZO systems at
1400 °C. Data from Bockris et al. (1955),(:) ,[:] ,ICX ; Shartsis
et al. (1952),‘ > B s A; Heidtkamp and Endell (1936), .

Figure 2. Composition dependence of viscosity in SiOZ-MO systems at

.
1700 °C. Data from Bockris and Lowe (1954), K:) Bockris et al.

(1955), L_J L\ \) Hofmaier (1968), . . ‘ . Kozakevitch
1960), @ .

Figure 3. Composition dependence of viscosity in MO'A1203 SiO2 and

0-A1,0,-510, systems at 1700 °C. Data from Rossin et al. (1964),

"2

\) ; Hofmaier (1968), . j + /\ ; Riebling (1964), -
and Riebling (1966), ¥ .

Figure 4. Viscosity at constant mole 7% S1i0, and temperature in the

2
8102 -Al 03 -Ca0 system at 1800 °c (Rossin et al., 1964 and Kozakevitch,

1960) and the SiO ~Al1.0 Na O system at 1500 °c (Riebling, 1966) .

23
Figure 5. Variation of viscosity with composition parameters R1 (Shaw,
1965), R2 (Carron, 1969), and bridge density (Murase, 1962) in

silicate liquids at 1500 °C. The 123 data points are typical of
the composition range (mole %) SiO (40-90%), Al (0-204),
remainder MO + MZO’ and were randomly selected from the input data
of Table 1. The symbols Q, Gr, Ga, Pe, and Os denote the

composition parameters of 5102, average granite, gabbro, peridotite,

and orthosilicate respectively.



Figure 6. Frequency diagram of difference between calculated and experi-
mentally measured logarithh of viscosity. Measured values taken
from input data of Table 1. Calculated values from equation 1
using constants of Table 3.

Figure 7. Calculated viscosities for liquids of compositions ligted in
Table 4. See text for explanation of curves 2a and 2b.

Figure 8. Correlation of calculated and experimentally measured
viscosities in molten rock systems. . » Carron (1969); D , Euler
and Winkler (1957); '}', Kani (1934); {j), Murase and McBirney (1970);

X, Shaw (1968); ‘, Volarovich and Tolstoi (1936); _/__\_ .
Volarovich (1936).

Figure 9. Activation energy of viscous flow (kcal/mole). a. nepheline
basalt, analysis no. 4, Table 6 (Kani, 1934). b. olivine basalt,
analysis no. 20, Table 6 (Euler and Winkler, 1957). c. olivine
dolerite, analysis no. 21, Table 6 (Euler and Winkler, 1957).

Plotted points are measured viscosities, dashed lines are calculated

viscosities.
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