
CALCIUM DIFFUSION IN A MUGEARITE MELT 

ABSTRACT 

The di~~usion coe~~icients of calcium are 

determined ~or a range o~ temperatures from 1230 (D= 

1.07X10-7cm2/sec) to 1423 0 C (D=3.36X10-7 çm2/sec) in a 

mugearite melt at atmospheric pressure. Di~~usion is 

induced by establishing an initial concentration di~-

ference. The di~~usion gradient is measured with the 

electron microprobe in conjunction with a statistical 

technique which eliminates the need for comparisons 

with standards, and hence a~~ords a considerable sav-

ing in the time required for an analysis. The measured 

curve is evaluated using methods"!assuming both composi-

tion dependent and constant dif~usion coef~icients. 

\fhile the latter gives reasonably consistent results, 

the ~ormer is more appropriate as a composition depend-

ence over the concentration range used is discernible. 

The activation energy obtained from theestimated 

coe~ficients, 29.5 kcal per mole, is shown to be consis-

tent with the classi~ication o~ calcium di~~usion as 

a Ca++ catJ.·on t Il d con ro e process. 

The application of mass trans~er data to the 

modelling o~ di~~usion controlled crystal growth in a 

cooling dike is outlined. 

Gary A. Med~ord 
Dept. of Geological Sciences 
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ABSTRACT 

The diffusion coeffioients of caloium are 

, determined for a "range of lI,emperatures from 12)0 (D= 

1.07X10-7om2/aeo) to 142)00 (Da)e)6X10-7 cm2/sec) in a 

mugearite melt at atmospherio·pressure., Diffusion is 

, induoed by establishing an initial conoentration dif-

ference. The diffusion gradient is measured vith the 

electron microprobe in conJunction with'a sta~±ètaëal 

technique 'vhich eliminates the' need for comparisons 

vith standards, and henée affords a considerable sav-

ing in the time' required for an analysis. The measured 

curve is evaluated using methods assuming both composi-

tion dependent and co~stant diffusion coefficients. 

'Yhile the latter gives reasonably consistent results, 

the former is more appropriate,as a composition depend-

ence, over the concentration range used is discernible. 

, " 

, " 

" ," 

The activation energy obtained'from the estimated 

coefficients, 29.5 kcal per mole, is shown to be'consis- : ' 
" . 

'ten~ with the clàssification of calcium diffusion as 

a Oa++ cation controlled process. ' 

The application of mass transfer data to the 

modelling of diffusion controlled orystalgrovthina 

cooling dike is o~tlined. j, 

" . 
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INTRODUCTION 

Genera1 

Shaw (1963) po~nted out the need ~or work on 

the kinetio propert~es o~ natura1 systems, ino1uding 

~n~ormation on viscos~ty and di~~us~on, in order to better 

understand the mechanism o~ intrusion and crysta11ization 

of magmatio bodies. Since then an·extensive investi~ation 

of viscosity has been effeoted (Shaw et a1. 1968, Shaw 

1969, Bottinga and Wei11 1.970), but diffusion coefficients 

for e1ements in natura1 me1ts have not as yetbeen deter-

mined, ··no doubt 1arge1y a resu1t of the absence of an . 
'expedient ana1ytica1 method to deteot the individua1 con-

centration gradients in a mu1ticomponent system~ ~he 

avai1abi1ity of the e1ectron mioroprobe, hovever, has 

prompted the author to examine it as a device for measur-

ing diffusion gradients. The theory and method of ana1ysis , 

are presented in conneotion vith· the measurement of ca1cium 

diffusion in a mugearite me1t, for a range of temperatures. 

The activation'energy of the process is t~ereby determined • 
. 1 
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Previous Work 

The geo~ogica~ ~iterature inc~udes severa~ 

pub~icationa concerned vith diffusion which are ,most~y' 

qua~itative discussions of its ra~e and importance in ' 

geo~ogica~ processes. Intereat vas arouséd in the ~ate 

nineteenth century by proponents of the Soret effeot 

(for a summary' see lfah~1946, and' Eite~ 19.54) but ita 

importance rema~ned questionab~e. The enauing controversy 

prompted Boven (1921) to undertake the first experimenta1 

york in geo~ogy from vhich he obtained eatîmatea of the 

diffusion rates of the e~e~ents of diopside and p~agio-· 

c1ase. From bis experiments he conc~uded that diffusion' 

cauaed by the Soret effeot ia ,too a~ow to account, for 

any appreciab1e concentration gradfents before comp1ete 

ao1idifioation of moat igneous bodies. 

In 1946, Wah1 suggeated that differentiation by 

thermodiffusion (Soret effect p~us convec:tion) is impor-

tant and oited severa~ examp~es inc~uding Mount Johnson 

vith its pu1askite-essexite assooiation (see a~s'o Phi1-

potts 1968). Barth (19.52) aupported bis vievs and argued 

in favour of the,prooess, a1though no kinetic data vas 

,2 

,l" 

avai1ab1e to conc~usive1y prove' or disprove its impo~ance. 

Recent1y, Oppenheim, (1968), ,to test the poss-

ib1e effects of e1eotrica1 currents vitbin the earth, bas 

" . 

. " 

" . 

. , .' 
" 



performeQexperiments in which differentiation is achièved 

by electrolysis of a molten basaIt, and some Soviet work­

ers have revived interest in the Soret effect(Schienmann 

1969) and are apparentIy working on diffusion, although 

nothing has been published to the author's knowledge. 

~_ .. -.-... - ..... -.. _-_ .... _-_._- , 



EXPERIMENTAL PROCEDURE 

Method of Diffusion 

The method utilized was similar ~o that used 

by Bowen (1921), that is, diffusion vertically against 

° gravi t y caused by an initial conc~ntration gradient. 

The starting material or base rock was spiked by add­

ing calcium oxide
o 
in sufficient quantity to al10w de-

tection by the electron microprobe. At the same time, 

the difference was kept as small as possible to mini-

mize composition dependence of the diffusion coefficient. 

The diffusion couple was he Id in a platinum crucible 

with a .508 cm outside diametero and .0381 cm walls, 

formed by crimping one end of a tube shut and welding 

it. The crucible was about 2.3 cm long, thus allowing 

each part of the diffusion couple to occupy at least 
° 0 

1 cm of constant diameter cross-section. The wall thick-

ness was greater than that absolutely necessary but 

served tohelp equalize any temperature gradients along o 

the sample length. The calcium oxide spiked material, 

being denser than the b~se material p vas placed at the 

bottom of the crucible to prevent convection~ 

4 
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Samp1e Preparation 

The, starting material w~s a fine-grained dike rock 

which was cru shed and fused in a 50 m1 a1umina crucib1e 

in air for three hours at 1350°0 to a11ow:for the degass-

ing of water and other vo1ati1es. Pre1iminary investiga-

tion revea1ed minor contamination and reaction with the 

'crucib1e over'a distance of much '1ess than 0.1 cm. This 

contaminated materia1 was discarded and the remainder 

crushed to 100 mesh and ground in a mechan1ca1'agate' 

mortar for fort y 'minutes. Ha1f of this materia1 was 

weighed into oonvenient 1.6 gm 10ts to which 0.046 gm of 

ca1cium oxide was added, and these port~ons were then 

ground for an additional :f'orty minutes.' The other ha1f 

was retained as 'the base mater:1a1. Bpth spiked and basa 

samp1es were then fused in p1atinum for four more hours 

° at 1420 O. The former wasreground for another fort y ~ 

minutes and the 'latter crushed to 50 mesh or less. 

A small quantity of spiked powder was added 

to the crucible and fused long enough to a1low bubbles 

to escape (about 10 minutes). The process was repeated 

Many i;imes until,the crucible was ha1f filled. This 

procedure vas necessary ta prevent the formation of 

large buboles stretching right across the crucible as 

they would never rise to ~he surface. The filling was 

done at ,1420°0 as the m~lt was suffioiently inviscid at 



this temperature to allow rapid degassing. The charge 

was then le~t ~or about twenty hours to al10w homogen­

ization a~ter which it vas quickly withdrawn ~rom the 

~rnace. A tool steel rod was then ~orced down the 

crucible to ~latten the meniscus. Material which had 

coated the upper hal~ of the.crucible was then removed 

by reaming with a ~lat ended drill rod and a ~ine silica 

carbide abrasive. This also ~ormed a ~lat inter~ace on 

the glass sur~ace. 

The unspiked material had to be added quickly 

to prevent unwanted dir~usion. At the same time~ bubble 

~ormation had to be avoided. ·This vas achieved by ~illing 

the remainder o~ the crucible vith the relatively coarse 

base material (except at the'inter~ace where a ~ine 

dusting o~ powder was usedto ~orm a ~lat sur~ace) and 

~using ~or·15-20 seconds at 1420
o
C. Because o~ compaction 

upon melting, this had to be repeated two or three times, 

but the aggregate loading time ~ormed an insig.ni~icant 

portion of' the total run times and the correction required 

vas insig.ni~icant. 

6 
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Anal.ysis of the.Starting Material. 

The rock was col.l.ected from a dike on the 

·eastern side of Mount Royal., Quebec, Canada and the 

~used ~~terial. has the bulk and normative compositions 

given in Tabl"e "I".· These correspond closely to the 

. mugearites described by l-Iuir and Tilley (1961). The 

ana1ysis recalc~iated ·to one hundred pe~qent is used 

as the base rock analysis and the composition of the 

spiked rock is also shown. The rock is textura1ly 

simil.ar to photomicrographB in Muir and Tilley (1961) 

and consists of about 60 percent feldspar (.1mm), 25 

percent green a1tered pyroxen~ or amphibole (~1mm) 

sometimes preserved as al.igned Qxide minerals, 10 

percent cal.cite occuring as sma1l patches throughout 

the'matrix, and 5 percent oxides. Scattered phenocrysts. 

of plagioclase (.5mm) with replaced cores of muscovite 

and minor scapolite are a1so present. 
, 

To check for iron loss to ~he crucib1e, and 

alkali 10ss '\'1hich might occur during prolonged heating, 

small samples of the base rock were heated for various 

1engths of time in open platinum crucibles at 14200C. 

The results (Tab1e II) indicate insignificant 10ss 

compared with the analytical. variation of the analyses. 

The oxidation state of iron was not contro11ed and the 

. . 
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Feo"è,onten,t vas :t'ound to have changed :t'rom '5.44 to 1.97 

peroent in a'sampl.e fused :t'oXt'20 ,hours at 142000. 
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TABLE I 

. ~ .: 

ANALYSES OF THE FUSED MUGEARITE.BASE~ 
AND SPIKED MATERIAL 

'Mugeari te Base 
i (f'used) rock 

Si02 

, Ti02 

, A1
2

0
3 

Fe
2

0
3 

~ 

FeO 

MnO 

MgO 

CaO 

18.19 

2.77 

5.44 

.19 

3.48 

7.43 

l ' 

53.00 

2.01 

18.24 

:2.78 

5.45 

Na
2

0 '4.60 4.61 

K20 '2.17' ,2.18 

p 20 5' , • 60'" • 60 

Spiked 
rock 

51 !'52. 

2.70, 

.19 

3.39' 

10.04 

2.12 

99.74 100.00 .·~l100.00 . .' ,.1: 

, . 

CI.I.P~W. norm 

Q 

Or 12.81, 
1 : 

Ab '38.88 

, An ~2.55 

'Di '5.71 

He 

En 

Fs 

Fo ,2.49 

Fa ,1.50 

Mt 4.03 

I~ 3.80 ' .. 

Ap 

,', 

99.64 

, " 

" 

, , 

ml 

" 

:' 

.- , 

"'- " ", 
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TABLE II 

, . 
" 

..... ".: 

:,: 

" , 

IRON AND ALKALI ANALYSES OF BASE ROCK ~SED FOR 
" VARIOUS LENGTHS OF TIME AT ;1420 C ': '. ' 

Time in Weight percent 
minutes FeO*' Na20 K20 

... , , 

, . 
15' '. 7.52 4.60 2.30 

60 ' 7.65 4.60 ' 2.11 

90 .8.15 4.75 2.23 
, . 

240 7.95 4.60 2.26 

1200 7.9.0 4.-73 2.00 

.. , ' 

, ' 

. r', .. ' 

* Tota1'iron expressed as FeO 

. ' . ' . ", 

,'-

1. 

.' , 

',' .' 
" 

".' 

;, 
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• Apparatus 

A vertica1 Pt60-Rh40-wound furnace was used 

with an interna1 a1umina tube s1ight1y wider than th~ 

crucib1e so that a Pt and Pt87-Rh13 thermocoup1e cou1d 

be p1aced at the midsection of the charge. 
, . 

The temperature gradient was determined before 

each run at the run temperature and was a1ways 1ess than 

o 1.5 C over the 1engthof the samp1e. The temperature was 

monitored continuous1y using a digita1 v01tmeter and was 
. + 0 . 

kept at - 2.0 C for the duration of the experiment by 

adjusting a variac which contr011ed the externa1 power 

'supp1y. The run temperatur~was attained within about 

two minutes of 10wering the crucib1e into position by 

o 'preheating the furnace 20 or· 30 C above the run temper-

ature • 

• 
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THEORY 

Diffusion Equations 

Given an n-component system in whioh eaoh 

species,i, is diffusing because of n concentration 

,gradients,doi/dX, a genera1 set of equations desoribing 

the f1ux, Ji' of each species is 

, 
Ji=Di1d01/dx+ ••• +Di~dCn!dx 

i=l,n 

where the fluxes are considered 1inear :functions of the 

concentration gradients' (Onsager 1945~46). The units of 

Ci can be expressed in many ways (Bird et al. 1960,pp.496) 

and for convenienoe x-ray counts per cm) are used. The 

number of counts vas verified in these'experiments to be 

a linear function of the weight p~rcent calciumoxide, 

and making the common assumption of negligible volume 

change on mixîng, this unit can thus be considered' 

proportiona~ to grams calcium oxide per unit volume. 

-The Dii (cm
2
'per sec) are the main diffusion coefficients 

of each species i an~ the Dij,i~j, are the cross-diffusion 

coefficients accounting for the effect of cbncentration 

gradient j on the flux Ji., These equations have been dea1t, 

vi th for n-component systems where the 'coeffioients are 

not composition dependent (Fuji,ta and Gostings, 1956, 

Baldwin et al, 19S5),.but formulation for~) in a 

12 
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manner which permits, them to be app~ied to e'xperimenta~ 

data is difficu~t and requires extreme precision in 

measurement. In this work the composition differences, 

'apart from ca~cium, were so ·sma1~ (see Tab~e I) that no 

other gradients'cou1d be detected" For Most practica1 

purposes it is sufficient to determine the diagona1 

coeff:t.cients~ 'Dii,' separate~y and t;his is the procedure 

used here.' The equations describing.the process (i.~. the 

change in concentrat~on at any time atany position) 

assume a 8imp~e form ana1agous to those descr.ibing heat 

conduction (Cars~aw and Jaeger 1959) 

" a . 2 
~ cCx, t)/a t=ê5nc(x, t)/b,X 

where c('x,t} is the concentration at position, x, at time, 

t, and D is assume~ dependent on concentration and hence 

on x. If D is Dot concentrationdependent then ~] becomes 

[3I 
~ . & .~ 2 
oc{x,t)/at=D~c(x,t)/g,X 

Equation [~ gives a satisfactory description of the 

system if the concentration difference between the coup~es 

13 

is kept 8ma~~. Shou1d any dependence exist then an averaged 

va1ue of D is obtained for the specified composition range • 

• 
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Eva1uation of' the Diffusion Gradient 

The so1ution to [3J for- :s~mB time, t=T, 

assuming an initia1 concentration difference, C , 
0, 

is (Cars1aw':arid' Jaeger 1959) 
~ .', 

[4] 

which can'be rewritten 

-(2c(x,T)/C )+1=erf(x/2JDT) o 

r
/2~ 2 

.. ' =2/.fff e -X d>' 
- 0 

Thus by p10tting observed va1ues of the 1eft side of 

[5] on norma1 probabi1ity paper (Bennet and Frank1in 

1954). one can obtain an estimate of th~ second moment 

about the mean,s, and noting that 

s=2DT 

ca1cu1ate D, since the run time T is known. 

Equation [2J can be uti1ized to ana1yse a given 

concentration gradient emp10ying B01tzmann's integration 

technique (Jost 196'0). Defining a variab1e,b, such that 

14 



, b=x/fi 

then 

and 

[7J • 

Sübstituting the above into[2] gives 

[8J bde/2=d(Dde/db) 

whieh ean be integrated and rearranged into 

and 

[10] 

J
e ' 

1/2 bde=Dde/ db ' 
o . 

D=(1/2) (db/de) ~bde 

respeetively. At the end of a run of duration T [7J 

·beeomes b=x/.r:r,so [10] is now 

(11] 
, fC(X) 

D=(1/2T)(dx/de) 0' . xde 

By determining dx/de graphieally at the eoneentra-

", 

15 , 
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tion cCx} of' int,erest, as we1J. as the 1:ntegra1 on the' 

right, D canbe evaJ.uated at that concentration. The 

p1ane x=O is not'necessari1y the origina1 interfaoe 

but is determined su ch that 

-' JC(x=<?) .' . fC~ , 
xdc= -xdc 

c(x=O . . 
, . 

aince conservation of' mass requires 

J
co 

o 'XdC=~ 

The above two methods of' eva1uation assume 

that dif'fusion has taken place in an inf'initely extended 

system. Practically speaking there shouJ.d beno signifi-

,cant change at the ends of the samp1'e. This was ensured 

by ëomparison with standards of' the same composition -" 

' . 
.' diff'erelice, and.py verif'ying tha t the curve had leveJ.ed 

". 
out a f'ew mm-bef'ore the endpoints. The composition 

extremes were' 'then .. f'ixed quiteaccurate1y by averaging 
~ : '. .' .. . ... _. -'" 

the points in the: J.eveJ. parts of' the ourve' • 

. " 

. • 

p 

,,' 
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Measurement 'of the Diffusion Gradient 

The sampl~ was ground a10ng its length to 

ha1f its th:Lckness and polished to a degree. suitab1e 

for microprobe analysis. Ten-second counts were taken' 

on a central 1ine along the 1ength of 'the sample at 

o.os cm, and :Ln some cases 0.02.5 cm, :Lnterva1s. 

To evaluate the curve, one is interested in 

obtaining the composition of points re1ative to each 

other. If the microprobe was complete1y stab1e (no 

drift, etc.) one could simply ana1y.se each position in 

turn, with as Many ten-second counts as required to 

gain the desired statistica1 precision. This is not the 

case, however, and so the fol10wing procedure, uti1izing 

17 

a b10cking and randomization scheme (Oochran and 00x19.57), 

vas used ta obtain· the required internal consistency. A 

b10ck was taken to be composed of one ten-second. -count 

at each of.the positions along the 1ength of the sample. 

The order of the positions ana1ysed was then randomized 

_ within each b10ck, and as Many b10cks as desired were 

completed. The ana1ysis of each 'b10ck was p~rformed as 

quick1y as possible. Thus any drift components are 

incorporated in the variance of the estimate of each 

posi tien, 'the preCision of the analysis then baing 

- - , 

(9S~ confi'dence interval) 



where ë{x} 
. .... 

the Mean o~ the readings at position x,6 

is an estimate o~ the standard deviation and p is the 

number o~ readings (b1ocks). Up to 32 readings were taken 

at each position but 12-14 were u1timate1y ~ound to be 

su~~icient. In genera1, the precision required and hence 

the va1ue se1ected for p wou1d depend on the overa11 

di~~erence in counts between the spiked samp1é and the 

base materia1. In these experiments the range was about 

300 counts and the preci'sion obtained with p set at 14 

18 

was p1us or minus about 20 counts for 95 percent confidence 

1imits, that is, p1us or minus 6.7 percent o~ the tota1 

ran$'e.,;A curve obtained using 14 ana1yses per position is' 

'The va1idity o~'using the abso1ute number o~ 

counts as a measure of the concentration is exp1ained as 

fo11ows. It was determined for ca1cium' that 

[15] Composi tion . of samp1e = t..;c~o;;..un=;..;;t;.;;s~o;;.;n:.;;....==~.;:;......,;;;;.;;;;.;;;.;;;;g~~=--...;....."..] 
in weight percent CaO Counts on 2 

x ~omposition of standar~ 
. ~n weight percent CaO J 

which can be rewritten 

. [15] Counts on samp1e = Composition of samp1e 

x[counts on standard-background ~ 
Composition of standard 1 

+ background J: 

m= 



' .. ' ." 

... 

, . 

". 

.. ~ 

'1'0 ,',' , " V.,;, 

Thus, aJ.J. other things remaining 'constant, the number of, ; 
" ',' 

.' counts is d,ireotl.y proportional. to the composition of 

the 'sampJ.e •. : 
J 'J' 

It 1s evident :from [15] that if a signifioant 

average change in "Counts on standard" occurs between 

bJ.ooks (because,say, of a change in the operating charaoter­

istics with time) it is not correot to compute the mean 

of the readingsof the same' position in the di:f:ferent 

bl.ocks as each woul.d obviousl.y c~ntribute a disprpportion~ 

ate weight,and [14) woul.d no J.onger be val.id. Such a change 

is re:f1ected in a variation of the Mean from one b10ck 

to the next and can readi1y be corrected by discarding 

b10cks which are significant1y dif:ferent from the others 

or by mu1tipJ.ying each reading in these b10cks by,a suit-

ab1e correction fa'ctor. 

The procedure out1ined above el.iminates the 

'need for constant compar~sons with a standard to'obtain 
. . 
the composition of" each position., Assuming that an equa1 

number of measurements wo~l.d have to be made on both . 

standard and sampl.e to gain a desired precision, this 

method sa",eshal.f ,the time required for the ana1ysis • 
.... , 

" 

. " 

. " 
. ,",' 

'~ 

... ". 
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Figure 1 An examp1e of the curve obtained from the run 

at 1344
0

0 of duration 43200aeconds. The 1ine XaO is ob­

tained according to equation [12] and. serves as the 

abaissa for ~he 'integration in equat.ion [11] .- The .8haded 

portion ia the area integrated. 
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. CALCULATIONS AND RESULT~ 

Example of Ca~culation 

Concentrations (counts per cm~) taken from 

the curve of Fig.l. are plotted ,on normal probability 

paper (Fig.2a) according to the method involving . . 

~quations [),~ ~ The ~ time is T=4)200 s~conds. The 

vatue of x. is • ,1)7 cm, and using.16] . .' ,. . 

2 s=x since 

It can be seen that the points de part from a straight 

. line, which should not occur if D is constant throughout, 

the concentration range. This corresponds to a skewed 

bel1'curve when values of dc/dx taken from the graph 

.. 

are p~otted against x (Fig.2b), whereas it can be verified' 

that the sama- differential 'of [4} is E;JynUnetrical. 

'. 

.. ' ..... 

The analysis of the same run as above using 

equati~ns [2,11J is for a composition midway between the. 

. spiked and basè ro'ck composition •. ;Rere (see ~ig~ 1 ) 

• ··.·.1 ..... 

'. fC =8 .• 75%oaO 
x dc 1:1,. 

o '. ' . 
14.:)" count-cm 

. .... 
" .. 

-.;, . 

.. , .. . (. '. ,', 

•. ~ :. o··· 

.' :. 

. ..... 

' .. 
' . 

. ' . 

.' 
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eix/de = 0.0013.5 em/eount 

1/2T a 1/86400 /see 

and so by thia method 
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Figure 2 a-An example o~ the evaluatiori o~ the diffusion 

coe~ficient using equation 5. The departure o~ 

the points from the straight line expected 

under the assumptions o~ the model is evident. 

b-The departure in 2a is mirrored as a skewed 

bell curve when dC/dx is plotted against x • 

23 
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Computed Diffusion· Cpefficients, and Activation Energy 

Theresults using the. two methods of evaluation, 

determinations using. [111 made, at 8.75 percent CaO, are 

presented in Table 3. The variation of the diffusion 

coefficient with temperature, Tmo absolute, can be 

expressed as an activated process 

D=Ae-Q/ RTm 

where Q is the activation energy of diffusion, R the gas 

constant, and A a pre-exponential constant. Hence changing 

, . 

(16] 

one canestimate Q from the slope of the, line of a Log10D 

ver~us 1/T~ plot (Fig.3)" The value of Q obtained by l.east 

squares is 29.' kcal per mol.e, and the p~e-exponential A is 

2.04X10~3cm2/sec. 

The errors invol. ved in u:sing the method of 

equa~ion ~~ ara extensively discussed by Rhines and Mehl 

(1938). The chief source, of error in these experiments is 

that a statis~ical. variation in the points requires a sub­

jective fit to 'be made, to obtain the diffusion CUD'Ve. Thus 

interpreta11.i.onal differences',especiallynear the endpoints, 

. cause sorne variation in Uhe integrated areas. The slope 

24 
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dx/dc, on the other hand, can be estimated quite accurate1y 

'especia11y at the'midrange compositions. In view of the above, 

the' ca1cu1ated 'diffusion coefficients are oonsidered to be 

accurate to p1us or minus 15 percent. From Tab1e III, 

the estimates using the constant coefficient method~l are 
, ' . 

scattered on both sides of the other" estimates, and except' 

for one case, are within the 1imits of error given for the 

1atter. One wou1d expect equation[5] to give resu1ts con­

sistent1y near the midrange composition va1ues when the 

. , composition dependence is not too severe, as is the case 

in these experiments. These estimates, however, are con-, 

sidered to be 1ess re1iab1e than the others because of 

the extension of the probabi1ity paper near the edges 

(Fig.2a). This gives undue weight to the ends of the 

diffusï'on curvé - precise~y the parts which are Most 
. .... ., 

':'difficu1t to estimate. The exact s10pe o'f the fitted ," '" '; 

" , 

1ine- "is hence extreme1y, bard to evaluate. Thus the method' 

using equation (11] 'i.s preferred. In the 1imi ting case of no 

'composition dependence, equai results would be obtained 

at a11 positions (al1 concentrations)on-thecurve. 

Becauee of diecrepancies in preparation, the CaO 

content in some spiked samp1es was found to be .1 or .2 

percent 10wer than quoted in Tab1e I. This vas readi1y 

compensated for using Cll) ,.and w~s judged to have no sig­

·nificant effect, on estima tes uti1izing [5]. 

" 

,,' 

',' 
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TABLE III 

" 

" 

CALCULATED DIFFUSION COEFFICIENTS 

Temperature Oc 

1230 

1265.5 

1300 

1344 

1389!5 

1423 

. 2/ - cm sec 

Composition 
Dependent D 
Metho~' 

1.07 

, . 1.49 

1.63 

2.24 

2.87 

3.36 

'" 

Xl0-7 

Based on co1umn 1: 

Constant D 
'Method 

1.93 

1.56 

1.47 

2.18 

Activation Energy Q=29.5 kca1/mo1e 

Pre-exponentia1 A=2.04X10-3cm
2
/sec 
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Figure 3 Di~fusion coe~~icients obtained by McCa11um 

'and lJarrett(19.52) for sl.ag~ containîng 37 • .5, 32 • .5, ~d 

27.5 percent CaO'are given by l.ines 1, 2, and j respec­

tive1y. Each contained 10 pe~cent A120;~ the rest, being 
, ' 

iDvestigat~on, evaluated at 8.7.5,percent CaO. ' 
'. '. ' .. ' 
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DISCUSSION 

Ca1cium diffusion in caO-A12
0 )-Si02 systems 

of various proporti~ns was fo11owed by McCa11um and 

Barrett (1952) ~ and their resu1ts are p1otte~ in Fi:g. 3 •. , 

The activation'energy at 27.5 percent CaO was determin-

ed to be 28 kca1 per mo1e which is remarkab1y'c1ose to 

that in the present'work, a1though their coefficients 

, are about one order of magnitude higher. A decrease 

in the diffusion'rates is'evident for decreasing CaO 

content, but thms observation May be fortuitous as the 

mugearite me1tis compositiona11y quite different from 

the s1ags. Towers et a1. (1953) 'using radioactive ca1cium 

determined its coefficients in a s1ag of 40 per~ent CaO, 

20 percent A~203' and 40 p~~cent Si02 • The data showed 

considerab1e spr.ead and gave estimates of 3.3X10-7 and 

-6 2/ 4 0 1.3X10 cm sec at 1350 and 1 50 C'. The activation 

energy was ca1cuXated to be 70 kca1 per mo1e p1us or 

minus 20 kca1 per'mo1e. 
, , 

To maintain e1ectrica1 neutra1ity, either cations 

p1us anions must migrate together (anion contro11ed diffu­

Sion), or the cations must migrate separate1y ( cation 

contro11ed diffu~ion)with some other sort of charge 

compensating m~chanism being operative. In the former case, 

the activation energy might be expected to be o1oser to 

.; 

" 

,', . 

" ' 
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'tha,~, ',required :for viscous :flow, whioh is an anion 

controlled'process. This activation energy was determined 

,by McCallum and Barrett to be about 46'kcal and hence 

~hey proposed that, the rate determining step was the 

jump o:f a cation :from one equilibrium position to 

another. Their explanation o:f the charge compensat~on' 

is not clear and th,ey, themselves,' point out that the 

mechanism is hard ta visua1ize. The resu1ts o:f this work 

are consistent with this division into anion and cation 

contro11ed processes. Euler and,Wink1er (1957) demonstrated 

* that me1ts with (Si+A1)/0? ratios between .40 and .47 consis-

tent1y disp1ay viscosity activation' energies o:f 50 to 60 

kcal per mole, and hence one wou1d expect this rock, 

(Si+A1)/0=.430, to have a ,value somewhere in that range. 

'Consequent1y the ,29.5 kca1 per mole estimate obtained here 

++ ,', ,wou1d tend to support a Ca cation contro11ed process. 

The variation in concentration o:f the other 

,elements due to the calcium di:f:fusion was un:fortunate1y 

impossib1e,to record. Presumably it is through cross-

di:f:fusion, because o:f activity gradients o:f a11 the 

species, that the chemica1 potential o:f each component 

in the melt is equalized, and electrical neutrality 

preserved. As :far as the present ana1ytical procedure 

is concerned, one can on1y hope to evaluate the di:f:fusion 

: ~ates o:f a11 the e1ements separate1y. This approach shou1d, 
, .. 

* . , 
in atomic 'perc~n:.t, 

"'~.. .. 
....... :. 

• • 

. , . . .. . ' ..... . . ;,' ........ 
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• 

• 

31 

nevertheless, p~ovide a useful phenomenological descrip-

tion of the system at hand, and provide sufficient infor- . ". 

mation, in conjunction with therma1 and momentum transport 

properties~ to attempt quantitative modelling of cooling 

magmas. Bird et aI. (1960) ~ve various examp1es of mass 

transfer models utilized in engineering analysis, often 

using simp'lified' approximations where the mathematics . 

becomes intractable. As an il1ustration, the following 

description of the growth of a crystal in a cooling dike, 

using the activated process description of D as .a function 

of temperature; equation ~6] , is presented. For simplici-

ty consider an idea1ized plane crysta1 of unit area which 

grows by 'accretion on each face. Suppose;' fUrther, that 

the growth process is diffusion contro1led'and the crystal 

nucleates at time t and grows from t to tf' during which 
o 0 

time the melt is supersaturated with respect to the crystal 

by an amount ACo ; where '~co ~s conveniently expressed in 

terms of the rate contro1Iing element. Then the change in 

Ac away from the face a distance x after an elapsed ~ime 
o ' 

is described by 

[17] 

If the substitution' , .' 

{lS]' dz=D(t)dt 

., .. 



j 

1 

..... ' . 

.. ", . 
is made in [17] ·then an' ana1ytica1' ,so1ution can be ob-

( 

tain~d (Cars1aw,and Jaeger 1959), that is" 

, . 
. ',.", 
~ ... ' 

[19] c(x,z)=24C er~(x/~) 
. 0 '. , . (~or x positive) .: . 

:, assuming growth on ·two ~aces, and that the crysta1s do .. 
not compete ~or materia1. The màss o~ the cry~ta1,M, 

- ' 

.. . (exprèssed in terms o~ the rate contro11ing e1ement) is 

~ obtaine~ by integration o~ 260 1ess (19J 
o 

",' ' "'j . 
[20] .~ ~=2 J:o -o(x,zj )dx , 

..... 

" 

" 

The above.may be eva1uated i~ z can be prooured. Inte~ 

'. grating· (18] 'over tlie t~me of :i.nterest, 'one has ' 

. " ~ 

.... .and since it has·been sho~ th8.t 

. , 

(where Tm :ls now a ~unction of time and a speci~ied 

,poait.ion, y, in the dike) [21] can be numerica11y eva1uat­

ed if al suitab1e temperature hiatory ia avai1ab1e. In this 

case, ignoring 1atent heat, one haa for a dike ofwidth 

2a (Cars1aw and J aager 1959) " . 
• .; . . ... 

'. ..' . 
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where k is the thermaL diffusivity and Tmo is the initia~ 

temperature. Thus the size of the crysta~ is u1timate~y 

given by equation ~O~ To have suc~ a mode~ dup~icate 

the textura~ variation in a dike wou~d obvious~y require 

the incorporation of a suitab~e nuc~eation mode~ and much 

refinement, and it is inc~uded mere~y to out~ine. how 

phenomeno~ogica~ measurements of diffusion cou~d be 

emp~oyed. For simp~icity, on~y equations for which 

ana~ytica~ so~utions are avai~ab~e were used, but the 

sophistication of the mode~ can be increased many-fo~d 

by uti~izing appropriate numerica1 techniques. 

33 



1 . 

ACKNOWLEDGEMENTS 

The author wou1d 1ike to tharik Dr. A.R. 

Phi1potts for guidance during the course of this work. 

Thanks are a1so extended to Dr. W.H. MacLean for 

assistance and discussionregarding the use of the 

e1ectron microprobe, and to Mr. W. Doig for technica1 

advice. 

Funds were made 'avai1ab1e by Dr. A.R. 

Phi1potts through Nationa1 Research Counci1 grant 

No. A-2668. 



REFERENCES 

Ba~dwin,R.L.,Dun~op,P.J.,and Gostings,L.J.1955.Inter­

acti~g f~ows in ~iquid diffusionzequations 

for the eva~uation of the diffusion èoeffi­

cients from moments of the refractive index 

gradient curves. J.Amer.Chem.Soc.,77,pp.5235-

5238. 

Barth,T.F.W.1952. The differentiation of a composite 

ap~ite from the Pribilof Is~ands, A~aska. 

Bowen vo1., Amer. J.Sci.,pp.27-36. 

Bennett,C;A.and Fraruc1in,N.L.1954. Statistica~ ana~ysis 

in chemistry and the chemica~ industry. John 

Wiley and Sons •. New York. 

Bird,R.B.,Stewart,W.E.and Lightfoot,E.N.1960. Transport 

phenomena. John.Wi1ey and Sons. New York. 

Bottinga,Y. and Wei1~,D.F.1970. Viscosity of anhydrous 

si1icate me~ts.?Trans. Amer.Geophys.Un,51, 

pp.439. 

Bowen,N.L.1921. Diffusion in si~icate me~ts. J.Geo~.,29, 

pp.295-317. 

Cars~aw,H.S. and Jaeger,J.C.1959. Conduction of heat in 

so~ids.2nd. edition. Oxford University Press. 

35 



Cochran,lV.G.and Cox,G.M.1957. Experimental Designs. 

John Wiley and Sons. New York. 

Eitel,W.1954. The physical chemistry of the silicates. 

University of Chicago Press. 

Euler,R. ahd Winkler,H.G.F.1957. Uber 9ie viskositaten 

.von gesteins- und silikatschemlzen. Glastech. 

Ber.,30, PP.325-332. 

Fujita,H.and Gostings,L.J.1956. An exact solution of the 

equations for free diffusion in three-component 

systems with interacting flows, and its use' in 

the evaluation of 'the diffusion coefficient. 

Amer.Chem.Soc.J. ,78,pp.l099-1106. 

J ost, W • 1"960. Diffusion in solids " liquids ~ gases;. Revised 

. edi tion. Academie Press, New York • 

. McCallum,N.and Barrett,L.R.1952. Sorne aspects of the cor-. 

rosion of refractories. Trans.Brit.Ceram.Soc., 

51, pp. 523-544.' 

Muir,I.D.and Tilley,C.E.196l.Mugearites and their place 
? • 

in alkali igneous rock series. J. Geol. " 69, 

pp. 186-203. 

36 . 

Onsager,L.1945-46. Theories and problems of liquid diffusion. 

Ann.N.Y. Acad.Sci,,46,pp.241-265. 

Oppenheim,M.J.1968. On the electrolysis' of molten basalte 

Mineral.Mag.,36,pp.1104-1122. 

Ph:i.lpotts,A.R.1968. Igneous structures and mechanism of 



emp1acementl i of' Mount Johnson, a Monteregian 

intrusion, Quebec. Can.J.Earth Sci.,5,pp.1131-

1137. 

Rhines,E.N.and Meh1,R.F.1938. Rates of' dif'f'usion in the 

,', ".a1pha s01id s01utions' of' copper. Trans.A. I.M.E. , 

128,pp.185-222. 

Scheinmann,Yu.M.1969. Discussion of' the paper "The origin 

37 

of' basa1tic and nephe1enitic magmas in the earth's 

mant1e" by D.H. Green. Tectonophysics,7,pp.423-

426. 

Shaw,H.R.1963. Obsidian-H2o.viscosities at 1000 and 2000 

bars in the temperature range 700°C to 900°C. 

J.Geophys.Res.,68,pp.6337-6343. 

_,Wright,T.L. ,~eck,D.L.and Okamura,R.1968. The 

viscosityof' basa1tic magma:an ana1ysis of' f'ie1d 

measurements in::':Makaopuhi 1ava l.ake, Hawaii. 

Amer.J.Sci.,266,pp.225-264. 

, ____ 1969. Rheol.ogy 0t basal.t'in the me1ting range. J. 

Petr01.,10,pp.510-535. 

Towers,H.,Paris,M.,Chipman,J.1953. Dif'f'usion of' cal.cium 

ion in 1iquid s1ag. Trans.A .. I.M.E.,197,pp.1455-' 

1458. 



Wahl.,lf.l'946. Thermal. dif'f'usion-conveotion as a oause of' 

magmatic dif'f'erentiation.I. Amer.J.Sci.,44, 

pp.417-441. 

G 

38 


