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.-\BSTR.-\CT. na~rd on the compibtions :~nd calcubtions of BNtinga and '''eil 
(191:?), it has been clisco,cn:d that ,;,cositics of multicomponcnt anhvdrous silirat• 
liquids can be estimated more ropicly :.nd "·ith equal precision u.<ing oniy four pania 
molar codlicicnts of SiO,. The a,;dition of a tifih ccdlicient extends the method u 
hydrous C•)lll positions ,,.i th somewhat less precision. Comparisons with experi:nenta 
data :ne illustrated for 'isce>Sitics ranging trom the c·rdcr of one )J'Ji>e to 10" poise 
and compo.sitions ranging from "luncH ba•alt" to tcncstrial rhyolites and "h;drou: 
granites of ternary minimum cc.mpo.<ition". The method docs not explicitly consideJ 
halngens, or other "vc-btile'' or minor ccdl.<tituent~. but scmiquantitati\C effects car. 
probably be estimated; the empirical coefficients can eJsily be expanded in number 01 
rdincd in YJlue if need is indic~.rcd by experimental or other e,·idcnce. 

l:":TRODL'C.1 J0:-1 

The recent p8per by Bottinga and Weill (1972) should be read a! 

:tn introduction to the present discussion, "·ith one additional comment. 
The question of "mixing laws" for the physical properties of silicnc 
liquids h:ts been an intermittent subject of study in this laboratory for 
some years. Howewr, various attempts at viscosity prediction had been 
onlv crudelv successful, until the svstematic studies bv Bottinga and 
\\' eill (1970: 1972) rnealed im port;nt simplicities in I;tulticomponent 
silicate mixtures of rock forming compositions. The present paper uses 
their work to show that even greater simplicities exist for magmatic 
liquids. The starting point of the discussion is given by the mixing 
relationship used by Bottinga and \\"eill. 

ADDITIVITY Rl'LES FOR VISCOSITIES OF LJQUD :-.IJXTl'RES 

It has been known for a long time that the viscosities of some simple 
liquid mixtures can be estimated f<lirly well by ,,·hat is sometimes called 
the .-\rrhenius mixture rule (Bondi, l %i, p. 76) 

n 
In -;j = ~ X, ln 1lt 

i = 1 
(l) 

,,·here --;J is the viscosity of the mixture, and 11t is some characteristic 
Yiscosity contribution of component i of mole fraction Xi. 

The results tabulated by Bottinga and \Veill essentially show that 
this approximation adequately describes the beha\·ior of silicate liquid; 
,,ithin certain ranges of composition, if the constituents are suitabh 
chosen. ~fore importantly, howewr, they also show that the contribu· 
tions of these constituents can be determined by an:raging the beha,·ior 
shown by synthetic systems of relatin:ly few constituents compared "ilh 
magmatic systems. 
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On closer inspection, the additivity of viscosity values (ln 7J
1
), can 

also be expressed in terms of the additivity of parameters describing 
the temperature dependence of viscosity. For silicate liquids the vis­
cosity is kno,,·n to be approximated fairly well by the Arrhenius rela-
tion 

7) = 7Jo exp (P/RT) (2) 

where r'Jo and E• are constants usuallv called the "pre-exponential con­
~tant" and "activation energy" respectively, and R is the gas constant. 
These constants are giwn by the intercept and slope of a line on a plot 
of In 1J wrsus 1/T (K), so that r'Jo can be viewed as a hypothetical vis­
cosity limit at infinite temperature. Equation (2) re-expressed in the form 

ln 1J = ln 7Jo + (£+ ;R)(l/T) (2A) 

shows that the Arrhenius mixture rule might be expanded m terms of 
additivity rules for ln '7" and E•. 

Additivity rebtions for ln 'lo and E• were under investigation by 
the author when the present results of Bottinga and "\\"eill ''ere an­
nounced. The initial approach had been to attempt fitting the viscosity 
data for rock compositions using methods of multiple regression analysis. 
!'.ottinga and "\\"eill, however, found that it is easier to build up the 
relations from svnthetic svstems than it is to reduce analvticallv the mag­
matic systems, J~rgely be~ame of the relative abundanc~s of data. This 
conclusion was used to test a relationship that had been noted in the 
author's experimtntal studies of the temperature and composition de­
pendence of silicate viscosities (Shaw, 1963, 1969, unpub. data). 

STRATEGY OF PRF.DICTIO!'\ 

. The success of correlation schemes for physical and chemic:~] proper­
tiCs of matter rests on some form of normalization that is found to reveal 
similarities in the beh;wior of one system in a given class of s;·stems 
(that is, S)Stems consisting of a g:ts, a liquid, a coexisting gas and liquid, 
etcetera) relative to that of other systems in the class. This is the strategy 
of the "reference substance principle" cleY<:loped by Othmer and co­
workers (see Othmer and Cl1cn, l%8) and of the principle of corres­
ponding states; in the laner ca;.e there is also the aim of finding a set 
o{ univenal constants to describe the class. Although these tc·chniques 
have been med with some success for viscosity correlations (see Bondi, 
1967; Othmer and Chen, 1968, p. 119), they often rely on data of types 
~ot available for silicate systems. For example, viscosities of silicate 
l~quids might be generalized, if the temperature could be expressed rela­
tn·e to the glass transition and critical temperatures (comp:ne Bondi, 
1957), but data on these ch;-~r:~cteristic temperatures for silicates are 
rneager. 

BoweYer, inspection o[ graphs o[ In ,1 Yersus 1/T for silicnte liquids 
suggests a simple pattern. Particularly conspicuous is the convergence 
between viscosity cun·cs for silicate mixtures and the viscosity curve for 
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liquid Si02 :1t high temperatures :111d the tendency for regular \'Jriation 
of slope ,,·ith composition (compare Shaw, 1963, I 965; Bottinga an( 
\\'eill, 1972; Hofmaier :mel Urb:1in, 1968); there are also conspicuou: 
contr;;dictions (see Euler and '\\'inkler, 1957). Tcntatin:ly ignoring th< 
exceptions, it ,,·as decided to test these t\\'0 obserntions :1gainst the clat;; 
of Bottinga and \Yeill, comp:1red ,,·ith data for Si02 as reference sub. 
stance. :\sa first try, only bin:1ry systems ,,·ere considered, and Yiscositie5 
were calcub ted from the coefficients of Botti nga and ·w eill (19/ 2, table 
3). Surprisingly, nothing more was required to predict nearly all meas­
ured viscosities of nngmatic liquids Fithin a factor of r.·.,·o in most cases. 

Graphs of ln 1J venus 1: T for binary silicate liquids.-Figure I shows 
sever;;] graphs for calcu !a ted bi n:uy viscosities as ex :1m ples of com·er­
gence :Jt high temperatures .. -\lthou:;h there is much scatter, beha,·ior 
resembles t!Je pattern of com·crgcnce shown by the system Li,O-Si02 • At 
le:1st some of the sc:1tter relates to uncertainty of slopes based on narrow 
temperature ranges of measurement. Few measurements are at tempera­
tmes above 104;T = 5, and many individual sets of measurements cover 
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Fig. I. Arrhenius plots of p>cudobinary viscosity data for liquid mixtures of SiO, 
plus rhe in die;; red oxides c;;lcubrcd from coefficients of Bottinga and Weill (197:?. 
table 3). :'\'umbers are the 3 pproximate mole fractions of SiO, taken at the midpoinl 
of ranges indicated by Bottinga and Weill. 
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than unit change in 104/T, and one or two decades change in vis­
ity (that is, a few units of ln '?; 5ee fig. 8). 
It is emphasized that the lines in figure I do not rcprc.lcnl best fits 

the binary dota. They are derin:·cl from the coefficients of Bottinga and 
~ill that are based on averaging the effects of the different oxides in 
lthetic sptems of 2 to 6 constituents (see Bottinga and \\'eill, 1972, 
Jlc 1); the lines are calculated from binary pairs of the tabulated co­
tcients. That is, it is assumed that if multicomponent sy~.tems demon­
ate some systematic awrage behavior, then the calculated Yalues for 
!: binary pairs may indicHe the form of this behaYior, eYen though 
perimental data for the binary systems considered individually may 
Yiate significantly from the avcr:1ge model. In this sense the dia­
ams can be thought of as "pseudobinary" or as being deriYed by pro­
cting best fits of all data for the synthetic systems to the binary joins. 

The first of two princip:1l assumptions used to define an empirical 
odel of average behavior is that viscositY curves for multicomponent 
licate liquids (end to inter:,ect the refere~ce curYe for SiO, liquid at a 
1aracteristic temperature and a characiteristic Yiscosity sugge:;ted by 
1e aYerages of the binar~· intersections. Mathematically, the consequence 
f this assumption is that Yalues of In "'o in equation (2A) are fixed by 
:1e Yalue of slope. Physically, of course, this also implies a s~·stematic 

elatiomhip between ln "'o and E • (a theoretical meaning for such a 
elationship is discussed later). By this assumption Yiscosities are giYen 
•y an equation of the form 

(3) 

•1·here s is a characteristic slope for a given multicomponent mixture, 
and c1 and c,7 are coordin:Hes of the point of intersection. This assumed 
relationship is shown gr;:phically in figure 2. From equation (3) it is 
E\·ident that E • and ln "'o are giYen by 

E • = l o• sR = 19.87 s (kcal mole-1 ) 

In "'o = c'l}- c1 s (natural log viscosity, poise) 

The coordin:nes C1J and c1 were chosen by taking the arithmetic means 
o{ the apparent inter~ections in figure 1. Howner, this value al.>o de­
pends on the data used for SiO~ liquid. The means are c'l} =: -6.6, 
rT ::::::: 1.3 for the data of Hofmaier and Vrbain (1968), and c"' =: -1.9, 
Cr ::::::: 1.9 for the data of Bockris, J\JacKenzie, and Kit(htncr (195S). 
Later comp:u:ison with multicomponent data Jed to adoption of the 
weighted means 

CTJ = -6.1() 
CT = 1.50 

Variation of E• with composition.-The general form of composition 
dependence of E• is also indicated by the Arrhenius plots of figure I. 
Slopes derived from some of the calculated bin:uy viscosities are illus-

I 
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trated in figure 3A. Here inconsistencies are ~llso app:1rent, but :Jgair 
there is a hint of pattern. For compositions ranging from about 0.4 l< 

0.8 mole fraction of SiO~, the nriation of slope ,,·ith composition tend: 
to be linear; abo,·e mole fractions of 0.8, of course, the slopes increast 
rapidly to intersect the nlue for Si02 liquid. Extrapolation of the esti­
mated trends to unit mole fraction of ZJdded oxide gi\'cs an intercept at 
a small value rcbtiYe to the intercept for pure SiO~-

In a plot of mean molar quantities Yersus mole fractions in binat'y 
systems, the ordinate iiJtcrccpts of tangents to tlJe mean molar Cllrve are th~ 
partial molar quantities of the components. Figure 3.-\ essentially portrays 
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Fig. 2. Generalized graph of Arrhenius slopes, d ln '1/d(IO'jT), for multicomponent 
silicate liquids rc!Jti,·e to a postulated average inwrsion point at In 'I = -6.~0. (10';'1') 
= 1.50. The dashed line gi\'CS the range of me:Jsurements for SiO• liquids at high 
temperatures by Hofmaier and l'Jilain (1968). This graph represents a reference 
grid for 1iscosity estimates only in the range of temperatures discus~cd in the text. 
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·,: fig. ~- Comp•:>sition dependence of Anhenim slopes for silicate liquid mixtures . 
. :,· A. \'alues c;,lculau.:d from binary d;,ta of figure ); :'\a,O--open circle; Li,O-sqmre; 
,.~_MgO-triangle; CaO-inYerted triangle; Ca.-\1,0,-noss. Point5. are not ploacd for F c-0 
' or !\aAJO, because there is too much scatter to S('C a trend, but the awr;,ge ""]aes 

bJJ, rcspectiYcly, ncar that for MgO and son1C'' hat bdow that fcor Ca.-\1,0,. \'a lues 
for "pure" SiO, arc based on data of Bockris, Macl-:enzie, and Kitchcner (1955)­
circkd X, and llofmaicr and Crbain (I %8)-X; see footnote 2, table I. 
. B. Poswbt.:d composition dependence based on data in (A)- Intercept values are 
~tsted in table 1. ;\Jean molar Yalucs are illustr::~tcd for an obsidian composition var)'· 
mg only in II,O content. where the numbers on the curves at constant x., 0 

.. arc moll' 
'fractions of the other o:ddcs : anhychous--ciicletl X; 6.2 percent H,O by ,,-~ight-bc>ld 
dot (sec- table 2); 12 pc-rn:nt H,O by ,,·eigh:-squ:Jre. These points at·e the at ithmctic 
!Deans of the yalucs sho,,·n by the small solid circles proportioned according to th~ 
Indicated mole fractions. \'alues {N other granitic compositions fall ncar the light 
dashed line. :'\ote that the trend of this line is almost directlY awav {rom a nlut 
n_ear that for pure SiO, (the "AIO•" intercept), shcndng ho"· alwitina pulls the actin­
lion energies tohard those of framework compositions at high silica content~. 
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mean molar values of E"' (that is, of s = E"'/lO'R), :mel therefore thf 
intercepts c:m be considered "partial mobr actintion energies" of the 
binary components. The right h:md intercepts near zero simply imply 
that the mc:;n molar :Jctintion energy is m:Jinly controlled by the p:Jrtia·J 
mol:Jr :Jcti\·Jtion energies of SiO~ in tlle intermediate r:mgc of com­
positions (0.4 =" X =" 0.8) . .-\t n:ry low conccntr:Jtions of SiO.,, pre­
sumably ne;1r the orthosilicate ratio (X = 0.33), the mc:Jn molar cunes 
may show entirely different trends . 

. -\ccord;ngly, the secmd m:Jjor :Jssumption of the model is that at 
intermediate compositio:1s the mean acti\·ation energy of multicom­
poncnt mixtures is gi\'er. by the awrage of char:Jcteristic p:1rtial molar 
activation energies of Si02 in the pseuclobinary systems, ll'ithout con­
sidering ;:my contribution of partial mobr actiYation energies of the 
:JClded oxides. This assm 1ption is represented by figure 3B, 'd1ere the 
intercepts :lt X = I are :he characteristic binary values clcsigmted 5ic· 

Other >implifications were introduced by :1ssuming that FeO-~TgO and 
the <tlkali oxides :1re eJch represented by a single intercept nlue and 
by noting th;H the uncertain values of intercepts for ~aAlOcSiO. 
:wd C:J:\1"0.--SiO~ mixtures could be :1pproximated just as ,,·ell b~ 
a,·eraging si 0 nlues for eitlJer ;\a~O or C:10 "·ith an intercept in a;1 
imagin:Jry system ".-\JO~"--Si0 2 which has the same qlue as the molar 
actintion energy of Si02 (ho,revcr, see footnote 2, table 1). The alumina 
constituent is indicated by tl1e shonhand ".-\102 " partly to empha,ize a 
role closer to that of Si02 (and bck of ch:1rge balance) but mainly to 
emphasize the formula basis for computing mole fractions (the con~·en­
tion is equi,·aknt to using gram atomic proportions of the metals except 
for the alkalies, H 2 , et cetera). The postulated partial molar acti,·ation 
energies of Si02 characteristic of given oxide-silica pairs are listed in 
table 1 (the basis for the pair H~O-Si02 is discussed later). 

Although the arbitr:uy convention for alumina has no strict basis 
in terms of models of silicate structure, the Yiscosity data suggest ~n 
inherent "preference" for computing the mole fractions on the basis 
of twice the number of moles of A1:0 3• Possible implications are brielh 
discussed in the concluding section. · 

PROCEDl'RE FOR CA LCL'LATIXG VISCOSJTIES 

The operations required to test and apply the empirical model are 
simply: (A) conYert the chemical an:JJysis to a value for the mean slope 
s, and (B) deri.-e Yiscosity versus tempcr:Jture either by interpolation from 
figure 2 or by using equation 3. The first operation in\'oh·es the follow­
ing steps: (1) con\'ert the cl1emical analysis to moles of the appropriate 
oxides in table 1 and calcubte the corresponding mole fractions, (21 
multiply the \':Jlues of s1° in t:Jble 1 by the mole fraction of SiO~, (3; 
multiply these nlues by tlle total mole fr:Jction of each s1° category. 
(4) sum the products and di,·ide by (1 - Xs;o). giYing the mean nlue 
of the slope. 
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A numerical example of the calcubtion is giYen in table ~. It can 
be seen that this procedure simply finlls an aYerage Yalue for the contri­
butions of the Yarious slopes in figure SH at a characteristic mole fraction 
of SiO~. This form of normalization is equiYalent to expressing the 
composition as a linear mixture of hypothetical binary pairs, each haYing 
the same ratio of SiO~ to the added oxide. 

Table 3 li>ts calculated Yalues of slope for a number of rock com­
positiom. For conwnience, intercepts at lO~:'T = 0 and JO',T = 10 
are indic:l!ed so that Yiscosity cm·yes for these compositions can be drawn 
dirutly. In c;,Jculating the slopes, Fe~03 was conYerted to"FeO", as 
was clone by Bottinga and \\'eill (19;2). ~o systematic error could be 
detected in this procedure, eYen though the oxidation state must haYe 
Yaric:d widely in the Yarious Yiscosity measurements. The amounts of 
minor constituents like i\InO, SrO, BaO, Cr20:,. P 20 5 , S, F, and Cl are 
too small in these analyses to affect the mean slope significantly, if they 
haw Yalues of s; 0 at all simil;~r to the intercepts in figure 3. This con­
clusion is supported by later comparisons with Yiscosity data for the 
compositions of table 3, where minor elements were ignored. Howe\·er, 
some magmatic compositions may be exceptionally rich in one or more 
of the "minor" elements, and independent tests of more specific effects 
are needed. The role of HcO sheds some light on the magnitudes to be 
expecttLl for exceptionally effectiYe network modifiers. The role of F 
may be similar, sin(e on a molar basis fluoride ions could moclih- an 
equal number of Si-0 bonds. In both cases the large effect is amplified 
by the low formula weight as well as the low value of S; 0

• 

TAllL[ I 
First approximation of partial molar actintion energies of 
Si02 in bin:try systems based on \·alues sho,,·n in figure 3 

--------------------------------------------
Slop~ intercept 

s,. EquiYalent partial molar 
acti,·ation energy, kcal mole-·• ~Ictal oxide-silica pairs• 

1-LQ. 
----------------

(o, :\a"o-. Li,O­
~IgO-, l'cO· 
CaQ., TiO.· 
"AIO,"- . 

2.0 
2.8 
M 
4.5 
6.i 

10 
56 
68 
89 

134** 

. *The h~·phen after the oxide refers to binary mixtures of 1he giYen component 
"'Hh mole fractions of SiO. between about 0.4 and 0$. The H.O-SiO. Yalue was 
obtained by inference from the other Yalues and data of Shaw (l£JG~). • 

**The original choice for this Yalue "·as based on the data of Rockris, r-Iackenzic, 
and Kitchc-ner (1955) for SiO, liquius. ,\1ore recent meawrcmcuts by Hc•fmaier and 
l'rbain (1~16Si indicate that a better Y<>lue is 123 ± 2 kcal mole-1 • lntere>tingly, how· 
r\·er, adju>ting the slc•pe intercept of "AIO,"-SiO, to fit this Yalue "·orsens the ngree· 
lllent of calculated and obsenecl Yisco,ities of magmatic compositions. Therefore, 
t~e empirical slope intercept is retained as ;tated. Comparison of Yiscosity data for 
StO, liquids and glasses shows order of magnitude di!Terences bet,,·een measuremems 
by different laboratories or between different samples by the same laboratory. This 
3Ppears to reflect differences in the technique~ for preparing and st:tbilizing "pure'' 
s,o, glasses more than it indicates instrumental errors; see data comparisons of 
l~ofmaicr and t:rb;rin (1!168, figs. 2 and 3) and data of Hetherington, Jack, and 
Kennedy (1964i. 
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CO~!P.-\RISO:-." OF CALCL"L\TED .-\:'\D :\JL\Sl"JU:D \"ISCOSITJES 

F:x!J:wsti,·e comparisons \\·ith publi~hccl me:Jsurcments on magmat; 
compmitions are not attempted because Bottinga and l\'cill (1912) n 
view much of the rlata, and the present calculations can be tesrecl b 
comparison \fith their results. Therefore, discus5ion is limited to selecte 
data for magmatic systems and to a few examples from simpler system: 
Some of the examples were cho~cn to show wl1cre the metlwcl can be use, 
with confidence, and otl1ers \\·ere chosen to indicate its limit:-~tions an1 
the ways experimental measurements might test deviations and thei 
structur:d implications. 

AnhydroHs magmatic compositions; t:iscosit£es below 106 poiscs.­
Fig-me 4 illmtrates the cJlculatccl and measured viscosities from a fev 
o(the key sources considered by Bottinga and \\'eill. The sets of measure 
ments by Carron (l9G9), Shaw (1969), and ~Jurase and ~fcBirney (J9iO 
are seen to be rem:ubbly consistent with the calculated cun·es. Thi: 
agreement partly reflects the fact that these data sets were used to adjus: 
the mean for the reference coordinates in figure 2 and equation 3. How 
ewr, numerical comparisons giwn in table 4 suggest that the prcsen1 
method gi,·es as good a fit to the d:1ta as does the method of Botting" 
:;nd ·weill. It :1ppears that both methods tend to deviate more often 
toward higher ,·alues than the measured viscosities, although the mean 
difference for all comparisons is nearly zero by the present method. The 
precision is about the same if the calculated values are all 3djusted by 
the amounts of the mean differences. 

T.•BL£ 2 

Example of conversion of a chemical analysis to the calculated 
5lope of a viscosity cnn·e on the Arrhenius plot illustrated 

in figure 2. The chemical data are from Shaw (1963). 
~umbers are given to slide rule accuracy. 

Constituent Wt.,.. • ,o :'-folcs X .'s Sl ('x~IO:! X,(s,·x"") 

SiO, 71.9 1.195 0.627 
Al,O, 12.1 0.238** 0.125 6.7 4.20 0.5!1 
Fe,O, 0.5i 0.007•• 0.004} 
FcO 0.52 0.007 0.004 3.4 2.13 0.02 
:>.!gO 0.04 0.001 0.001 
CaO 0.27 0.005 0.003} 4.5 2.82 0.01 
TiO, O.o9 0.001 0.001 
~a,O 3.94 0.064 0.0.33? 2.8 1.75 0.10 
K,O 4.32 0.(146 0.024 s 
H,O 6.20 O . .'l-14 O.lSO 2.0 1.25 0.23 

Sum 99.95 1.908 0.89 

:\!can slope: 
s = ::;X,(s~·x~,.,)-;- (I·Xs:o2) = 2 . .39 
• AnJI\"sis DC·2 in tahlc I of Sh::~w (1963) recalculated to 100 percent on the 

OJ sis of 6.2 'percent H"O. 
**These Yalucs are udce the number of g-ram formula weights of the stated 

o:<id(·s. They arc 1he numuer of gram atc,ms of the respective elements ;\] ::~nd Fe 
or the n~.;mber of moles of the hypothc:icJI constimcnts "'.-\10;' and 'Teo·· (see text). 
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The agreement with data of Euler and Winkler (1957), shown in 
figure 4B, is not as good as the agreement in figure 1.-\, but as illustrated 
by Bottinga and \\·eill (1972, fig. 9), there arc some features of their 
data that ~11ggest the pos~ibility of experimental error. This remains 
an open question that should be rechecked experimentally. Howe\"er, 
the mean difference between calculated and measured Yiscosities repre­
sented by figure ·1B and other data of Euler and \\"inkier ( 195 7) is small 
(but negatiw rather th;Jn positi\"e as in table 4). The deYiations of cal· 
culated nlues by Bottinga and \feill are apparently similar. 

An hydrous magma tic liquids and gla.1ses,· <'iscosi I ics above 1 0' poises. 
-Reproducible measurements are difficult at high viscosities because 
increasingly important "memory" effects are related to decreasing rates 

TAHLE !I 

Values of mean slope calculated from the chemical analysis 
(see table 2) 

Identification• 

BW~2; Shaw (I 969) 
IIW~3; Carron (I 969) 
B\\"24; :'>furase and McBirney (1970) 
B\\'25; :'>furase and :'>fcBirney (I 9i0) 
l;W26; :'>fura~e and McBirney (I 970) 
J;WJ3; Euler and Winkler (1957) 
BWI4; Euler and Winkler (l 957) 
BWJ5; Euler and Winkler (1 957) 
BWJ6· Euler and Winkler (1957) 
l;WJi; Euler and Winkler (1957) 
Jl\rJ9; Euler and Winkler (195i) 
BW20; Euler and Winkler (1 957) 
"Lipari"'; Carron (1959j 
"Arkan;as"; Carron (19fi9) 
"Islande"'; Carron (Hlli9) 
RhYolite, anhnlrom; Friedman, Long, 

and Smith (1 963) .. 
Rhyolite + O.S% H,O; Friedman, Long, 

and Smith (I 96!1) 
Obsidian, anhydrous; Sh:n,· (1963) 
Obsidian + 6.2~ H,O; Shaw (19li3) 
"Spruce Pine" + 8.8% H,O; Burnham (196i) 

Slope(sJ 

2.2~ 
3.76 
1.91 
2.40 
3.02 
3.00 
~.95 
2.70 
2.25 
2.32 
2.04 
1.95 
3.9j 
3.88 
3.1!5 

4.11 

3.84 
4.04 
2.39 
2.01 

IO'fT = Ot 

- 9.i!l 
-12.04 
- 9.~6 
-10.00 
-10.93 
-10.90 
-10.83 
-10.45 
- 9.77 
- 9.88 
-- 9.46 
-- 9.32 
-12.!1!1 
-12.22 
-1~.18 

-12.56 

--12.16 
-12.46 
-10.00 
- 9A2 

10'/T = 10 

12.f>7 
25.56 
9.84 

14.00 
19.27 
19.10 
18.67 
16.55 
12.73 
13.32 
10.94 
10.18 
27.17 
26.58 
26.!12 

28.54 

26.24 
2i.~'4 
14.00 
10.68 

• The anah-ses prefixed by BW are in table 6 of Bottinga and \\"cill (19i21, 
from the c•riginal ~ources indicated. Other compositions are identified by characteristic 
names for '' hich the analysis is easily frJ\llld in the references cited, except for the 
rhyolite of Friedman, Long, and Smith (19G!I). 

**A composition for this rhyolite was supplied by Robert L. Smith (written 
commun., 19il); following are the n12jor oxides in ,,·eight pt•rccnt: Si0"··i4.16, AI,0,-
12.02 •. re,01-.0.93, re0-0.38, Mg0-0.08, Ca0·-0.35, !'a,0-3.7!1, K,0-1.77, Ti0"-0.07, 
P,0,-0.0~, Mn0-0.05, sum-96.56. The remainder is mainly H,O which was not in­
cluded in calculating the slope on the anhydrous basi~. F and Cl were also indicated 
at roughly the 0.2 percent level, but they ''ere not taken into account in calculating 
the indicated Yalucs of slopes. 

t This column giYeS the intercept values o( In 71, showing the value of the pre­
~Xponcntial constant computed from equation 3. The next column gi,·cs the corre~pond· 
t~lg Yalucs at ICI';T == 10, so that Yiscosities are graphed either by drawing a straight 
hn_e through these coordinates or more simply by drawing a line between the refnence 
point of f1gurc 2 and the ,·alue of In 'I at 10'/f = 10. 
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of adjustment to different conditions of internal cquilil;rium. This is a 
complicated problem th:H requires comiclcration of ch:l.llges during tr<tns­
formation bet\\·ecn the liquid :md the glassy ~tate where thermodyn;;mic 
properties such as l1cat cap;;city :mel thermal expansion coefficients re. 
se:mble tl10se in cryst;Jls .. -\]though this transition on cooling is usually 
associated with a viscosity of about 10 13 poises (see discussion by Bottinga 
;mel \\'eill, l9i2), ambiguous states at somewhat lower viscosities can give 
different results 'at the same temperature depending on the preYious 
sample history (see Tool, 1946; ::'lfaceclo and \\'eiler, 1969). For example, 
Hetherington, Jack, and Kennedy (196-1) show that at Yiscosities as low as 
about 10° poises measured values for "vitreous silica" c:m differ by an 
order of magnitude or more depending on previous anr;ealing tempera­
tures. In these cases, the temperature dependence of .-iscosity for in­
cli.-idual specimens cle.-i;ttes strongly from the Arrhenius relation. 

For the aboYe rosons it ,,·otlld not be c-.:pected that the simple 
correlations used in this p:1per would be ,·alid, because they assume a 
unique temper:llure-Yiscosity function depending only on composition. 
HoweYer, the precliction might relate more closely to some limiting 

!-l'.i --·-······---·--·, 
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A. 
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:/ 

... ~ 
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B. 
Fig. 4. Comparison of calculated and measured Yiscosit ics for anhydrous mag­

matic liquids. Calculated Yalues are from data in table 3. 
A. D<lta sets from three different l~boratories chosen on the basis of good mutual 

at;rccmcnt. Solid lines are c2lculated ,·:lfucs :md the data points are measurements 
<JS listed by Bottinga and Weill (1972, table 5) ,,·here the number prefixed BW is 
the analysis in their table 6: (1) "lunar basalt" of ~Iurase <Jnd ~IcBirney (19;0), BW 
24--aoss; (2) Hawaibn tholeiite of Sh:11,· (1969), BW 22-irn-erted triangle: (3) Columbia 
Ri,-cr basalt of ~furasc and \IcBirney (19;0), BW 25-drcle; d! :'-fount Hood <Jndesite 
ot \Iurase and ;\IcBirncy (19~0), B'W 2&-square; (5) 'Tulc<Jno" obs:dian of Carron 
(1969), BW 23-triangle. 

B. Data of Euler and \Vinkler (1957) as listed by Bottinga and Weill (19i2, t<Jble 
5) with rock names as given by Euler ond i\"inkler: (I) "olidne b::~s;;lt," BW 19-
invencd triangle; (2) "ba~alt'', BW l 7-noss: (3) "tcphrite", B\.,_. 16-~quare: (4) .. ker­
santite", BW 15-triangle; (5) "andesite'', BW 13-<:irclc. Some add it ion a I data ,,·ere 
not plotted because of overlap. The numbering of lines 2 and 3 is Tl'YCr,ed to cmpha­
;ize the reversed scquc:nce of calculated wrms mcamred values and poor agreement 
with the data for "tephrite". 
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Comp;rri.~on of selected experimental d<Jta with calculated viscosities 
by the methods of Bottinga and Weill and of this paper• 

--------------------------~ 

IO'jT 
("K-') 

6.31i!i 
!1.!177 
!i.lir;<l 
!">.376 
!>.OGS 

f>.7R!l 
G.!lfd) 
6.:1!'>7 
6.lfi1 
5.977 
5.1!04 

f> .. ~Gli 
u.~E;7 

G. I til 
!>.!177 
5.R04 

f>.7R9 
6.7-!3 
6RIH 
G.f•!ll 
6.3!">7 

!1.99:. 
5.RQ-1: 

Composition 
M~~surf'd 'I Calc. >7-Shaw.. Calc '1-1\W Slope (6 In "1/ (analysi<: 

(In >1) (In '1) (lu '1) 6 IO'jT) t:lhlc G, 1\W) 

]J.i() J l.!l2 (+0.22) 12.:!2 (+0.52) :1.76 23 
HUll 10.'1~1 (+O.!R) 10.70 (-l-0.:1'1) 
!1.1 li !1.:12 (+O.I f>) !1.1!1 (+O.:l~l) 
!U14 R.2!'• (+0.21) R.M (+0.:10) 
7.00 7.0~1 (+O.O~l) 7.13 (-1-·0.I:I) 

!l.R4 !1.!>11 (-0.28) !1.3:1 (-051) 
8.~10 R.K7 (-o.o::) R.71 (-0.1~1) 
!U7 R.2!'> (+O.OR) 8.1:1 (-0.01) 
7.•1!l 7.ti:i (+0.22} 7.'i'l (+O.If>) 
li.i-1'> 7.10 (-t-0.2!>) 7.0R (+0.2:1) 
li.1\!l (i.!J!'> (+o.IG) IUiO (+0.21) 

6.01 
!>Ali 
•I.R1 
1.21i 
3.RO 

!1.77 
!>.4H 
!>.42 
[,.)\() 

4.!l5 

I.% 
l.(i 1 

5.Ro ( -0.21) 6.14 ( +o.l !I} 
!>2'1 (-0.17) !155 (+O.ll!li 
4.R2 (-0.(12) !i.OO (-1-0.IIi) 
4.:\R (+O.I:L} '1.1'1 (+11.2:1) 
:I.!H (+0.14} 4.00 U0.20) 

!1.42 (-<l.:l!i) 6.12 (·Hl.:l!i) 
: •. :11 ( -0.17) !'>.~l!l (·HI51) 
!\.22 (-0.20) !>.!Hi (-l-0.11) 
!>.10 (-0.20) !i.lil! (-1-tl.:ll!) 
4.18 (-0.07) 4.\12 (+o.37) 

2.21 (+o.2!i) 1.81'1 (-O.OH) 
1.!12 (-l-0.21 i 1.31 ( -0.27) 

3.02 26 

210 2!. 

:!.2~ 22 

1.91 24 

Al~chr.~ic .<urn of difference~ 
Mean of di!fcrenn•s 

-1-0.!i!l 
+0.021i 

·H.01 
+O.Ii(i 

Rrfrrcll('C 

Carron (196!1) 

Murasr arul 
Mt:l\irnry (l!l70) 

Mur;os<~ arul 
Md1irrwy (1!170) 

Shaw (l!lli!l) 

1\<ftrra,,. and 
Mcllinrry (1!170) 

*These examples arr ch'""" as rcprrsc-ntativc of mutually r.nnsistrnt data on <liffrrcnt rock cnmt""''""" nhtaitu•d hy thrc<' 
dilkrcnt. laboratories. Additional •·ompar·isons arc not shown l.o avoid duplication of tahlc 5 in llottinga ;nul Wdll (1!172). 

**The values in pareut lr<'s<'S arc In '1 (calc:) - In '1 (rneasm·rd). The caknl:rte<l ''ahrcs m this column wrrc n~ad frnm cl!pandcd 
graphs of the calculated curves; thr. scwnd decimal place is iuterpol:urd . 
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\"iscosity nuTe representing both stable and metastable ("supercooled") 
liquids under conditions of internal equilibrium. This possibility i~ 
compared in figure 5 ,\·ith some mc:1surc:ments by Carron (1969) 011 
obsic!i;m compositions. Predicted nl::es are generally lower than the 
measured nlues, ;llthough there is remarkably close agreement with 
Carron's data for compositions ·cJcsignated "Vulcano" and "Lipari". The 
calculated cuJTes for compositions designated "Isbnde" and "Arkansas·· 
are ncar that for "Lipari" and obYiously underestimate the experimental 
viscosities. These cleYiations are consistent in magnitude and direction 
with possible differences in thermal history of the ditTo·ent samples. Since 
the s:tmp!e designated "Vulc:mo·· 3pparently had the same thermal his. 
tory as material used for the high temperature me:-~smements shown in 

•r 

~ ~ ~ JC----------------·-··---------------··-··--·----_....... 

- :::~ 
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Fig. 5. Comparison of c3lculated and mea~urcd visco~ities for anh;·drous obsidian 
Co?mpositions of Carron (1069). Data points arc: "\"tdcano"-tri:lngle; ""Lipari"'-<:irclt. 
"Arkansas"-sgu~re; Isbndc-<:Joss. Solid Jines arc c~Jcubtcd from table 3: (I) "\'ulcano··. 
(::?) "Upari". The other compo>itions giYc caku!ated lines near that for "Lipari-. 
S!ncc the "\"ulcano" composition "·as ~!so measured at high temperatures these d3U 

may be closest to equilibrium Ya]ues (sec text for discu>sion of the large deviatiOb 
ot other compositions). 
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6gure 4A (see Carron, 1969, p. 22), the agreement of the calculations 
with data for this composition is consistent with the possibility of memory 
effects in other samples not similarly annealed. 

At present it can only be concluded that predicted Yiscosities may 
not reproduce experimental data at Yiscosities abo,·e about l(lf poises; 
the c:-Jculated Yalues mav be too low in manY ca~es. HoweYer, it is also 
clear that predictions m~st ineYitably fail UJ{Iess they are referred to a· 
limiting equilibrium condition or take special account of sample history. 
This is a problem of great experimental, theoretical, and practical in­
terest. 

A1agmatic liquids containi~1g H,O.-The characteristic Yalue of s0 H2o 
was chosen by calculating mean slopes for the obsidian of Sho:w (1963) 
containing 4.3 and 6.2 percent H,O (by weight) using the other Yalues 
of sic from table 1 and then assigning a Yalue for H20-Si0~ that re­
produced the measured Yiscosities. Predictions using scHoO = 2.0 are 
compared with other measurements in figure 6~ Unfortuna-tely, data arc 
insufficient for a rigorous test of precision. Excluding the data of Shaw 
(1963), ,,·hich automatically agree fairly ,,·ell because of the aboYe m:mip­
ulation, the principal tests are giYen by the data of Friedman, Long, 
and Smith (1963), Burnham (1964), and Carron (1969). 

The Yiscosities giYen by Friedman, Long, and Smith (1963) were 
obtained from experiments designed primarily to demomtrate mechan­
isms of compaction in ash flow sheets, and this method giYes too much 
unavoidable scatter oh·iscosity Yalues to indicate more than rough agree­
ment with the calculations (these measurements also represent concli­
tions of high Yiscosity where sample history could be a source of nriation 
in results for different experimental runs). The data of Burnham (1964) 
are in serious cli~:~greement with the calculated \'iscosities. The fact that 
these Yisco~ities at 8.8 percent H~O (by weight) are not mmh lower th:~n the 
values of Sh:~w (1963) at 6.2 percent H 2 0 suggests the possibility of errors 
in the viscosities and, ·or H:O contents in one or both of these studies. 
Howe\·er, C:uron (1 969, p. 51) giYes measurements at n,·o cli11crent H:O 
contents for two alkali aluminosilicate liquids that differ considerably 
in the proportions of other major oxides. Calculated Yiscmities for these 
compositions agree very closc:ly with the measurements, although there 
is only one measured value in each case. A remaining possibility is that 
the higher pressmes of Burnh:~m's experiments increase viscosities more 
than we had preYiously expected (Shaw, 1%3, l 965; Burnham, 1 %7). 

It is conclmkcl that the calculated viscosities of figure 6 are consistent 
with the measurements, within known probabilities of experimental 
error, except for the data of Burnham (1964). Thus the assumptions of 
the moclel may not be nlid at such high H 2 0 contents and pressures, 
and therefore the method is not recommended for exceptionally H~O­
rich "pegmatitic" fluids or for pressures greater than a few kilobars. It is 
evident that there is great need for further study of pressure dependence 
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at constant composition, especially for silica poor compositions, to pres. 
sures of the order of 20 kb. 

Summary of comparisons lL'ith cxjJCriment for magmatic compos;. 
tions.--Figme 7 summarizes the deYiations discussed aboYe for COll). 

parison with figure 8 of Bottinga and 'Weill (1972). If figure 7 were 
taken to represent a homogeneous set of similar data, one might be 
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Fig. 6. Comparison of calculated and meJsured viscosities for granitic composition! 
containing H"O (percentages are by weight). Calculated curves and corresponding data 
points are: (.-\) rhyolite of :Friedman, Long, and Smith (1963) containing less than 
0.1 percent H,O-open circle (the square with cross is an unpub. measurement b' 
Shaw) (B) rhyolite of Friedman, Long, and Smith (1963, table 27 with about a hall 
percent H,O-circle ftlled at top (0.4 percent), solid circle (0.5 percent), circle filled 
at bottom (0.6 percent); (C) obsidian of Shal\' (1963) with 4.3 percent H,O-circk 
,,·ith cross; (D) 'Terre Xo. I" of Carron (19G9) with 4.5 percent H,O--open squar~; 
(E) obsidian of Shaw (1963) with 6.2 percent H,O-cross, and ''\'crre :\o. 2" of Carroo 
(1969) with 5.2 percent H 00-solid ~'luare; (F) "Spruce Pine" pegmatite of Burnba.m 
(1 964, 1 96i) containing 8.8 percent H,O-solid triangle. 

The dashed lines are from figure 10 of Friedman, Long, and Smith (1963) for tht 
abo'e compositions. Systematic deviations of these lines from the calculated cunes lll2J 
p:.n!y reflect experimental uncertainty, because H,O contents of experimental rout 
,,·ere inferred from independent measurements, and 'lriscosities were obtained by intCJ· 
prctation of compaction cunes where rates ;;rc variable during a run (note thar 
agreement is best for Yiscositics near liquidus temperatures). The agreement of tfl( 
calculated Yiscosirics of cune E with measured values for glasses of n,·o differtnl 
H,O contents (that is 6.2 and 5.2 percent) is because the synthetic glass "Verre t\o. 
2" of Carron (1969) is rclatiYely much richer in total alkalies. 
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tempted to conclude that some of the measurements of Carron (19G9) at 
high Yiscosities and those of Burnham (1964) are systematically in error. 
Ho,,·ewr, it is emph:-~sized that this is not a Y<Jlicl conclusion for the 
reasons mentioned before. EYery composition and set of conditions must 
be examined to see if any possible unique factors exist that are not 
represented in those data on which the predictions are based. "~ithin 
such gu:cl•:lines, fair confidence is indicated for predictions within a 
factor of t,,·o at viscosities to about 10s poises and for equilibrium values 
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Fig. 7. Correlation between calculated and measured ,·isc.osities. Dashed lines 
define an envelope within \l'hich the calculated viscosities range bcn,·cen one half ancl 
twice the measured values. The number of points from each source is given in 
parentheses after each symbol given below (in the low vi~.cosity range some on:-r· 
lapping points have been omitted for clarity). Data sources are: 

Murase and McBirncy (19i0)-opcn circle (10); Euler and Winkler (195i)-open 
square (39j; Shaw (1%3, 1969, ·unpub.\-cross (11): Burnham (196-1\-solid triangle (3;; 
friedman, Long, and Smith (1963)-circled cross (II); Carron (1969)-solid square (25). 
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Se<JIICIICC of symbols. 

A. lliwnv /itjllids: (I) CaO (0.30!1)-plus sign; ('.!) Na,O (0.20)- solid triarrgle; (3) Li.O (0.30)··-cross; (4) K,O (0.33)-np<:n 
circle; ('>) 1\lgO (050)-open square; (1;1 1-'t·O (0.61)-solid dr.-It·. 

ll. 'ft:lltrW\1 li•tlliti.l: (1) CaO (0.'.!1;) "AIO," (0.17)-open dtcle; ('.!) C:aO (ll.!ll) "t\10," (O.:.!'l)-pl11s sign: (:1) MgO (0.3'.!) 
"AIO." (0.1!>)-solid triangle; (·1) CaO (O.:.!!i) l\;lgO (11.:!1)-- Ppen S<juan:; (!i) Ci!O (0.3!1) MgO (0.:.!0)->oltd dn:l<-. 

C. Qtt(//allm-y li•tlliriJ: (I) CaO (11.1 lr) MgO (0.1 :l) ",\ 10," (0.2::!)-solitl 11 i;urgle; ('.!) CaO (IUI!i) 1\1,_;0 (11.07) ":\lo;· (lUI)­
"1"'11 S<f'Wr<': (:1) C:;oO (U.·f!i) MgO (11.117) ":\10," (II. I I) "!'"" cirde. 
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of stable or metastable liquids at higher viscosities. Confidence we~kens 
for predicting wry high viscosities, because of uncertainties in the sample 
states for which data are available (see earlier discussion and footnote 2, 
table 1). 

Bottinga and \\'eill (197!:?, fig. S) did not test their calculations at the 
highest viscosities shown in figure 7, but for the sets of data at lower 
riscosities the correlatiom are very similar, as expected. Surprising!~·, 
hoKever, the much simpler scheme of the present paper gives a slightly 
tighter grouping of points, and the general trend is closer to the line of 
1:1 correlation. This conclusion is reached mainly because of the differ' 
ences in our c:-~lculatecl values for the numerous points of Euler and 
Winkler (1957). Some of the older data are not included in figure 7 
(see Bottinga and Weill, 1972, fig. 8), but dc,·iations from these data 
\rould be similar to those shown by Bottinga and \Veill. 

It may seem puzzling that the.results are similar to those of Bottinga 
and \\'eill, cn:n though no special recognition was given to the apparent 
discontinuities in viscosity versus composition, at constant temper:-tture, 
shown by the binary data (see their figs. 1 through 3). Evidently these dis­
continuities are either averaged out b)' addition of other constituents, 
or they are not as sharp as the trend lines in their diagrams would sug­
gest. The present method avoided the designation of composition ranges 
by first fitting the viscosity to a temperature function '"hich was then 
fitted to composition. Apparently a nry crude fit of the data on this 
basis gh·es as goocl discrimination as more elaborate fitting of the com­
position nriations of viscosity. 

Synthetic .1)'.1/cms of few constituents.-The purpose of testing pre­
dictions ag<~inst "simpler" systems is to emphasize the averaging effects 
that apparently pro,·ide the key to prediction of the multicomponent 
data. Figure 8 shows comparisons 1dth the data of binary, ternary, and 
quaternary compositions in table 2 of Bottinga and \\"eill (197?.). For the 
binary and ternary compositions deviations are larger than those for mag­
rnatic liquids, and there seem to be systematic errors associated '"ith 
specific constituents. For ex:-tmple, predictions are almost ah\'ays .too 
high for binary and ternary compositions containing CaO. \\'ith the 
addition of one more constituent, however, this deviation is apparently 
'lo.·eakened. In the magmatic compositions considered earlier CaO nries 
hom 0.90 percent (by ,,·eight) for the "Yulcano" compo~ition of Carron 
(1969) to about II percent for the Ha"·aiian tholeiite of Shaw (1969). 
In both cases the viscosities deviate only about 20 percent from the 
calculated values, and the composition richer in CaO dev.iates in the 
opposite sense from the comparisons of figure 8 (see fig. ·1A and table 4). 

Evidently, the deviations between measured and calculated viscosi­
~ies in systems of a few constituents cannot be used indiYiclually to ad­
JUst the estimates for multicomponent compositions. The comparisons 
for magmatic compositions could be attributed to a fortuitous compen­
sation of errors, but the odds against such a chance correlation seem Yery 
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Llrge. It is h:1rd to aYoid the conclusion that the model refiects a general 
rule. App:1rently in multicomponent mixtures e\·ery pairing of a specific 
constituent 1rith Si02 is so modified by all other constituents that the 
p;:tir beh:J,·es similarly despite ,,·ide nriations in proportions of the ad. 
ditional constituents. 

Judging from composition effects such as those in figure 3, the abo\"e 
conclusion \Yould seem to be limited to compositions haYing mole frac. 
tions of Si02 less than :1bout 0.8. Since this composition can be identified 
structurally 11"ith the on~et of rapidly increasing linkage bet·ween Si-0 
tetrahedra at higher mole fractions, it might also be assumed that the 
composition limit should be gi\·en by the proportion of oxygen bonded 
to the sum of the tetr:1hedr::ll cations (such as silicon one! :duminum). 
HoKen·r, ou this b:;is m:my quartzo-felc!spathic compositions would be 
out of bounds (th:Jt is, too highly coordinated for the assumptions of 
the model), where:1s there is excellent agreement of calculated ,·iscositie., 
for the ,,·ell documented composition from \'ulcano (Carron, 1969) and 
reasonable ~;greemcnt in other cases. Aluminum app:1remly cannot b<: 
simply categorized as a "net1\·ork former", even in compositions under­
s:J.turated in AI,O.l :1ccording to the normatiYe scheme of Bottinga ami 
\\rcill (1912, see their discussion of studies on aluminosilicate composi· 
tions). The present method assumes th:Jt the ''binary pair" ".-\102"-SiO. 
bcll:J\"es in a m:mner simibr to other pairs without specifying proportion~ 
of tetr:Jheclral and octahedral occupancy. For magm::~tic liquids this 
assumption ~ppears to work as \\·ell or better th3n more detailed clas5 j. 

fica tions. 
Figure 9 indicates that the abo,·e assumption is not Ya]id for com­

positions of feldspar stoichiometry, ewn though it appears to fit dat:1 

for feldspanilica mixtures (see fig-s. 5 and 6). Therefore, a study of 
transport properties in liquids of feldspar compositions ;;nd their ~ix· 
tures with Si02 might gre:Jt]y advance the understanding of liquid 
;:lluminosilicate structures, p:1rticularly in the light of structural and 
thermodynamic data for the crystalline phases. Ho\,·e\·er, effects relating 
to sample history \\'ill require careful evaluation. · 

CO:\DIE:-:TS 0:" PHYSICAL 1.\"TERPRETATI0:'-1 OF \"ISCOSITY CORRELATIOSS 

.-\t present, it is not entirely cle::tr ,,·JJy the assumptions represemet! 
by figures 2 and 3 should give such consistent results as indicated b' 
figure 7. Therefore the paper is concluded with some rather speculatiH· 
rem:1rks intended to suggest directions in which a better understandin~ 
might be sought. 

Thermodynamic components and transport propcrties.-Tn genenl. 
any extensive property of a phase in a multicomponent system of n 
components is described by n p;ntial molar coefficients, so that thr 
quantity is summed :1ccording; to proportions that 1·ary in a hypcrsp.l~t" 

of n-1 dimensions. Jn polyphase systems, the number of composition3l 
degrees of freedom can be tested by com p:1 tibiJ i ty with the phase ruk. 
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-" fi<>. 9. Liquids in system~ :'\aA1Si,O,-K.\1Si,0,-5i00 • Lines are calculated from 
s,• ,.al~1es in table I; that is, no distinction is made between :'\a and K: the lower 
line is for pure alkali fcld>par stoichiometry, and the upper line is for a "ternary 
nti.nimum" compmition (b~sed on 1he chemical analysis in table 2 renormalized on 
the anhydwus basis). Data points are: triangle-anhydrous obsidian of Shaw (1963; 
the ,.iKosity Yaluc is from an unpublished measurement); square-1\.AJSi,O, (Shaw, 
llnpub. da12); open circlc-KAISi,O, (data of :h.ani, as published in Clark, 1966, 1able 
12-6); solid circlc--:'\aAISi.O. (data of :h.ani). 

However, since this definition of components according to the phase 
rule depends on criteria of heterogeneous equilibrium, there is no ob­

. vious way to choose the "proper" number of composition variables to 
describe internal properties of an isolated homogeneous phase; the 
number could be arbitrarily expanded without limit. Silicate phases 

afford notorious examples of this problem, and contrasts in possible 
:choices are shown by the different nriables med by Batting-a and \\'eill 

~'Jl9i2) and in this paper. In the fn-st case, composition Yariables were 
·highly subdivided, reflecting the fact that a different ~et of coefficient~ is 
normally required to describe any mean molar property of a mixture at 
each point of composition space . .-\lternatiYely, the method of this paper 
_attempts to find the minimum number of composition Yariables consis-' 

~<tent with experimental knO\declge of the mean molar property. In this 
~:,sense, the method of choosing composition Yariables nguely resembles 
%)he definition of thermodynamic components for heterogeneous systems. 
~'i' In an assemblage of heterogeneous phases, each of fixed composition 

and at constant temperature and pressure, an extensive propeny of the 
tem, such as the Gibbs free energy, is given by values characteristic 

I 
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of each phase summed according to the tot:i.l mass of e:1ch phase, regard. 
Jess of their rclati,·c proportions. For a homogeneous pk1se, ]Jowe,·er, th" 
summation is more complicated, because entities of fixed properties get;: 
erally do not exist. Some "excess" energy of mixing (reflecting internal 
reactions or other ch:lllges in local energy densities) is found relati\·e to 
the adclitiYity of energies according to proportions of "pure end mem. 
bers". 

By the aboYe analogy, the calcubtion of mean molar activation 
energies in this p;1pcr resembles the additiYity relations for hetcrogen. 
eous S)·stems. Such an interpretation applied to the idealized relation 
in figure 3 suggests that there may be com?lexes of SiO~ that maintain 
a cert;:.in lnd of :tcti\·Jtion energy characteristic of a giYen type of mo<Jj. 
fying cation which is simply "diluted" by ::.dding more of the same mO{jj. 
fying constituent. Such a rcbtion would exist if there ,,·ere discrete 
microheterogeneous "ph::tscs" of a few types that control the me::tn acti­
ntion energy by simple sumnutions of their respective amounts. Since 
the me:m :lcti,·ation energy is normally expected to be influenced bv 
energies of mixing (Bondi, 1967, p. 70), this is also equi\·Jlcnt to saying 
that these energies are sm:Jll relative to viscosity variations of the pre. 
cision represented by figure 7. 

The reaction rate theory (or "rebxation theory'') of tr:mspon prop­
erties de\·eloped by E;ring and coworkers (see Ree and E)Ting, 1958; 
Bondi, J 96 i) showed that the viscosities of many simple liquids could 
be correb.tcd by an expression analogous to the .-\rrhenius equation, 
given by 

7J = (h/v) exp (-'>Ev/2.45 RT) (4) 

where ..'>E,. is the energy of nporization, v is the molecular Yolume, and 
his Planck's constant. Jn simplest terms, such expressions relate the pre­
exponential constant of equation 2 to dimensions of molecular structure 
and relate the activation energy to some me::tsure of the "volatility" of 
structural units. According to this idea the postulated relationships of 
ligures 2 and 3 correspond to a continuous v::triation of some characteristic 
''molecular" size from wry large values for pure Si02 to smaller sizes ,,·ith 
the addition of modifying constituents. The analogous vaporization energ)· 
decreases proportional to E•, thus with decreasing size according to the 
assumption of figure 2 as interpreted by equation 4. Furthermore, at 
a given mole fraction of Si02 (on the basis specified earlier) there would 
be a similar variation as a function of the type of modifying constituent: 
th::tt is, the apparent molecular size and vaporization energy increase up­
ward in figure 3. 

Liquid silicate solution theon'es.-Shaw ( J 964, p. 616) suggested 
that concepts of polymeric H':lctions in ~ilicate liquid mixtures might 
be te,ted by viscosity data . .-\]though this has not been :-~ccomplishcd 

clircctl~', it is instructive to compare the abo\·e ide::ts to ionic models of 
silicate structure. Recently, Hess ( l9i I) has :.hown that there is a high 
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probability of forming an infinitely branching network in binary silicate 
liquids when a third of the ox;·gens singly bonded to silicon became 
doubly bonded by t\1·0 silicon atoms. Following Flory (1953) he calls 
this the "gel point" and notes that for cations of low field strength this 
occun at a mole fraction of SiO: close to 0.4·1. This is also approximately 
the lm,·er limit of the "intermediate" composition range as outlined in 
the pre>ent paper. lntere.<.tingly, it was cnlier found by.-\. C. La,aga and 
~f. Sato (''Titten commun., El6S) that this composition region is corre­
lated 11·ith a minimum in the "alpha function" of Darken and Gurry 
(19~3), which Lasaga and S::tto explained by a maximum in the coulombic 
attractioris between cations and pol;·meric anions of silicate mixtures. 
The>e obsen·ations emphasize the earlier admonition that the assumed 
linearity of ftgure 3 cannot be extrapolated to mole fractions of SiO~ 
lo\\·er than about 0.4. 

Hess (l9il) points out that cations of high field strength form the 
most highly coordinated melts at a gin:n silica concentration. The field 
strength is giwn by Z a~ where Z is the cation charge and a is the mm 
of the ionic radii of the cation and ox:·gen. This hierarchy is analogous 
to the relationship suggested by the partial molar activation energies of 
figure 3 and their dimensional implications discussed in the preceding 
section. 

Liquid immiscibility at high silica concentrations is also conelated 
with the polymerization reactions as modified by the field strength of 
cation-oxygen bonding (Charles, 1969; Hess, 19il). Cations of high field 
strength bvor coordination with "free oxygen ions" (that is, those not 
bonded tc• silicon). Consequently, under some conditions it is possible 
to minimize the Gibb5 free energy by formation of a nearly pure Si02 

phase and a ration-rich phase. Because this free eriergy difference is small, 
the distinction between macroscopic phase separation and a microhetero· 
geneous solution is ambiguous. ln the "silica-rich" region of binary sys­
tems (that is, at compositions comparable to the range considered in this 
paper), the solution is considered to be structurally inhomogeneous con­
sisting of gel and sol portions (Hess, l9i 1, p. 302). 

: ". The aboYe picture is quite similar to the interpretation of the aclcli­
·: tivity relations for activation energies discussed in the last section. The 

corrdation5 between relaxation tlKorics, solution theories, and transport 
properties for silicate liquids of magmatic composition seem to show a 
consistency that holds some promise for even greater systematic classi-
fication in the future. ' 

Incidental observations and 1·cservntions.--The possible correlations 
of polymeric 5tructure with ionic strength and partial molar activation 
energies of "component5" in microhcterogeneous mixtures suggest a 
correlation with thermal expansion coefficients. These coefficients for 
oxide constituents given by Bottinga and Weill (1970) for the same 
composition ranges show variations roughly inverse to those of S1° in 
figure 3, as might be expected. However, as in the case of ionic strength, 

·. 
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the order of ';:dues for CaO, ~I gO, and FeO do not agree with the 
sequence shown by the actiYation energies. :'\evenheless, such lines of 
comparison may lc;1d to a much better understanding of interaction 
potentials in silic~tle liquids. 

The coordinate system for temperature and Yiscosity in figure 2 
em only be considered as a tcntatiYe reference grid to illustrate the 
model; it may haYe no pllysic:-tl meaning at temperatures near the point 
of conYergence. Hypotl:ctically, howewr, the common intersection repre­
sents a point of in\'ersion where the composition dependence of viscosity 
at constant temperatme changes sign. ConceiYably, this sort of beha\·ior 
could relate to a change from liquidlike to gaslike behavior of the multi­
component mixtures. Certainly, the qpor pressures ,\·ould be quite 
high at such a temperature (roughly 6000 K), although the variety of 
actual chemical species at this temperature would be quite different 
from those present in the liquids . 

.-\ closing comment returns to the bases for expressing silicate com­
positions. Tl1e basis chosen here (see table 2) seemed the simplest ex­
pedient consistent with definitions of the partial mobr activation ener­
gies. It ,,·as found that expressing aluminum on the .-\1"03 basis or 011 

the various aluminate formula bases either gave poor values of mean 
activation energv or required the use of more coefficients. Obvioush· 
since the mole fr<Jction of Si02 is different on each different basis, i~ 
h<Js no unique Yalue for a giwn composition. The apparent success of 
the ".-\10." conwntion seems to relate to its dual role. That is, definino-

- 0 
mole fractions in this Kay gives contributions to the activation energy 
resembling those of pure Si02 at high silica concemrations, but at low 
silica concentrations alumina is considered to "dilute" the network in a 
manner more like the other oxides. This effect may be related to a 
system:.1tic variation of aluminum coordinations relative to polymeric 
and free oxygens and to its ·effective field strength considered as a modi­
fying cation. In any attempts to reline or give a theoretical interpreta­
tion of relationships proposed here, it may be more profitable to com­
pute compositions in terms of ionic species referred to the total number 
of oxygen ions. For the present purpose, however, this was not practical 
becwse of analytical uncertainties in the oxygen content and uncertain­
ties in assigning structural occupancies. 
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