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The work s i n c e  October 1968 w a s  pr imari ly  focussed 

upon tektites and w a s  presented i n  the  form of a paper 

e n t i t l e d  "Micro Inhomogeneities and Diffusion i n  Tek t i t e s "  

a t  t h e  Third I n t e r n a t i o n a l  T e k t i t e  Symposium i n  Apr i l  1969 

i n  Corning, N.Y. 

The paper dealt  with three aspects  of t e k t i t e  research:  

i. Homogeneity of a Thailand t e k t i t e ;  

ii. Measurement of t h e  e f f e c t i v e  binary d i f fus ion  c o e f f i c i e n t  

of i r o n  i n  a laboratory simulated t e k t i t e ;  and, 

iii. Calculat ion of  the homogenization t i m e s  of a hypothe t ica l  

rock containing lamina of f luc tua t ing  i r o n  content .  

This  paper has been submitted for publ ica t ion ,  and a 

copy is  included he re  as the  major p a r t  of t h i s  repor t .  

The examination of homogeneity is a follow-up of t h e  

f i r s t  Semiannual Report (October 1967) . The data presented 

re made ik. necessary t o  g ive  a more c r i t i ca l  examination 

t o  the inhomogeneities on a t  least a semi-quant i ta t ive bas i s .  

A new experimental  design, called t h e  Matrix Method, 

w a s  t he re fo re  developed. The scheme permit ted accumulation 
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of microprobe X-ray counts over long per iods with 

t h e  e r r o r s  t. 

With this s c h e m e  of a n a l y s i s ,  it has been shown i n  t h  

paper that  away f r o m  i s o l a t e d  inhomogeneities t h e  Thailand tek t i te  

i s  perhaps the m o s t  homogeneous of a l l  g l  ses examined. 

The second t o p i c  of t h e  paper concerns t h e  measurement of 

the e f f e c t i v e  b inary  d i f f u s i o n  c o e f f i c i e n t  of i ron .  T h i s  

represents  a cont inuat ion of t h e  work presented i n  t h e  t h i r d  

semiannual r e p o r t  (October, 1968) .  I t  provides information on 

the k i n e t i c s  of i r o n  d i f f u s i o n  i n  a tekt i te  g l a s s  and hence made 

poss ib le  a ca l cu la t ion  such as of homogenization t i m e s  of a 

laminated s t r u c t u r e .  

T h i s  ca l cu la t ion  i s  i n t e r e s t i n g  i n  that  the u l t imate  r e s u l t s  

do n o t  s e r i o u s l y  depend upon the geometr ical  shapes involved, i. e. , 
a c y l i n d r i c a l  symmetry’ or s p h e r i c a l  symmetry do no t  s ign i f i can t - ly  

a l ter  the r e s u l t s  of t h i s  one-dimensional ca lcu la t ion .  

I t  has been shown that i f  t he  homogenization of i r o n  alone 

w e r e  considered,  the production of a t e k t i t e  from a specimen of 

subgreywacke would requi re  temperatures exceeding 1800°C for  t i m e s  

obvious t h a t  i nves t iga t ions  are 
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ABSTRACT 

Sect ions of a Thailand T e k t i t e  w e r e  examined under 

an Elec t ron  Microprobe f o r  composition f luc tua t ions .  A 

comparison i s  made with s imi la r  data from a laboratory 

synthesized tekt i te  of dup l i ca t e  composition. 

To estimate t h e  k i n e t i c s  of the d i f f u s i v e  mixing of 

local composition f l u c t u a t i o n s ,  e f f e c t i v e  binary d i f f u s i o n  

c o e f f i c i e n t s  w e r e  measured a t  var ious temperatures above 

1000°C. D a t a  f o r  Fe, i n  p a r t i c u l a r ,  i s  used t o  c a l c u l a t e  

t h e  homogenization t i m e s  of a hypothe t ica l  t e k t i t e  source 

with a p e r i o d i c  v a r i a t i o n  of  i ron .  This i n  t u r n  is used 

t o  suggest  l i m i t s  f o r  t h e  thermal h i s t o r y  of t e k t i t e  g l a s ses .  

*Presented a t  the  Third I n t e r n a t i o n a l  T e k t i t e  Symposium, 
Corning, New York, 1969.  



INHOMOGENEITIES AND IRON DIFFUSION 

I N  A THAILAND TEKTITE 

A. K. Varshneya and A. R. Cooper 

Introduct ion 
(1) The g lassy  na ture  of t e k t i t e s  has long been recognized. 

Many hypotheses concerning t h e i r  o r i g i n  have been suggested 

and are reviewed by O ' K e e f e .  (2) 

assoc ia t e  t h e  t e k t i t e  formation w i t h  an impact of a celestial 

body w i t h  t h e  e a r t h  ( 3 )  o r  the moon. 

T h e  more recognized ones 

( 4 )  

A c r y s t a l l i n e  material can be made t o  v i t r i f y  i n  two 

ways following an impact. High pressures  assoc ia ted  w i t h  a 

shock wave without  a s i g n i f i c a n t  amount of h e a t  energy produce 

t h e  so-cal led d i a p l e c t i c  g l a s ses  (5 )  

morphic g l a s ses  by Chao (6)) . 
of t h e  c r y s t a l l i n e  material are preserved i n  these  shock 

produced g l a s ses .  This i s  expected because s i g n i f i c a n t  homo- 

geniza t ion  between ad jacent  g ra ins  does no t  occur due t o  the  

lack of long d i s t ance  d i f fus ion  which i s  a high temperature 

process .  

( a l s o  termed the theto-  

The o r i g i n a l  g r a i n  boundaries 

The second way of producing a g l a s s  following an impact 

is by a c t u a l  mel t ing of t h e  c r y s t a l l i n e  material. 
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Petrographic  s tudy revea ls  the absence of g r a i n  

boundaries i n  most t e k t i t e s .  Pronounced f l o w  s t r u c t u r e  

cons i s t ing  of s c h l i e r e n  of g l a s ses  of s l i g h t l y  d i f f e r e n t  

composition accompanied by s t r a i n  b i re f r ingence  a re  

o f t e n  observed, (7) T h i s  suggests  t h a t  formation of 

t ek t i te  material took p l ace  by an a c t u a l  melting with a 

f i n i t e  amount of long d is tance  d i f fus ion .  

A primary except ion (where the g r a i n  boundaries do 

e x i s t )  is the Muong-Nong tektites. Whereas the Muong-Nong 

tekti tes can be regarded as d i a p l e c t i c ,  t h e  presence of 

a r e l a t i v e l y  high degree of homogeneity w i t h i n  the g ra ins  ( 8 )  

suggests  that  they might have been g lassy  t o  some e x t e n t  

even before  the impact. (9) 

N o  l a rge  bodies  of n a t u r a l  g l a s s  approximating the  

tekt i te  composition are found i n  the v i c i n i t y  of the re- 

covery a reas  of the’ tektites. Even an ind iv idua l  t e r r e s t r i a l  

mineral  matching the chemical composition of t e k t i t e s  exac t ly  

is no t  found. C l o s e s t ,  perhaps,  are t h e  subgreywackes from 

Henbury, Austral ia(1o) ,  b u t  these depos i t s  are phys ica l  

mixtures of minerals  including quar tz  g ra ins  of 0 . 2  - 0.5 mm 

s i z e s  a 

It is ev iden t  that  a necessary requirement f o r  a tek t i te  

o r i g i n a t i n g  on the earth is  a thermal h i s t o r y  following the  

impact which is  of s u f f i c i e n t  temperature and s u f f i c i e n t  

dura t ion  t o  permit  mel t ing and homogenizing of t he  mineral  

mixture. This requirement of an ex tens ive  thermal h i s t o r y  
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although s u f f i c i e n t ,  i s  n o t  a necessary one f o r  a t e k t i t e  

produced on the moon i n  view of p o s s i b i l i t y  that  some 

f r a c t i o n  of the luna r  c r u s t  may be g l a  

An'impact on a g l a s s y  mineral  on t h e  moon g iv ing  

rise t o  moderate temperatures could n o t  only be compatible 

w i t h  t h e  observed u l t ima te  homogeneity of tekti tes b u t  could 

also be c o n s i s t e n t  w i t h  the d i a p l e c t i c  na tu re  of the Muong- 

Nong t e k t i t e s .  

The p r e s e n t  i n v e s t i g a t i o n  attempted t o  estimate t h e  

poss ib l e  thermal h i s tor ies  of a Thailand t e k t i t e  which would 

be c o n s i s t e n t  w i t h  i t s  observed homogeneity. 

The approach thus  far included t h e  following: 

i. A study of the homogeneity of a Thailand t ek t i t e  

relative t o  t w o  labora tory  synthesized m e l t s .  

ii. A measurement of the  effective b inary  d i f f u s i o n  

c o e f f i c i e n t  of i r o n ' i n  the s y n t h e t i c  composition as a func t ion  

of temperature. 

iii. The use of d i f f u s i o n  c o e f f i c i e n t s  obtained f r o m  (ii) 

t o  c a l c u l a t e  the homogenization t i m e s  of a hypo the t i ca l  rock 

w i t h  laminations of f l u c t u a t i n g  i r o n  content .  
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G l a s s  Compositions 

Table I shows the composition of fou r  t e k t i t e s  used 
(11 1 i n  this study. The  first one i s  a Thailand t e k t i t e  2172. 

The second composition i s  an attempted dup l i ca t ion .  I t  

w a s  prepared by mel t ing  500 g. of thoroughly mixed a n a l y t i c a l  

grade chemicals i n  a i r  i n  a globar  electric r e s i s t ance  

furnace a t  155OOC f o r  24 hours.  The g l a s s  had bubbles. 

The t h i r d  composition, TA,  i s  a s impl i f i ed  r ep resen ta t ion  

of the t e k t i t e  system. I t  e l imina te s  a l l  t h e  minor cons t i -  

tuents .  A g loba r  m e l t  obtained a t  155OOC w a s  broken t o  

p i eces  and la te r  hea ted  i n  a z i r con ia  c ruc ib l e  i n  a gas f i r e d  

k i l n  f o r  4 hours a t  180OOC t o  y i e l d  a bubble-free g l a s s .  

The fou r th  composition, TB,  has no i r o n  - t h e  missing 

i r o n  i s  compensated by a propor t iona te  inc rease  i n  the rest 

of the cons t i t uen t s .  A 155OOC globar  m e l t  w a s  later f i r e d  

a t  18OO0C. Two such repea ted  melt ings could n o t  r i d  t h e  

g l a s s  of bubbles (up t o  1 / 4  mm s i z e )  and hence it w a s  employed 

as such. 

Homogeneity Determinations 

A s e c t i o n  of t h e  Thailand t e k t i t e  containing a r a d i a l  

p lane  and pieces  of the two s y n t h e t i c  compositions, JC3 and 

TA, w e r e  examined under the e l e c t r o n  microprobe f o r  contained 

chemical inhomogeneities . 
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I n  o rde r  t o  separate s m a l l  concentrat ion va r i a t ions  

from t h e  t i m e  dependent d r i f t  of t h e  e l ec t ron  microprobe, 

the following technique w a s  used. The e l ec t ron  beam w a s  

stepped 10 p i n  a forward d i r ec t ion  100 t i m e s  and then  

s tepped backwards on the same trace (Fig.  1). A matrix 

w a s  generated where a column represents  a p a r t i c u l a r  

p o s i t i o n  on t h e  trace and a row represents  a p a r t i c u l a r  

t i m e  i n t e r v a l  whi le  following t h e  trace. 

Consider the s i t u a t i o n  where t h e  microprobe simul- 

taneously analyzes two elements , A and B, which are either 

independently d i s t r i b u t e d  o r  which d i sp lay  a negat ive 
I 

cor re l a t ion .  A matr ix  of t h e  r a t i o  of counts of A t o  B 

w i l l  be free of any e f f e c t s  due t o  defocussing of the e l e c t r o n  

beam a t  any s t a g e  during the  ana lys i s .  S l i g h t  imperfect ions 

i n  the specimen stage which can cause s i g n i f i c a n t  defocussing 

over t h e  1 mm t r a v e r s e  are thus removed. At t h e  same t i m e ,  

it is easy t o  show (12). t h a t  the column means w i l l  b e  inf luenced 

by t h e  inhomogeneities i n  A and B only,  whereas t h e  row means 

by the d r i f t  of the instrument  alone. 

The  ana lys i s  of t h e  data t o  sepa ra t e  t h e  con t r ibu t ions  

due t o  inhomogeneities and d r i f t  then becomes a simple t w o  

va r i ab le s  of c l a s s i f i c a t i o n ,  Analysis of Variance technique 

employing the s t anda rd  F tests. (13 1 

Microanalyses w e r e  performed i n  t h i s  manner f o r  t w o  

p a i r s ;  Fe-Si and A1-Ca i n  t h e  t h r e e  g l a s ses -  Fig. 2 and 

Fig. 3 show a p l o t  of the column means of the Si/Fe ra t io  



FIG.1: THE MATRIX METHOD 
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and t h e  C a / A 1  ra t io  f o r  t h e  th ree  g lasses  aga ins t  t h e  

d i s t ance  from an a r b i t r a r y  poin t .  The dashed l i n e s  

represent  the  l i m i t s  of 95% l e v e l  of confidence t h a t  no 

inhomogeneity e x i s t s .  These l i m i t s  are def ined by t h e  

var iance of the inhe ren t  scatter i n  counting. 

value of i r o n  oxide content  of 5.0 w t .  %,  a f luc tua t ion  of 

0.05 w t .  % can be detected.  

For a mean 

While t h e r e  appears t o  be a long wavelength f l u c t u a t i o n  

i n  both the  s y n t h e t i c  g l a s s e s ,  t h e  t e k t i t e  i s  r e l a t i v e l y  

homogeneous except  f o r  a s i n g l e  i r o n  r i c h  peak which could 

be i d e n t i f i e d  t o  be corresponding t o  about 5.25 w t .  % i r o n  

oxide. This may w e l l  be  due t o  remnants from a me teo r i t i c  

inc lus ion .  An add i t iona l  scan  on the  same sample 200 p away 

revealed no i r o n  rich peak. 

Table I1 shows the F values f o r  t he  S i /Fe  r a t io  and t h e  

C a / A l  r a t i o  i n  the khree g lasses .  

exceeds t h e  value given i n  t h e  l a s t  column, then it can be 

I f  a measured value of F 

s t a t e d  w i t h  95% confidence t h a t  a s i g n i f i c a n t  inhomogeneity 

(or d r i f t )  e x i s t s .  

Despi te  l a rge  d r i f t  effects, it i s  easy t o  see t h a t ,  

although inhomogeneities e x i s t  i n  a l l ,  t h e  three g la s ses  are 

n o t  t o o  d i f f e r e n t  from each o ther .  I f  we  ignore t h e  60 u 

wide i r o n  r i c h  inc lus ion  i n  t h e  Thailand t e k t i t e ,  i ts  F 

value of Si /Fe inhomogeneity e f f e c t  drops down t o  1 . 1 4  ind i -  

ca t ing  t h a t ,  away from t h e  inc lus ion ,  t he  2172 t e k t i t e  i s  

the  m o s t  homogeneous g l a s s  of a l l .  
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The d e f i n i t i o n  of the e f f e c t i v e  binary d i f f u s i o n  

i n  a multicomponent system follows ( 1 4 )  
D i M  c o e f f i c i e n t ,  

F ick ' s  f i r s t  l a w  as 

Ji = - DiM VCi 

where Ji is  the  m a s s  f l u x  and Ci is the  m a s s  concentrat ion 

of spec ies  i. Equation (1) treats t h e  d i f fus ion  of i as 

i f  it w e r e  moving i n  a matr ix  of a l l  o the r  spec ies  p u t  

toge ther  as spec ies  M. I n  a multicomponent system, when 

d i f fus ion  i s  l i m i t e d  t o  a s p e c i f i c  "d i rec t ion"  i n  the com- 

p o s i t i o n  space,  the EBDC is  a meaningful c o e f f i c i e n t  t o  

descr ibe  the  mixing behavior  of a spec ies  (15) as i s  i t s  

in t e r -d i f fus ion  c o e f f i c i e n t s  matr ix  (16) which i s  tedious 

t o  obta in  (17) and use when t h e  number of components exceeds 

3. Since w e  w i l l  be concerned onwards with the EBDC only,  

w e  w i l l  henceforth use the simpler  no ta t ion ,  D ,  i n s t ead  of 

D i M '  
To assure  the proper  

the d i f f u s i o n  w a s  c a r r i e d  

d i r e c t i o n a l i t y  of d i f f u s i o n  of Fe, 

ou t  i n  s y n t h e t i c  g l a s ses  TA and 

TB whose compositions have already been given i n  T a b l e  I. 

On a pseudo-ternary composition space,  t h e  l i n e  jo in ing  

TA and TB po in t s  towards pure Fe304 (Fig. 4 ) .  
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Fig.  5 shows the d i f f u s i o n  assembly, The specimens are 

8 mm i n  diameter and about 3 1/2 mm th i ck  discs with pol i shed  

faces i n  contac t .  

pu lver ized  fused Si02 .  

a g loba r  furnace i n  a i r  with a temperature c o n t r o l  of + 10°C.  

The housing is made o u t  of s l i p  cast 

Diffusion w a s  carried ou t  i n s i d e  

- 
Samples were c u t  p a r a l l e l  t o  t h e  c y l i n d r i c a l  a x i s ,  and 

la ter  microanalyzed, A t y p i c a l  p l o t  of X-ray counts of Fe 

on the ord ina te  a g a i n s t  d i s t ance  i n  microns from t h e  i n t e r -  

f ace  i s  shown i n  Fig.  6. For a cons tan t  EBDC, t h e  concent ra t ion ,  

Ci, as a func t ion  of d i s t ance ,  x, f r o m  t h e  o r i g i n a l  i n t e r f a c e  

a t  t i m e ,  t ,  i n  a u n i d i r e c t i o n a l  s emi - in f in i t e  couple i s  

where 

Cio = Ci a t  t = o f o r  x < o 

Equation (2)  enables  a c a l c u l a t i o n  of D from t h e  experi-  

mental p r o f i l e s .  The  r e s u l t s  seem t o  be unaffected by t h e  

presence of bubbles i n  glass TB because cons tan t  values of 

t h e  EBDC w e r e  obtained from experiments conducted a t  t h e  same 

temperature for  var ious  lengths  of t i m e .  T a b l e  I11 lists t h e  

vari ous experiments p e r f  onne d , 

A p l o t  of the logarithm of EBDC of Fe aga ins t  t he  reci- 

p roca l  of absolu te  temp is  shown i n  Fig.  7. A s t r a i g h t  l i n e -  
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t o  the Arrhenius rate 

= Do exp (-AHD/RT) 

type equat ion 

can be drawn through t h i s  data t o  y i e l d  an a c t i v a t i o n  energy 

AHD for the EBDC of i r o n  t o  be % 64 Kcal/mol. 

I ron  Content 

Simple models t o  c a l c u l a t e  t h e  t i m e  dependent temperature 

d i s t r i b u t i o n  i n  c e r t a i n  geologica l  phenomena have been used 
by Lovering. (19 1 

The model of a laminated s t r u c t u r e  w i t h  f l uc tua t ing  

concentrat ion has been used by Cooper (20)  t o  estimate the  

homogenization t i m e s  of s t r i a t i o n s  by d i f f u s i v e  mixing i n  

a g l a s s  tank. 

Consider the case of a laminated s t r u c t u r e  of i r o n  

inhomogeneity shown i n  Fig.  8. Each i r o n  rich lamina i s  of 

thickness  2ti1, and the i r o n  depleted lamina i s  of thickness  

2 6 2 .  

t ha t  the concentrat ion level of i r o n  i n  a l l  t he  i r o n  r i c h  

lamina is  Cio and i n  a l l  i r o n  depleted lamina i s  zero 

a t  t i m e  t = 0. The concentrat ion,  Ci, a t  x = o and t - > o 

The wavelength of f l u c t u a t i o n  i s  X = 2 (61 + d2). A s s u m e  

i s  given by (21)  
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where 

= EBDC - t i m e  product f o r  i r o n  (Dt) e f f  

d t  
- I D(T) dT (-1 dT f o r  i r o n  - 

thermal cyc le  

Equation ( 4 )  can be solved f o r  var ious ra t ios  of d1/S2. I t  
2 can be seen t h a t  f o r  l a r g e  t i m e s ,  i. e. , when ( D t )  e f f / A  

exceeds 0 . 1 ,  t h e  s o l u t i o n  behaves as i f  a l l  t h e  lamina w e r e  

of equa l  th ickness .  

When 6 = 62, a more convenient form (22) of equat ion ( 4 )  

f o r  long t i m e s  i s  

4 2 2 - 0 . 5  
= - exp [- 471 ( D t l e f f / h  1 ‘i 

‘io - 0.5 71 

The l e f t  hand s i d e  of equat ion (6) is  j u s t  t h e  f r a c t i o n a l  

change i n  concent ra t ion  a t  x = o above t h e  mean. N o  s i g n i f i -  

cant i r o n  inhomogeneity i s  de tec t ed  by t h e  microprobe when 

(Ci - 0.5)/(Cio - 0.5) = 0.01. This corresponds t o  

( D t ) e f f / h 2  = 0.12. 
2 ( D t l e f f / X  = 0.2 .  

I f  (Ci - 0.5)/(Cio - 0.5) w e r e  0.0005, 
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2 I t  is  clear t h a t  when ( D t J e f f / X  exceeds 0 .2 ,  w e  

can no longer  detect the occurrence of any f u r t h e r  homo- 

geni  z a t i  on. 

Fig. 9 shows a sketch of an a rb i t ra r i ly  chosen thermal 

h i s t o r y  which would homogenize an i r o n  f luc tua t ion  wave- 

length of 4011. S i g n i f i c a n t  d i f fus ion  occurs only wi th in  

t h e  shaded area. A v a r i e t y  of thermal histories could be 

s u b s t i t u t e d  for  t h a t  shown i n  Fig. 9. Higher temperatures 

would permit  s h o r t e r  t i m e s  whi le  longer t i m e s  n a t u r a l l y  

allow lower maximum temperatures . 
Table IV is  presented  t o  permit add i t iona l  i n s i g h t  

i n t o  the thermal his tory necessary t o  homogenize f luc tua t ions  

of var ious wavelengths. The las t  two columns g ive  the 

minimum times f o r  homogenizations a t  155OOC and 180OOC - 
if the g l a s s  w e r e  heated t o  temperature ins tan taneous ly  and 

quenched after homogenization. 

For a f i n e  p a r t i c l e  s i z e  i n i t i a l l y ,  t h e  homogenization 

t i m e s  are of the order of seconds b u t  qu ick ly  t u r n  i n t o  

minutes as the p a r t i c l e  s i z e  is  increased  due t o  t h e  pa rabo l i c  

r e l a t i o n s h i p  between ( D t )  ef and A .  

The above ca l cu la t ion  is based upon two main assumptions, 

namely : 

i. A l l  the i r o n  comes f r o m  t h e  mineral  itself and no t  

from the meteor i te .  

ii. The EBDC follows t h e  Arrhenious r e l a t i o n  up t o  a t  

least 18OOOC. 
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The first of these  assumptions seems l i k e l y  because 

the t r a n s p o r t  of i ron through the d i s t ances  of the order 

of cent imeters  fo r  the case of l a r g e  tekti tes i s  very 

unl ike ly  a t  conceivable temperatures. Another reason i s  

the occurrence of l o w  N i  conten t  i n  tektites. Nickel  ought 

t o  d i f f u s e  as f a s t  as i r o n  and t h e  chances of a l l  the 

t e k t i t e s  being produced by no n i c k e l  containing meteorite 

are very s l i m .  

The second assumption seems p l a u s i b l e  and although 

there i s  no theoretical basis for  expect ing Arrhenius 

behavior of the EBDC, the r e s u l t s  shown i n  Fig. seem t o  

sugges t  that the Arrhenius rate equat ion gives a reasonable 

d e s c r i p t i o n  of the temperature dependence. 

Conclusions 

So f a r  the estimates of the thermal h i s t o r y  of a Thailand 

t e k t i t e  2172 have been made through cons idera t ions  of t h e  

d i f f u s i o n  behavior of i r o n  alone. It  i s  l i k e l y  that  o ther  

rate cons idera t ions  such as t h e  removal of bubbles and the  

homogenization of the less mobile spec ie s  such as s i l i c o n  would 

r equ i r e  more ex tens ive  thermal histories than t h e  ones calcu- 

lated here. Even w i t h  the data presented here, i t  i s  d i f f i c u l t  

t o  conceive of obta in ing  2172 t e k t i t e  f r o m  Henbury subgreywacke 

containing 1/2 mm q u a r t z  g r a i n s  unless  the temperatures exceeded 

180OOC for  long t i m e s .  
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