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. 'ABSTRACT
Sahp]es of the Prosperous Lake'Granite'were heated in air at

890 C for periods, of t1me vary1ng fr0m 2.5 to 10]9 hours ,, resu1t1ng in

87r

~—the‘h1grat1on of Na, K, Rb, and St jons: between the m1neral const1tu-

ents of the rock. E]ectron m1croprobe ana]ys1s demonstrated thetoccur—‘
rence of Na and K. exchange between a1b1te and the K- m1nera1s (b1ot1te,

muscovite, and m1crpc11ne)'“ Biotite lost approx1mate]y 30% OflltS

87r 87r

s and muscov1te 1ost 15% of its Sr and ‘gained .

originalde and Sr

an addltional 10% Rb by 1079 hours of heat1nq | No other e]ements mig--

rated. between nnnera]s as a- resu1t of heat1ng | | |
U51ng a d1ffus1on mode], coeff1c1eqts for m1qrat1on or d1ffus1on

-12

for the above 1ons of 10 ]S‘to 107 ¢cm /sec were ca]cu]ated Vo]ume

' ,d1ffus1on of K 1nto a]b1te appeared to be the Timiting factor in Na K

exchange 1n the rock - The dr1v1ng force’ for such s1gn1f1cant alkali ex-.

change to occur was undoubted]y a resu]t of changes 1n equ111br1a at the

h1gh temperatures eﬂp]oyed
The micas were dehydrated with b1ot1te undergo1nq cons1derab]e
decompos1t1on on a m1crometre scale (but. w1th ro OVerall change 1n “com-

'pos1t1on except for alkali’ 1ons) durlng the course of the exper1ment

Ionic mlgratlons appeared to occur by non- vo]ume d1ffu510n in the micas.

Neverthé]ess, rap1d 1oss of rad1ogen1c Sr from b1ot1te and muscov1te,

situation. was therefore ana]ogous to the-m1grat1on of radaogenlc Sr-
dur1ng metamorph1sm, 111ustrat1ng the 1nportance of thermodynam1c as
well as kfnet1c factors under both exper1menta1 and natura] geo]og%c

I S

conditions. . IR . I

tv

w1th no. conparab]e movement of other d1va1ent cat1ons was observed - The
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o
INTRODUCTION

¢

7 The implements of the sc1ent1f1c method include observat1on,
formatlon and te3t1ng of hypotheses, and exper1nmntat10n Utilizing
mainly the flrst two of these 1nvest1qat1ve alds, the early geologists'

,task of determ1n1ng events in earth history was akin to the dee]pherlng
of hieroglyphics. With the experiment already comp]ete, it was necessary
to work backwards to deduce the conditions from the results. iHowever.
the _techniques of both observatien and'experinentation‘have‘become in- ‘
creasingfy sophisticated, and it is now possih]e to simulate some ‘geo-
togic processes in the laboratory. ' | | .

In the study of deologjc events in time, the development of

“isotope geochronology has proven invaluable. There are three main -
radioactive decay schemes presently in commonvuse'fqr_the dattng of -

/ roehs‘and minerals: those of the potassfum—argon, rubidiuméstrontfum,
and‘Uraningthorium—lead nuc]ide pairs.b In order for one of these
radiometri¢ "clocks" to yield mean1ngfut ages of crysta111zat1on of
geo]og1c units, 1t must be assumed that the rock or m1nera] be1ng dated

“ﬁﬁas been a closed system, i. e closed to loss or qa1n of both parent
and daughter nucl1des since the t1me df 1ts formation. However, dis-
cordances‘are,often’present hetween the ages yielded by the different
radiometric deeay systems ~ Also different minerals fhom a given rock’
may glve d1sqordant rad10metr1c ages using on]y a single decay system.
fThus very few geo]og1c systems can be considered str1ct]y "closed"” from

the. po1nt of view of rad1ometr1c ‘dating. o )

Ana]yt1ca] dates obta1ned by these methods may somet1mes ?e

'1nferred to re]ate to major geo]og1c events, e.g.” metamorph1sm or in-

] ."
, .

1



trusion (Mdorbath; 1967), if the minerals or rochs have recrystallized
dr equilibrated with respect to parent and daughter nuclides on a hand
specimen. or reglona] scale during the event Re*equ1]1brat1on occurs
due to thermodynamic 1nstabi]ity,,and to the increased mobi]jtie; of
foriic species in minerals resd]tingnfron the increased temperature and)
or pressure. In particu]ar,_daudhter nuc]ides of radioactive decay
would be expected to occupy thermodynamica]]yvand geochemical unstabde.
niches, and likely would relocate to more favdrab]elsites. Thds, dates
obtained depend on geochemical migr;tion§ or diffusibn; which in turn
'depends.on temperature and other paraneters. Stgnificant diffusion maj
occur we]] below crysta1lizat{on temperatures, at temperatures which
.may be maintained for many millions of {fars after crystal]1zatlon
Later, smalil therma] events may also rgsu]t in diffusion of sone species,
yet show nq ev1dence on petrographic examination. Therefore, inm areas
' of conplex geo]ogic history; with discordant ages, the dates themselyes -
may have almost no time significance. (Mocrbath 1967).
When can one assume equ111br1um, or that rock systems have

| been closed? Uhat are the rates and temperature dependence of diffusive
processes in rocks7 The. gedthrono]og1st needs ansners to these ques-
t10ns to unravel geotogic hlstory But such questions ]1e w1th1n the
realms of the physical chem1stl Nevertheless, the k1net1cs of dlffus1ve
| processes const1tutes a SubJECt which is agsumlng great 1mportance in -
a]] branches 'of geology, including geochronology The upsurge of
1nterest 1n this area‘of research is evidenced by the pub11cat1on of -

Geochemlcal Transport and K1net1cs (1974) by the Carnegie Inst1tute of

Nash1ngton In particular, the paper by B.J. G11ett1 perta1ns to d1f—

fus1on as re]ated to geochronology and summar1zes research 1n the area



up to 1974. -.The to]]owing discussion.is concerned mainly with work
relevant to diffusion involving the Rb/Sr method of dating.

,A common pattern could often be discerned insdiscordant Rb/Sr
mineral age$, Jeading to the deve]opment of the isochron Rlot by Nioo-
laysen (1961, in Fauro and Powell, 1972). Where co-existent minerals
had re-equilibrated with respect to strontium isotopes during a metamor-
phic euent, the minera1 jsochron could be used to date the event,vsince
the initial strontium isotopic'composition would not.have to be assumed.
Subsequent interpretations of discordant aoes obtained by the Rb/Sr
method have preSupposed redistribution of radiogenic Srfduring metamor-
phfsm, ana]ogous to loss of radiogenic argon when K/Ar dat%ng is used.

~ Various researchers have stud1ed the d1ffus1on of radio-
genic nuclides in geologic.field settings affected by a thermal event,
e.g. contact metamorphism. Hart et al. (1968) d1scuSsed the d15Lozdant
mineral age relations in the vicinity of a granitic intrusive, the
E]dora stock. Rb/Sr and K/Ar ages were determined in the Precambrian
basement rocks at varying distances away from the contact. A1l mineral
ages were found to increase (to;var1ab1e_extents) with distance away -
from the contact, and a hierarchy .of stability of the mineral ages to |
the thermal metamorphism was also established. Heat flow models were
used to est1mate temperature as a function of d1stance from the contact.
The age var1at1ons were ‘then described in terms of simple d1ffus1ve
loss of the daughter products, "argon and stront1um, assum1ng spher1ca]
diffusion geometry. Diffusion coefficients were calculated us1ng

/

the ages to determine the amount of lToss -of ‘these nuc11des and Were

‘plotted according to an Arrhenlus relationship, us1ng temperatures

',obtained by tﬂe heat flow mode}s. Act1vat1on energles on the order



”

s ‘ .
of 15 to 30 kcal/mole (depending on the heat flow model usedd for the

diffusion of argon and strontium in biotite were obtained. The effect

of grain size on losses of radiogenic Sr. in biotite was also investi-

gated. Fine-grained biotite yielded lower RBVSr ages than'coarse”

grained biotite. The radial distribbtion of Rb, K,‘and Srin flakes‘of

biotite was studied. Radiogenic strontium was found to decrease, normal’

strontium to increase, and potassiuﬁ and rubidium to remain cssentiaflyl

constant (decrease slightly) in concentrat1on from the center to the rim

of the grain. The aove results indicated that low Rb/Sr ages were.

indeed due to Ioss of” rad1ogen1c strontium, and not to gain of rubidium,

and that diffusion was controlied by particle size. | |
A'simi]ar study was carried out»by Hanson and .Gast (1967) on

the effects of thermal nepamqrphfém near‘%he cbhtacts of two Mafie ‘

intrusives. AE%ivatipn energiee of 50 to. 75 kcal/mo]e for the loss of

radiogenic argonvand strontium due to sihp]e vo]ﬁme diffusion were

obtained A more general nathemat1ca] formu]at1on for descr1b1ng the

kinetics of contact metamorphlsm was g1ven by Gray (1971). The above .

studies have yielded variable resu]ts due to the assumptlons 1nv0]ved

and the requ1rement for having an accurate model of the therma]

in order to determine d1ffu51v1tTes

*self- d1ffu51on, the mlgratlon of a single atomic species, usua]]y stud-
-ied using isotopic tracers, as compared to 1nterd1ffu51on, diffusion
characterized by exchange of one 1on1c spec1es for. another (GiTetti,
1974 A)



duction due to the time factor involved. In the past ten years, exper-
1menta1 petrology has become more refined, S0 that many experimental
parameters besides temperature and pressure can be contro]]ed (Hewitt
and Gi]bert,-197o), however, no petrologist, no matter his longevity,
can'hope'to conduct an experiment compiete]y true to nature. It is
therefore often necessary to emp]oy higher temperatures or cata]ysts
n‘experinentai petrology, .and, a]though ]imita%ions are inherent in

\ .
the procedure, to extrapolate the resu]ts to. conditions actually occur-

t ‘-A .

ring geo]ogicaily o ' N

N
The diffu51on of ‘argon in many minerals ‘has been exten51ve1y

~ studied, but investigations of diffusion.affecting the Rber'system
have, as vet, been few. A.W. Hotmann'(1974), studying the diffusion
of Ca and Sr in a dry basa{tlmeit,-found'that equilibration on a-

’ centimeter scale would fequire a few years, but on a kilometer scale
would not be compTete even in,theﬂlifetime_of the earth,'as estimated‘

, from the magnitude of the diffusion coefficients a]one Diffusion.

‘ coeffic1ents in so]id 5111cate systems are usuai]y severa] orders of
magnitude lower than in silicate me]ts Most experinents have utilized.

1sotopic exchange of minerals yith hydrothermai so]utions, but early

© studies along th]S line often resu]ted in chemicai reaction instead

of diffusion. . S .
e o o c

. The most extensive and consistent work has been carried out
by Giletti and coworkers at Brown University.- Giletti (19/4 A) dis-
. . - [

cussed various criteria of‘experinenta] design necessary for the .mea-

- surement of self- diffu510n coeff1c1ents of ionic spec1es in minera]s,
1nc1ud1ng stability of the mineral under the conditions of. the experi-‘

‘ment, and maintenance of e]ectrical neutrality. The research group




emp]oyed jsotopic exchange of minera]s’(afbite, microcline,'biotite) with
“hydrothermal so]utions that were in equilibriuh with the minerals, except
'lfor 1sotop1c d1sequ111br1um of the element under study, at 2 kbar pres-
sure; in the temperature range from 300° to 800° C. D1ffus1on coeff1c1ents
were estimated from experimenta] data assuming cy11ndr1ca1 or spherical
diffdsion geometries:i

Hotmann and Gf1etti;(1970) investigated K, Rb, Na, and Sr dif-
fusion in biotite. The potassium diffusivity was approximately'three

’t1mes~that for rubidium, and sodium diffused faster than potassium

but d1ffus1on constants for Na and. rad1ogen1c Sr d1d not appeyr to differ .

from those for K and Rb by more than one order of maqn1tude Initia]]y,'
vh1gh d1ffus1£n rates were observed after which the d1ffus1on coefe
f1c1ents decreased with increasing run durat10n, squest1nq that more
than one diffusion mechan1sm was operat1ve The advent of the ion micro-
»probe has made it poss1b1e to study very sma]] dlffu51on-6rad1ents
and d1ffus10n anisotropy. The ion m1croprobe was -applied to .re-inves-
tigate the K dittesion in the above b1ot1te, w1th the resu]t that K dif-
- fusivity was found to be two to four orders of magnltude greater in the
a or b crysta]]ograph1c d1rect1ons than in the c-axis d1rect1on (Hofmann
et al., 1974) Giletti (1974 A) has a]so referred to pre11m1nary
. resutts from Hofmann's and Foland's theses, indicating that for Sr .
fdfffusien in biotdte and drthot]ase, there apbeared to be no difference
»1n the d1ffus1v1t1es of rad1ogen1c and ‘non- rad1oqen1c Sr |

Kasper (1974) studied cat1on (Na, K, Rb) d1ffus1on in the Amelia
"albgte, ca]cu]ated d1ffus1on coefficients assum1nq spher1ca1 d1ffus1on

-geometry, and obta1ned act1vat1on energies (Q) for diffusion of these

ions from 25 to 50 kca]/mo]e (QRb<QNa<QK) The K diffusion was




.’

again investigated by Giletti (1974 B) using an jon microprobe, An

activation/energy of 38.kca1/mole K in the (001) crystallographic -

direction was obtained, The diffusfon coefficient- in the (010) direction

was one-tenth that in the_(OO]) directionmat 800°C. -

| Foland (1974) disc'u‘sse'd alkali (Na,‘ K, Rb) diffusion in the .

- Benson Mines orthoclase. Both cy]indricaT and sphericaT models for a.f- |

fusion;were utilized to_ca]cd]ate diffusion coefficients, whjch were

2.5 times higher using the cylindrical model. -Activation energies

. from 50 to 75 kcaT/moTe were obtained, increasing in the order QNa<QK§QRb;
Diffusivities (diffusion coetficjents, D) increased'in the order
Rb<DK<DN FoTand'concTuded.that'"forlaTkaTﬁ diﬁfusionf’(in ortho-
clase) "the rates decrease'and.the.acttvation energies.increase with

” increasing ionic size." The K diffusivity was.much'sma]]er than Na
d1ffus1v1ty (e.q. at 800 c, DN ~1000 DK~3000 DRb) nd the difference
1ncreased with 1ncreas1ng temperature, suggest1ng d1fferent mechan1sms
of d1ffus1on between Na and K or Rb. Some jon exchange (1nterd1ffu51on)
exper1ments of orthoclase w1th (K Na) Cl soTutions.were also attempted.

. wThe rate of approach of ‘the f]u1d to Na/K equ111br1um was very sTow and
seemed to be governed by orthoc]ase K diffusion, The approach to Na
1sotop1c equ111br1um was much faster than to Na or K chem1ca1 equ111br1um.
Therefore Na and K appeared not to be coup]ed, in sp1te of the requ1rement
for eTectr1ca1 neutrality. Foland also cons1dered the resuTts of
1nvest1gat1ons by other Taborator1es on aTkaT1 diffusion 1n ferspars, '

' and concTuded that d1ffus1on was much the same in. moTten saTt and hydro-
thermal experlments D1scuss1on of’ aTkaT1 d1ffus1on in- ferspars can.-
“be found in Ferspar M1neraTs (1974 Vol. 2, Sm1th ed.).

<
The aforenamed experlments are. ‘beginning to y1e1d accurate data 3

Rl e by e i+ e e e e sty PR . bt 2 - .
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on- the diffusion of 1ons in pure m1nera1s, however, in most 1nstances, the
data cannot be directly applied to geolog1c field s1tuat1dns In a rock,
interdiffusion or reaction occurs rather than se]f—drffusion. dhe |
movement of an ijon depends en other phases for its take up end re]easel
and thus "the apparent age stability of the datee mineral may depene

on therparticu1ér mineral assemblage it is in" (Hart et al., 1968). It
would be desirable to obtqin'data in situations that are intermediafe
between field observations involving many assumptions and idea]izatibns
‘about diffusion, and iaboratory experiments en isolated minera]s involving
very idealized precesses as compared to.what occurs geologically.

With the above point in mind, Baadsgaard and van Breemen (1970)

tried to induce migration of Rb and Sr in’a silicate rock, the Prosperous

Lake Gran1te by heat1ng Van Breemenf(1965) had carried out some
previous heat1ng exper1ments on the Southeast Granod]orlte The rock
was heated in air for 100 Hours at 800°, 860°5 920°, 985°, and 1025°C,

and the minerals were then separated and analysed for Rb and Sr isotopic

compositions. The samples heated at the highest temperatures had

partially fused, making the minera] separations and interpretation of

results difficult. , However, even-at the 1ower temperatures, there were

86

signfficant changes in the Sr /Sr rat1os ‘and the Rb, Sr, K, and Na’

concentrations in the fndividha] minerals, whereas the whole rock had

' not'changed in composition The Sr isotopic compositions changed in

the direction of 1sotop1c homogen12at1on Muscov1te and oxidized b1ot1te
were found to lose Rb and rad1ogen1c Sr, and to ga1n normal Sr, with the

overa11 result that b10t1te would give too high and muscov1te too- 1ow

“apparent ages. WAlbite, and to some extent apat1te,happeared to gain

the radiogenié,Sr:1bst by the other phaSes; Potassiu

“Fom the K-contain-

L f2m
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ing m1nera1s (microcline, muscov1te and b]ot1te)' nd Na front albite were
found to have exchanged to some exten¢ with each other. Microcline and

albite, in part]cu]ar, had undergone con51derab1e m1x1ng with respect

7

T to a]ka11 compos1t1on.

‘The 1nvest1gat1on w1th which the present thesis is concerned,

" was a continuation of the research by Baadsgaard and van Breemen. It |

\

Lo

\

\

was desired to study the rates (k1net1cs) at wh]ch jonic re]ocat1on was -

\ occurr1ng and the re]at1onsh1p of changes in the Rb apd Sr compos1t10n,

. _\\
7

tp changes 1n major e]ement chem1stry of the minerals. To th1s purpose,
further heating experlments were carried out at a single temperature

for\a series. of d1fferent t1me 1ntervals.



" SAMPLE DESCRiPT'ION

The sample selected for this exper1menta1 study was' the Prosperous

. Lake Granite. ThlS rock is actua]]y of quartz monzon1t1c compos1t1on,

consisting almost entirely of quartz, albite (sod1c 011goc1ase). m1cro-
'c11ne muscov1te and b]otlte Chem1ca1 and modaT ana]yses and petro-

vgraphlc descript1on are g1ven by Baadsgaard and van Breemen (1970).

~ " EXPERIMENTAL PROCEDURES

‘A, Heat1ng Procedure
' From prev1ous work carr1ed out by Baadsgaard and van Breemen.

it was dec1ded to choose a heat1ng temperature and heat1ng t1mes such
I3 s

that measurab]e compos1t10na1 changes oceur dur1ng reasonab]y short
times, but where ‘the temperature is below that where fus1on would occur

or where m1nera1 separat1ons wou]d become too d1ff1cu1t Thus, the
L.

temperature se]ected was 890°C and heat1ng exper1ments were carried out

- for vary1ng periods of t1me (from 2,5 to 1079 hours) in order to. fo]]ow

]
e

,the k1net1cs of atomac or 1sotop1c re]ocat1on.

“An unweathered p1ece of the rock ‘was cut into approx1mate1y one
inch cubes, which were 1nterm1xed 1n order to minimize 1arge sca]e _.fQ
inhomogeneity in the rock. These cubes were p{aced in. a furnace in room

vatmosphere around a platinum- platinum 13% rhod1um thermocoup]e, but ;vif

were kept from d1rect oontact w1th the thermocoup]e by sma]] pteces of “f‘
‘the rock. The des1red temperature of 890°C (9 1 m1111vo]t read1ng on

the thermocoup]e) was- reached in two. hours, and the t1me at two hours |

: was taken to be zero t1me, to mark the beg1nn1ng of the experiment. Once
the 890° temperature was reached, 1tgwas found not to vary more»than -

V'20°C from the, desired value.;=

10

=y



Four'cubes fromfdifferehthlocations in the furnace were‘removed,‘
at".each of the fo110w1ng tlmes 25, 50 1@0 213, 405, 802,'1079.hours,
“and thus were qu1ck1y coo]ed to room temperature.‘ The temperatUre in‘
“the furnace was’ observed 1o fa11 momentar11y wh11e the samp1es were.
be1ng removed but was re- estab]1shed in, 15 m]nutes |

=

' Shortﬁtenm.heat1ng was . a]so carried out on four to f1ve cubes

‘of sampTe each t1mc for 2. 5 5 10 and 20 hours ‘In these cases, "the '
furnace:was brought to 890°C and the samples cubes 1nserted qu1ck1y 1nto

theohot‘furnace. The temperature was re- estab]1shed at 890°C in 15
. .
‘minutes. -

F1ve d1fferent p1eces of- Prosperous Lake Granite were left un- ;

1

‘ heated but were subJected to the same - samp11ng and ana1yt1caTipr0cedures',,

as the heated samp1es These unheated samp]es vere to be- used as a
'.standard for comparlson of the resu]ts due to heatung chera] unheated
samples were necessary to e]uc1date to what extent results wou}d~be

affected by compos1t1ona1 heterogeneqty of the samp]e

- B. M1nera] Separat1on

" Both heated and- unheated samp1es were crushed and sjeved. The

'; 80 150 meshrs]ze fract1on oF each - samp]e was. reta1ned Fov m1nera1

. separat1ons// For most of the heated samp]es, part1cu1ar]y that for 405 o

hours_(ap ox1mate1y 60 80 mesh), a s]1ght1y coarser gra1n size was
EUSEd;‘“ | | | ) |

A combinat1on of dens1ty and magnet1c propert1es was ut111zed
to s parate the constltuent m1nerals. S1nk1ng or floatinq in var1ous o
proéort1ons of tetrabromoethane and acetone (or methylene .od1de and

. etone) was a]ternated w1th use of the" Frantz 1sodynam1c eeparator.




Mineral separates of approximately 95% purity could be obtainEd in this

manner.

free of contamination from each other, due to their partial alkali-

homogenization. By optical 1nspection; the mica separates appeared to

o

 be very pure. After one set of isotopic data onrthebunheated mu5g0vites

-yielded variable results, howéVer, it appeared that there'mu§t.sti]1 be -

contamfnation from other minerals. A1l the micas were therefore further
pur1f1ed by sl1d1ng them a]ong a p1ece of- paper. The fine sheets of mica

remalned beh1nd, and round grains were rolled off the paper. By this

. method another 2-to 3% of impurity, cons1st1ng of fe]dspars, quartz;"

and apat1te, cou]d be removed The f1na11y pur1f1ed micas were left

: w1th essent1a11y no contaminant gralns of other minerals ev1dent on )

opt1ca1 examlnatton. A]though some'1mpur1ty still remained as,1nc1usions

between mica sheets,. it was impossible to e]iminate this source of;
contam1nat1on Because of the gross underest1mat1on of th1s type of

1mpur1ty‘by opt1ca1 1nspect10n, and 1ater var1ab111ty of -results on the

unheated m1cas, the final pur1f1ed mica separates were estlmated to be

98 997 “pure" Poss1b1y acid wash1ng would have removed some - fe]dspar
-and apat1te 1mpur1ty, but th1s procedure was not carr1ed out. ~ There .

was not enough mineral separate ava11ab1e to pur1fy the longest heated

: m1ca samp]es as much as des1red

—b._ Heat]ng of M1nera1 Separates

il

Approx1mate]y one gram samp]es of ‘the pur1f1ed unheated b1ot1te,

muscov1te and m1croc11ne ‘were subJected to heat1ng in porce1a1n cruc1b]es

at 900°C 1n a furnace. The we1ght loss after 2 5 hours was found to

‘be 4.30% for the muscovite, 0.07% for the m1croc11ne, and 1.87% for the

The'heated microcline'and'albite could not be completely separated

12

I)' ’
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biotite. Mo additional significant weight changes were observed on

furthgr heating to a total of 23 hours at 900°C, and then at 1150°C

- for another. hour. 'If itsis assumed that all the ferrous iron in biotite

is oxidised by atmospheric oxygen during heating, the 1.87% weight loss

corresponds>to a loss of 4.08% water. This assumption is justified by

'data3on H,0 and Fe0-Fe,04 contents in the heated .and unheated micas .-

(Baadsgaard and van Breemen, 1970).



 RESULTS AND DISCUSSION
-— . . _ N . .:—ﬁ.'

A. Rb and Sr Isotopic Analytical Data
1. Unheated minerals o

The f1ve spec1mens of unheated rock and the- m1nera1s separated
fron them have ‘been des]gnated A to E.  Rubidium and strontlum ana]yses
‘on-the minerals are presented,veach analysis referr1ng;to data from one, ‘
or thevauerage.of two massdspectrometric’runs. It is be]iered’that,
each-run had”an‘ana]ytica1~precisfon of approximate1y 0.5%, Jas indicated |
;‘in the appendlx, and conf1rmed by the reproduc1b111ty of results when
two mass spectrome%gfc runs were performed on the same samp]e When’ tyo

resu]ts for the same samp]e are reported, it is 1mp11ed that two separate ,
derompos1t1ons for d1fferent a11quots of the same m1nera1 separate were
carr1ed out. It should be noted that d1fferent decompos1t1on procedures
were emp]oyed for Rb and Sr analyses, thus, d1fferent port1ons of the (

-~

mineral’ separate were samp]ed. The - average results on’ the unheated
'minerals A to E‘arettabulated. ,Reproduc1b1]1t1es are expressed in terms
of standard devjations'quoted‘at,the»10 level.. o

| - Isotopic data for"unheated'microc]ines;-museovites, andlbiotites
are . presented 1n Tab]es I, 11, and ITI respectwe]y - The: unheatedp
| 'ra1b1tes were not comp]ete]y pur1f1ed nor ana]ysed mass spectrometr1ca11y.

The fol]ow1ng notat1on 1s used to present data in the tab]es

, sr” = concentration of rormal" Sr in p.p.m.
' Sr87r - concentrat1on of rad1ogen1c Sr in p p n..
_'Rb- - concentration of Rb 1n p.p.m.
t* ‘#,s1ngle f11ament Rb analysis.
*k :-'tr1p1e filament Rb analysis.

-, .



. TABLE T~

Rb and Sr in Unheated MicrocTines.

. . . ; . ‘ ‘ - v ) . ) ', *
Microcline Sample SrN(p.p.m.) ‘ Sr87r(p.p.m.)' ~Rb (p.p.m.)

A 158.8
I 164.9
c 160.7
D . ees
E 167.9

6.33
6.17 -

6.29
- 6.29

6.23

621

. 610

616

..__.._..-.—_-..__--.__—...-..._...__..._..__...-__._...—_....___——-——-—-——_—_——-——-—_-—_

* Average Unheated 163 + 4

6.26 + 0,07

*o- Sing]é‘fi1ament:Rb anaTysiﬁ,

15



/ | " TABLE II

Rb and Sr in Unheated Muscovites

yééiovite Sample vSrN(p,p.m.) Sr87r(p.p.m;) ~ Rb (p.p.m.)
AU ? 2 L 604*
B 9.13 . 594 584
¢ 832 6.17 601*
D' | 870 . 5.99 597
e - s 613 586
Averdge Unheated . 8.6+0.4 6.06+ 0.1 594% + 10
A 6.98 630 - 605%
g" o 8.18 . 6.4 . 5ger*
" 809 6.20 5oger
.. 838 A TR - K
e 7.5 a3 seg
Ayérage'Unheqfed"\ ‘ | 7.8 + 0.7 - 6.20 +0.08 - 594** + 8 -

? - sample 1ost'

- initia]]y purified samp]es;'see‘téxt |
" - further burified'sémples;'see text

* 4'Single filament Rb analysis

** - triple filament Rb analysis
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TABLE 11T,

Rb-and Sr_in Unheated Biotites

Biotite Sample SrN(p.p.m ) 87r(p p.m.) Rb (p.p.m.)
A © 4,73 C. 14,41 ' ©1436% ), .
. 472 } 873 4028 } 14.35 1455**:}]QA6 -
B .87 14,05 1433*
464 } 485 1300 } 13.98 .14]]**}1422
¢ 4.77 13,77 4a 1407
4.66 } %72 374 } 13.75 1381**:}1394
D 4.75 ©13.97 ) . 1439 ‘
_4.54'}:4*65 13.51 },‘3'75, 1399**}'14‘8 ,
5.78 14.03 1400 -
E 5.47 } 5.65  13.46 } 13.90 ]4]5**}»1408
5.70 13.90 )
- nverage Unheated 4.9 j;O.S ' 13.95 f_0.25 ' 1418 + 25 |

* - single filament Rb analysis
*% . triple filament Rb analysis
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The results in Table I are essentia]]y identical with those
reported by Baadsgaard and van Breemen (1970) ;or unheated microcline.
‘The sampling variabi]jty can be seen to be several percent for normal
Sy and approximaté]y 1% for radiogenic Sr and\for Rb. ™
, For- the muscdyites, two sets of analyses were carried out, one

on the initially purified minerals (samples A' to E') and another after

g out impurities. The

further purification (samples A" to E") by r

average value for the unheated muscovite demonstrates a large uncertainty ~

in analys1s due to samp]1ng, 5 to 10% in norm and approximately 2%

in Rb and radiogenic Sr. The further purified ogites contain ah
.Uaverage of approx1mate1y 1 p.p. m. less norma] Sr than the initial samples.
It is estimated that less than one percent of a mixed feldspar impurity
can account for the‘d1screpancy. A variable degree of contam1nat1on .
plus actual sanple variation must be'responsib1elfor the 1arge range in
normal Sr va]ues obta1ned B ‘
The unheated b1ot1tes again shou an uncerta1nty of about 10% i
normal Sr and 2% in Rb and radiogenic Sr due to sampling. The large
uncertainty in SrN is believed to incorporate variable degrees of o ,

87r

contam1nat1on, and the var1at1on in Rb and Sr to reflect mainly

sample 1nhomogene1ty. The present data on unheated muscov1te and b1ot1te

do not vary greatly from those reported by Baadsgaard and van’ reemen .
(1970), eXCept'for’SrN in biotite. The difference is attributable to ~

the much greater purity of the biotite samples used in the pfesent.r
study, part1cu1ar1y due to the finer grain size of the mineral separates.
The average values for unheated muscov1tes and b1ot1tes from
Tables II and III were converted to correct for we1ght Toss on heat1ng‘
(8.3% for muscovite, 1.87% for biotite (Exper1menta1 Procedures)) in

order'to'a11ow'comparison,with the heated samples. The muscovite values



. ,
. o 0

~ were divided by 0.957 and biotite va]ues by 0,981 to yieid.results whieh
~are included with data on the»heated.mjnera]s under the notation of

"0 hour sampTe*’ The errors due toesamp1e'variabi1ity and contamination
as determ1ned on the unheated samp]es are assumed to app]y to each of

the heated samp]es also.

2. Heated.Muscovites and Biotitgs A.‘ _ . ﬁ

Resu]ts on the heated muscov1tes and bjotites are deta11ed 1n
Tab]es IV and V respectively. Samp]es are referred to by the 1ength '
\Qf the heating time. The data on the heated muscov1tes 1nd1cate no

87r concentrat1ons until the 405 hour g

signfficant changes- in Rb and Sr
sample; As shown {n Table IV, average va]ues for samp]es heated for

2.5 through 100 hours are almost identical with results for the un-

heated sampTes For heating times'greater than 100 hours, there is a -
degrease in radiogen1c Sr, and an increase in Rb contents of the muscoy1tes.
Because ‘of the 1arge samp]e var]at1on, it is difficult to discern any
concentratlon changes 1nlnormal Sr; however, SrN has probany decreased
.s]ightTy with heatﬁng, especta]]y stnce'the'1onger'heated muscovites
_were*apnarently more'tontaminated with impurities containfng SrN;b,The
Variations in normal Sr deem tt futile to consider 87Sr/868r and Rb/ O
ratios _ Instead only roncentrat1ons have been tabu]ated and w111 be 5
‘cons1dered in the liscussicn. o ‘

The heated biotites again'do not dispiay'noticeab1e concentration
-changes until approx1mate]y 100 hours of heat1ng, when both Rb and Sr 87r
begth to- decrease Norma] Sr is s]1ght1y h1gher 1n a]] the heated samp]es
~ than in the average of‘the unheated samp]es. The.d1fferencev1s most

<,

"1ikely due to increased contamination of the heated samples because of
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their 1arger grain size. The coarsest grained, sample, 405 hour biotite,
| has the highest concentration of SrN, wantanting the above supposition.
It 15 thun ﬂot possible to make any statements about changes 1n SrN
The b1ot1tes - SrN may stay the same w1th heat1ng, or even decreas€, the
decrease be1ng masked by an increase from 1ncreasing amounts of 1mpur1t1es

By 1079 hours of heating time, muscov1te has lost approx1mate1y
hone s1xth of its rad1ogen1c Sr, and ga1ned an additional one -sixth Rb
B1ot1te at 1079 hours, has 1ost approx1mate1y one- third of both 1ts
radiogenic Sr and Rb. The results obtalned 1nd1cate that a steady state

.oor equf]ibrium-haé not been reached by 1079 hours, s1nce the values

are still changing.



"TABLE 1V

Rb and Sr in Heated Muscovites

21

Muscov1te Samp]e - o 87r

Rb(p.p.m.)

(Heating Time = Hours) SrN(p,p.m.) (p pxn )
0! 9.0 +0.5 6.3340.12  621* 411
0" 8.15+0.8 6.48+0.09 621%*+10
2.5 7.00) 6.14 61g**
5 9.52 6.38 612%+
10 7.72 " 6.48 621%%
15 8.3 151108 632 6.35+.12 815" Lg1ga10.
20 8.82(* 6.26 [ 607** f
25 7:73 6.52 | 630%* 4
50 8.03 1 6.33 6185+
100 7.50) 6.37 | 626** | -
7,191, 6.32 —
213 '7.32}7.25 6.27}6.30 . 636%
6.22) . - 6.12 ;
405 6.]'7}6.20 5.99}6,_06 | ._555**
8.03 : 5.59) ¢ wa L
'802 | 7_94}7.99 5.:56}5..‘58_ 670%*
- 6.14) . 5.40) ¢ 4
1079 67]3}6.13 5'344}5.37 678%*

Ol
Oll

Tk

- _unheated muscov1tes, initially pur1f1ed samp]es
- unheated muscov1tes, further pur1f1ed samples

- “all heated samples had undergone the same separation‘
'procedures as the further pur1f1ed unheated muscov1tes v

S s1ng]e f11ament Rb analysis °

- " triple filament Rb analysis

Ao



TABLE V .

Rb -and Sr-in Heated Biotites

Biotite Sample’

(Heating Time - Hours) SrN(b.b.m.) v Sr87r(p.p.m.) : RB(p.p.m;)
L0 50405 142 +0.25 1445 + 25
: . 1604 -
2.5 5.97 - 15.32 3 1542}1573** |
5 . 6.40 15,30 o 7498%* ’
. 0 ~ 6.60 14.67  1470%*
15 . 6.76 14.47 " 1458%%
20 -  6.66 14.82 ©1455%
. 5.78 |, . 12.78 Lo 10
25 - 6_]5}5.97 | ]4.]7}13.48 1421
50 6.7 14055 . 1410w
6:69 | . . 13.90) ;. e
100 7./14}6.91 ]3'98}13.94 1354%%
e - 7.70 14.08) 4, | .
213 | 7.2-5}7.17 14.001}14,04 134§f* .
S 7.76 ] C12.78) s o o
405 | - 7.78}7.77‘ | ,]2,.72'}12.73 1165+% .
6.30 10.08) 16 11 arees |
802 6._24}6.27 10.1‘4}’,0'” 943k
- | 6.89 | . 10,05  ane
1079, - 69} 6.79 9.93} 9.99  968%
*x ”9 triple filament Rb analysis

o x - average offéing]e and triple fiiamenttRb analysis

‘.
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3. Discussion of Chanaes in Rb and $r8?r in MuseoVite and Bfottte With
Heating |
The resu]ts'in the previous sect%an indieate'that atomic m}gration
or relocation has occured‘between the mineraTs'of the'Prdsperaus Lake
| Granite. In order to quant1fy the changes occurring, d1ffu51on proces-
. ses may be cons1dered S1mp1e d1ffus1on mode1s can be used to so]ve ’
- the diffusion equat1on as descr1bed ‘by F1ck to obtain expressTons .” .
"relating concentration to distance and time, usual]y in terms of error -
functions. "Jost (1960) has given the fo]iowing.approximatibn,(equatian
[1]) for diffusion out of or into a cyiinder, sphere,'or.infinite thinhﬁ'u

p]ate, assumlng constant d1ffus1on coefficient and tlme to be suf-

f1c1ent1y large.

‘ 24,2 ‘ S E i L
- E : E? - %2 e—tk,D/r.e ' : | _ foﬁf"“\\
i °f / /
“where Ct o= time T
D ,="d1ffus1on coefficient ,/
3 ro= 'radlus of cylinder or sphere, or th1ckness of plate
C = average concentration at time t in cyllnder, sphere or
‘plate. - o ' - '
T 1n1t1a1 concentration at time zero ,
Ce = f1na1 (equ1]1br1um) concentration at 1nf1n1te time"
k = = (plate or .sphere), 2,405 (cy]lnder) . S -
m = fb (sphere), 4 (cylinder), 8 (plate) ' e

However, the abeve the of equation cannot,be app]ied to data in-the
present exper1ment, because no f1na1 or equ111br1um values for concentrat-w
":1ons cou]d be obtained and t1mes were probab]y not suff1c1ent1y long |
for the above approx1mat1on to ho]d , '

Equat1on [2] was also prov1ded by Jost for’ diffus1on out of or 1nto

a finlte p]ate (th1ckness r) w1th the var1ab1es hav1ng the same meaning

T -
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as defined preyiously,

. Y
R 2/ S~

[y
N
2

(21

I

N Presumably simiTar‘reTationships exist for ‘other diffusion models With
only the'constants varying with the'mode1.f For example, Crahk (1975) '
outlined another approx1mat1on (equat1on [31) for a circular disk - -

"source (rad1us r) d1ffus1ng 1nto an inf1n1te plane, for sma]] t1mes

and assum1ng the . concentrat10n at. the surface of the disk to rema1n

constant. . E f,
¢ _. ... /2Dt /m'
81 ¢ = VVmr - 1-5m 7t :

1
‘In general for diffusion 1nto a sem1(1nf1n1te med1um, with zero 1n1t1a1
vconcentrat1on, and the surface of whlch 15 ma1nta1ned constant, the'»
Iamount of d1ffus1ng substance enter1ng the med1um through unit surfaceA
of 1ts area- varies as the squyre root of tlme. ThIS property genera]]y '
ho]ds in’ sem1 1nf1n1te méﬁ*a’{for polnt, 11ne, spher1ca1 cy11ndr1ca1
sources) prov1ded the 1n1t1a1 concentrat1on 1s uniform and the surface
nﬁ\concentrat1on rema1ns constant (Crank 1975) Lin and Yund (]972) a]so
- have stated that. data fitting the above: "square root of time" law
'; _prov1de good evidence for the occurrence of ma1n1y ohe type of d1ffus1on
"process, e. g vo1ume d1ffus1on with Tittle contr1but1on from other _’
' transport processes‘ e.g. grain boundary diffusion or recrysta111zat1on.'
The "sguare root of time" re]at1onsh1p has been app11ed to data
",ffrom the present experlment, in spite of the assumpt1ons 1nvo]ved The

1n1t1a1 concentrat1ons were un1form—and b1ot1te and muscovite can perhaps

o



constitute only 2.2% and 7.7% of the rock, reépe;tive]y (Baadsgaard

and'van Breemen, 1970). Values for'square root of time versus time -

are presented in Tabie VI, and were used in conjunction with data from

- Tables IV and V to arkive'at Figufes 1 and 2.

o
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In Figure 1, concentrat1ons of Rb and radlogen1c Sr in muscov1te

have been plotted aga1nst square root of time, Error bars for all

Samples are derived from the samp]1ng variability in the unheated muscovites -

(approx1mate1y 2% for both Rb and Sr87r).

Initial]y, bath curves are
flat with a]most zero s]ope but very poor correlation coeff1c1ent as

Fca1cu1ated by 1east squares fltt1ng - The zero time- concentrat1on
87r

._1ntercept is 6.36 p. p.m. for Sr and 617 p.p.m. for Rb. From 100 hours

onwards, both curves appear linear with a s]ope of -0, 048 p.p.m. /hour]/z_

(correlation coeff1c1ent = 0.987) foh_5r8? , and a slope of 2,31 p.p.m. /
.hour]/2 (corre]ation coeffioient = 0.993) for Rb. The 1n1t1a1 time Vg |
before any'conpentration changes.have occurred could be' due to the un~.~
suitability of the mode] used, or to-a slow.process limiting migration

.initially, e;g. grain boundary diffusion,-or loss of water fromvthe

"~ muscovite lattice. For a graph of concentratiOn versus squarg root‘of"

"tlme, the slope equa1s' iéz C; where r is the p]ate th1ckness and c 1s

the 1n1t1a] concentrat1on in the m1nera1, us1ng equatlon [2] When th]S
equation. is applied to .the 11near port1ons of the curves in F1gure 1,

'i,assum1ng r to equa] the average gra1n size dimension (80 120 mesh

13

O 0125 cm), coeff1c1ents of d1ffus1on of approxlmately 10" cm /sec

-13 87r

for Rb 1nto muscov1te and 5x10 -cm /sec for Sr

i, be ca]culated . Whether these numbers have true s1gn1f1cance w1th respect_

to volume d1ffu31on of Rb and Sr87r

mlgrat1on rate may be re]ated to the uptake or release of Rb or Sr87r
; by other phases or to the rate of breakdown of muscov1te. ‘
| In F1gure 2, concentrat1ons of Rb and Srgz in, b1ot1te from

- Table-'V have been p]otted aga1nst the square root of t1me. Both p1ots ’

are essent1a11y 11near from zero t1me, and. y1e1d a s]ope oﬁ -18.5. p p m. /

out of muscov1te can

in nuscovite is unknown, since the o

O
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hour]/2 (correlaticn coefficient = 0.969) and initial concentration
intercept of 1541 p.p.m. for Rb,.and a %1ope of -0.153 p.p.m./hour]/2
(correlation coefficient = 0.934), initial concentration intercept of

87r, using least squares fitting. DiffusionICOef—

-12 - 87r

.15.23_p.b;m. for Sr

'fiCientsNof approkimately 10 cm /sec for Rb and- Sr odt of biotite

.can be calculated from the s}opes u$1ng equat1on [2] assumihg r ='0.0125
- c¢cm. The values are comparable to data of Hofmann and Giletti (1970)

~ for the d1ffus1on of K and Rb in biotite at 200 bars, extrapolated to

-14 -13

to 10 cm /sec

890 C, which fall in the range of 107
- In a 1ater sect10n of this thesis (micrdprobe reSU]ts, biotites),

the potassium concentrat1ons of b1ot1te were found to be extreme]y

| variab]e S1nce Rb subst1tutes for K in. the b1ot1te 1att1ce, and Sr87r

“substitutes for Rb, 1t cqp]d be expected that the Rb and §r87r concen-

'trat1ons 1n b1ot1te wou]d also vary great]y, in add1t1on to any var1ance'

produced by‘samp]e contam1nat1on» It s assumed that the 20 to 25
'gra1ns of b1ot1te in. each m1croprobe ana]ys1s result in a representat1ve

87' concentratlbns from

K concentrat1on for the who]e samp]e “Rb and Sr
‘Tab1e Vv for samples that were ana]ysed u51nq the microprobe have been

corrected to a‘standerd K concentrat1oh tove11m1nate the;bu]k»of samp]e'
ya'riabﬂjty by multiplying b)// [K]/[Kav], where [K] is the total alkali. .

concentration in each individual'samp1e, and [Kav] is the'aVerége.total

atkali in- samp]es 0 throuqh 1079 hours. The'resu1ts‘are'tabuldted in .

I

87r concentrations plotted versus

'Tab]e VII and the corrected Rb and Sr

square rogt 8% time in Figure 3._v' S
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_ ' The Tines. in Figure 3  appear more linear than those in Figuré‘é,
- and yield a s]ope of -18.0 p.p.&?/hour]/z (cdrre1ation coefficient = 0.994),
concentrat1on intercept of 1525 p.p.m, for Rb, and a s1ope of -0. ]56 p.p.m. /
hour']/2 (corre]atlon coeff1c1ent 0.976), concentration intercept of
15. 28 p p.m. for Sr87 . D1ffus1on coef%icients calculated from‘these
s]opes are essent1a11y the same as descr1bed above | .

: Heated a1b1tes and microclines were: not analysed for Rb and Sr
compos1t1ons. It was ‘estimated from preyious data by Baadsgaard and
van Breemen (1970), that s1gn1ff€ant concentrat1on changes would not
B be\d1§cernab1e or wou]d,pe qamouf]aged bgcquse of dlfflcu];y of separating

microcline and albite from each ‘other with increased heating times.



" oxygens.

' Deer, Howle, and Zussman (Vol. 3, 1962 and Vol. 4, 1963).

B. Microprobe Results

L Quant1tat1ve Energy D1spersive Analysis - ‘\\\\;\\\\
Total e]ementa] ana]yses are presented in terms of the number

of atoms or cations for a specified number of oxygens, since most
reasonab]y jon exchange is studied on a mo]e for mo]e or atom for atom

basis: Resu]ts in. terms of we1ght percent oxides are inc - -ed in the

appendlx. In genera1, analyses (on two to four graJns) in th1n sect1ons ‘

are not 1isted. Results on the thin sections were more variable because

~of the uneven surface polish, and were 1ess représentative of the sample

because of the few numbers of grains ana]ysed " Most. ana1ysesvrefer to
beam scann1ng on approx1mate1y 20 to 25 grains of the gra1n mounts,

un]ess otherwise 1nd1cated

The resu]ts of a1b1te and m1croc11ne analyses on the basis of

32 oxygens are shown in Tab]es VIII and IX The sum of Na and K (total

' alkali), and % K/(Na+K) or % Na/(Na+K) are also g1ven for each samp]e.

34

The average of unheated a1b1tes B and E y1e1ds (Na+K+Ca)=4. 06, (A1+S1)—r :

15.98" per 32 oxygens ‘and 0,33 Ca/4 06 - (Na+K+Ca), mak1ng the m1nera1

' approx1mate1y 8% anorth1te, i.e. an albite. The average of unheated

microclines A and E y1e1ds (A]+Sl) 16.94 and (Na+K+V+Ba+Zr) =3, 75 per-
32 oxygens.. Muscov1te analyses with respect to 22 oxygens and b1ot1te _
ana]yses w1th respect to 23 5 oxygens can be found in Tables X and XI.
A structural formu]a ca]cu]ated for unheated muscov1te B g1ves

(S1+A]) =8. 00 (A1+Mg+Fe+T1) =3,97, and (Na+K) =1. 86 per 22 oxygens.t

S1m11ar]y the aver ge of . unheated bistite B and 2 5 hour b1ot1te results

in (S1+A])-8 0, (AV+ g+T1+Fe+Mn+N1+Zn) 5 71 (Na+K) .67 per 23.5
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k’The‘tabulated data denonStrate that no ‘overdl] changes in the
concentrations of any elements, except for Na and K, has occurred in
any of the m1nerals with heat1ng. Also the sum. of (Na+K) has rema1ned
lconstant therefore on]y cation exchange between the Na- conta1n1ng
mineral (a1b1te) and K-containing m1nerals (microcline, b]Ot]te and
muscov1te} has resu]ted “The ana1yses of 1nd1v1dua1 gra1ns of heated
.mlnerals, presented at the bottom of each table," 1nd1cate the max jmum
range in concentrat]on found when search1ng through heated m1nera1 grain
"lmounts for gra1ns very h1gh or Tow 1n ‘the e]ements of 1nterest (Na, K)
| In the 1079 hour samples, ‘grains ranging 1n concentratiOn from almost .
;'unchanged (from. the unheated samp]es) to ones that had exchanged 1/3
to 1/2 of their K (for the K m1nerals) or 1/8 of their Na (for a]blte)

‘,Hcould be;found (see a]so‘sectjon B.3.of,Resu]ts-and»D]scuss1on). he ,'

39

averaged analySes tor‘each heatino tine'hopefully-do give an average<va1ueh'

.lfor the samp1e, but are b0und to have a 1arge assoc1ated error s1nce ‘

on]y 20 to 25 grains were analysed

| B Tota] (Na+K) was found to be qu1te varlable 1n the blotites
"T(Tab1e XI), a]though no systemat1c trend w1th heat1ng cou]d be d1scerned

877

' The above data was used to convert Rb and Sr concentrat1ons to a

'standard K concentration in a previous section, A, 3 Also % K/(Na+K)

ﬁhas been used to represent (ct/c )X 100, where c )ﬁs the K concentrat1on

‘ ‘at time t in the m1nera1, and c; ‘the 1n1tia1 K concentratlon, for the L

}'K'm1nerals. Analogous]y, the rat1o % Na/(Na+K) has been used for % Na

'rema1n1ng in alb1te. .

with the ‘Same assumptlons as in, Sectlon A 3., the above ratlos '

‘*;have been p1otted aga1nst the square root of heat1ng time for a]l the d

minerals. 1n Figures 4 through 8. Error bars are not 1nc1uded s1nce .

.y
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they are unknown. However,'for heated minerals Where the maximum
cdncentration ranges were determined the range is'indicated,by dbtted

11nes in the f1gures. A]] the graphs demonstrate a 1arge amount of

~ scatter 1n the p01nts, believed due 1n main to the uncerta1nty of

ana]ysis and‘to samp]e_vaniation. Least squares f1tt1ng of the data
-1/2

-1/2

to stra1ght lines yields the fo]lowwng resu]ts ’ s]ope of -0. 0993 hour

(corre]at1on coefficient = 0. 971) for Na -in albite; s]ope of -0.534 heur

'(corre1at1on coeff1c1ent = 0. 976) for K in m1croc11ne, s]ope of -1. 27

o cm /sec for K out of b1ot1te and 107

‘2 x 107 -13 cm /sec for K out of musc0v1te and m1croc11ne, 1.5 x 10°

'A]so, for d1ffu51on of K, Rb and Sr

hour -1/2 (correlat1on coefficient =-0. 980) for K 1n b1ot1te and s]ope
of -0. 462 hour_ -1/2 (corre]at1on coeff1c1ent 0 974) for Kin muscov1te

As before, if equatlon [2] is- app11ed to the above data (assum1ng the

'd1mens1on over whlch diffus1on has occurn%d r, to equa] 0 0125 cm) the

'fo]10w1ng approx1mate—d1ffus1on coeff1c1ents ¢an be ca]cu]ated

-12 .

-15 cm /sec for Na out of albite. -

‘Values for the fe]dspars wou]d be approx1mate]y one order of magn1tude

h1gher 1f a d1fferent mode] for d1ffusion, e.g. equat1on (31, were

'}emp1oyed '_ o | . 1'vlv . T'( - :: ./,

The ca]culated d1ffu51on coeff1c1ents for d}ffu51on of K and

' ?Sr87r out of muscovite are the same w1th1n a factor of two to three.

87r out of b1ot1te, as wou]d be

. expected from “the work of Hofmann and G1}ett1 (1970), D, va]ues obta1ned

in the- present exper1ment are pract1ca11y 1dent1ca1 Dwffus1on coef-

'f1c1ents obtained for K in m1croc11ne are-also very similar to va]ues

Sy

prev1ous]y obta1ned by Fo]and (1974) in orthoc]ase, L1n -and Yund (]972)

in K—exchanged mlcroc11ne, and Petrov1c (1n Fe]dspar M1nerals, 1974 Vol.2,

”f Smith ed. ) in adu]aria
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The coeff1c1ent ca]culated for a1b1te is believed to relate to K

d1ffus1on 1nto, rather than Na d1ffus1on out of a]b1te as d1scusSed 1atera .

2.‘ Discussion of Changes-in Alkali Composition of ProsperbUs Lake Granite
with Heating : ‘ | |
The temperatures}employed in;this experiment'lielabove the'micro-f
ctine-a]bite solvus for alkali te]dspars. As a result, 1t could be
expected that a]kali'homogénizatidnibetween microcline“and albite cou]d .
occur with heattng‘ ‘Also paragonlte is apprec1ab1y soluble in muscov1te
at e]evated temperatures (N1co1 and Roy, 1965) therefore dehydrated

muscov1te and b1ot1te cou]d perhaps be expected to exchange K w1th Na. .

1Although the exper1menta1 cond1t1ons emp]oyed (dry heat1ng) are outside

v

the stability range of muscoynte_and‘blotite, no.net transport of elements |

other‘than Na and K'(andqu‘and Sr) appears to have occurred. The

heating experiment has reSo]ted in a process.of tncomplete-ion exchange

'between mineraTs-without equi]ibrium between minerals. It is common to.

get’ atta1nment of jon exchange equ111br1um only as compared to complete

',equ111br1um under dry or hydrotherma] cond1t1ons, since the act1vat1on

“en energy for alkali ion d1ffu51on is 1ower ‘than that for breaking frame-

| work s111cate bonds (Petrov1c 1972). '10 a o L

In the pnev1ous sect1ons, the h1ghest d]ffus1on coeff1c1ents have ’
87r

/

been obta1ned for K, Rb and Srtt dn b1ot1te,_1ntermed1ateava1ues‘for K

in m1croc11ne and muscovite, and lowest valuas for Na in albite.” However,

- the significance of these numbers hparticdlar1y for the'major‘elements.

Na and K, is uncerta1n, since ion exchange (1nterd1ffuston) has occurred

rather ‘than se]f d1ffus1on.

‘ To cons1der ion exchange in. the Prosperous Lake Gran1te, the



analogy of ion exchange between two a]ka]1 fe]dspars, where there ‘is
movement'of cations (1nterd1ffus1on of Na and K) through a f1xed anionic
lattice, will be used, Petrovic (1972) and ‘Manning (1968) have g1ven the
1_fol1owing expression, equation (41, for anﬁinterdfffusion coefficient;‘

DNa K in the above binary system, where e1ectr1ca1 neutra]1ty must- be

\\Jna)ntalned N
c Y
fa] Dy k- - Na_, _f
. - Dy Ny, + DN

Na'Na © UKK

D; is thetcomposition independent'tracer (se]f) diffusion coéfficient

of component j, and h is the fraction of cat1on s1tesloccup1ed by .
component J (NNa NK‘% 1). The exgreSSIOn results fron)the requ1rement
for no net flux of material (}hnw1nta1n electrical neutra]1ty) in sp1te

b of_the d1fference'1n mobilities of the two 1ons. The resu]t is a‘dr1v1ng-
force incterms of’a."diffusion potential"'and coupling of diffusion -between
Na andlK; o B ' | | ’ | |

In the case where NK 1, 1 e. in the pure K mineral ‘commencing
*
exchange with Na, -the express1on reduces to DNa K DNa’ stmllarly,

s
for NN =1, DNa K~ DK‘

E §ystem is governed by the_df ion potent1a] generated by tﬁe ion which
is trying to get i to, not by the‘one trying to get out of the lattice.

- When the mobility. of ‘one ion is much 1arger than for the other,

Thus, 1n1t1a11y, d1ffusioe in the binary

e.g. 1f DN >> DK’ equat1on [4] reduces to DN K= D ] (- K),
and unless NK the rate of d1ffus1on becomes determ1ned by the
-zmob111ty of the less mob11e part1c1es (Jost 1960) o o .

L1terature on- d1ffus1on of a]ka]1s in- alkaTl feldspars has been ?“' -

rev1ewed extens1ve1y in Fe]dspar M1nera1s (1974 Vo] 2,‘Sm1th, ed.).



LIS

. Diftusion coefficients measured under dry and hydrothermal conditions

" are very Simi1ar, and are little affected by variations in H Ovnressure;
Petrovic (1972) has also summarized ‘data on diffusion and interdiffusion
in alkali fe]dspars, and stated that the self- d1ffus1on coefficient for
Na in a g1ven fe]dspar is much h1gher than that for K in the same .
fe]dspar. For a given cat1on, the d1ffus1on coeff1c1ent increases as
the K/(Na+K) in the structure increases, In other words, the h1ghest
d1ffu51on rate is for the sma]]est cation. (Na) 1n the structure w1th |
the greatest vo]ume, and the’ 1owest rate for K 1n a1b1te, as expected
from simple geochem1ca1 pr1nc1p1es. . Foland (1974) found for se]f—d1f- .'.
.fu51on in orthoclase at 800°C and 2 kbar, that the coefficient for Na
was approx1mate1y three orders of magn1tude greater than for K or Rb
“the d1fference 1ncrea51ng:w1th increasing temperature. Therefore,

D >0, >> D probab]y in both albate and m1croc11ne, and the 1nterd1ffus1on :

Na K-
vcoeff1c1ent in alkalt fe]dspars can-be est1mated as above, to be ma1n1y
‘ determ1ned by K. d1ffus1v1ty, xcept 1n the very pure m1croc11ne end- )
‘.member. It shou]d‘be noted that the express1on for the. 1nterd1ffus1on

'coeff1c1ent is. actually an approx1mat1on, s1nce in rea11ty the self=
d1ffus1on coefficients for an jon, ‘e.qg. Na , in the d1fferent a]ka11
‘feldspar .end- members -differ, and cannot be assumed -constang over the

j,whole compos1t1on range (Petrov1c, 1972) N 2 f@ / }
| Data from the present exper1ment make more sense in 11ght of

- the above d1scu551on. As 1nd1cated in a 1ater section, the heated K

—m1nerals were’ re]at1ve1y homogeneous, with few concentrat1on grad1ents

B and so m1croprobe ana]yses are c]ose to representat1ve for who]e gra1ns. -

Then, the d1ffus1on coeff1c1ents obta1ned on Na-K exchange for muscov1te,

’



biotite, and microcline, in qUa]itattve terms, probably refer .to values
. . ) ..ﬁ . :
intermediate between the self-diffusion coefficients of Na and K, or to

[y

,‘1nterd1ffus1on coeff1c1ents. In these minera]s, diffusion occurs'faster

> ™

‘ in b1otite and sIower and at approximately the same rate in muscov1te

3

and m1croc11ne.

A1b1te gra1ns, however, showed h1gh grad1ents in K concentrat1on
(sect1on B. 3 ,4), and on]y the centra] relat1ve1y unchanged areas .
“Lapprox1mate1y 20 x 20 m1crons ) were ana]ysed us1ng energy dispersive
vﬂ-ana]ys1s, not-y1e1dtng‘representat1ve~ana1yses of whole gra1ns. From |
mateﬂ’al'balance’cbnsiderations; the summatfon'of K«diffusion out of-
the K-minera]s, and K d1ffu51on into a]b1te shou]d be 1dent1ca1, and

gAresult 1n thersame 1nterd1ffusion coeff1c1ent. The values obta1ned in

a]blte however, not - be1ng representat1ve of who]e gra:ns, but on]y of .

the a]most unchanged a1b1te centra] port1ons of gra1ns must refer to the'

d1ffus1on of K 1nto albite (assumlng DN ‘>> DK), wh1ch 1s much s1ower than',

2

any of the other d1ffus1on processes. ;

-'-7' _ Tbe 11m1t1ng factor in a]ka11 10noexchange in the Prosperous Lake

47

. Grathe appears to be the diffus1on of K. 1nto a1b1te. This stow process L

. & o K
’ determ1nes the awa11abf11ty of Na to !‘e rema1n1ng m1nera1s. Once out”

"~ of of a]b1te, Na and K- 1nterd1ffuse more rapad1y through ;he K m1nerals,
; w1th a re§u1tant lack of concentration gradtents 1u these mlnerals.

’ In general, the r%;ults of the exper1ment agree with prev10us ,
"work on 1nterd1ffus1on 1n feldspars., Calcu]ated dlffu51on coeff1c1ents -
are also 1n agreement uith va]ues obta1ned under dry and hydrothermal

<’ .
¥'cond1tions 1n pure m1nera1s for so]1d state vo1ume d1ffu51on, e



‘_'cps, are listed for a spec1f1ed number of gra1ns of each sampTe 1n

© 48

jé. WaveTength Dispersive Analysis
Two 50-second counts per g§a1n using wave]ength dlsperstve analys1s

on the electron m1croprobe were carr1ed out on five to ten random gra1ns
of the 1079 hour and unheated or 2 5 hour) m1nera]s. The three |
spectrometers were set at the égrx sray waveTengths f0r Si, Na, and K ;
vfor b1ot1te and muscov1te and at Ca Na, and K wavelengths for a]b1te

and m1croc11ne. The number\of counts obta1ned is. re]ated to the concentrat- ‘
ion of the eTement in the samp]e, but no standards were used, S0 that |

abso]ute concentrat1ons could not be caTcuTated The average value for
the gra1ns and range of vaTues (1n brackets) 1n counts per second

TabTe XII. Ranges are—gqven, s1nce the error, which 1nc]udes both
\ .

v'analyt1ca1 countJng error and samp]e var1ation, could 7bt be determ1ned
“One 50- second count on' one gra1n of qbartz y1e1ded va]ues (Ca = 6.1 cps,
= 4,2 cps,» Na = 3 3 cps) thCh c§n be used to approx1mate background

,"counts for these ’elements in ever. h1ng but the m1crochnes .which_were- :
- ana]ysed on a d1fferent day. f'.

" The resuTts dempnstrate thaﬁ with heat1ng, Na decreases and K

| ‘1ncreases in. aTb1te and that K decreaseﬁ and Na 1ncreases m the other
o mneraTs wh11e Si or Ca have rema1ned constant The . range in- K and Na’
counts 1n,the heated mlnerals is much h1gher than 1n the unheated ones,.*

"1nd1cat1ng that the grains have undergone 1on exchange to a var1ab]e o

".-extent The extent o? exchange that an 1nd1v1dua] gra1n has undergone,3

< in a]l likelihood, depends on the env1ronment of the gra1n in the rock :

on- 1ts size and dlstance from grains with wh1ch 1t can exchange.,'

s IS 1.'

. - - ') .
‘ . - ’ o ) ) e

o
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\.;\

In the 1079 hour alblte grains, large d1fferences were observed
: a]so between the two counts obta1ned at dlfferent port1ons of the grain
for every grain “For the 1079 hour m1croc11ne there was no significant

d1fference in. the two counts for any of .the grains, although different

gralns had exchanged K for Na to differing. extents For 1079 _hour , aﬁ L

!

'muscov1te and b1ot1te, in most cases the two counts w1th1n .one gra1n
'were s1m11ar, aIthough in a few grains a s1gn1f1cant d1fference in the.
.two counts was observab]e The data demonstrate the présence of Targe con-
centrat1on var1at10ns in the heated a1b1tes, some var1at1on in the
.

heated muscov1tes and. b1ot1tes and no var1at1on 1n the heated m1cro-

cIine grains

4., X-Ray ScanningiPhOtographs a
X- ray scanning . photographs were taken of mlnerals fh gra1n
mounts (Plates 1 through V) and of the 405 hour thin sect1on (Plates
‘ VI to VIII) Us1ng the wavelength d1spers1ve system on the eIectron

\ _ : _ :
m1cropr0be, the spectromeg..p were set'to detect the Ka x- ray wave-

. ]engths of certaln eIements, and photographs were - taken with beam scan-

n1ng over areas approx1mate]y 300 X 300. m1crons (except for Plate v,
- where areas covered were . approxtmately 37 5 X 37 5 m1crons ) Each
photograph is composed of dots, each dot or count referr1ng to an- x- ray
.quantum correspond1ng to the. eIement of 1nterest The e]ement and total
5number of . counts obta1ned is stted for each photograph CompIetely \
b]ack areas 1n the’graln mount photographs are epoxy’ 1n wh1ch the grains

’ | are mounted 0therw1se, the br1ghtness (number of dots or counts) 1n T

L -dlfferent parts of a photograph varieS‘w1th the concentratldh of the

e]ement be ng detected in’ the sample. - _fofj .

L






.. PLATE I

-X—Ray Scanning Photographs o}‘Microc]ines

1. 100 hour Microc]inév' 2, 213_h6ur Microcline
~ Na X 40,000 courts Na X 80,000 counts

. 3. 100 hour;Microc]inef .4, 213 hour MiCroclina

K X 90,000 counts K X 80,000 counts - -



m

icrons

60 120 180 .
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~ PLATE IT-

X-Ray Scanning Photdgréphs

L

Ca X 45,000 counts

4. 2.5 hour Albite
Ca X 26,000 counts

7, 100 hour Albite

Ca X 60,000 counts -

1. unheated Albite

2. unheated Albite

Na X 80,000 counts

5. 2.5 hour Albite
‘Na X 95,000 counts

8. 100 hour Albite -

Na X 80,000 counts

of Albites

3. unheated Albite

K X 80,000 counts

6. 2.5 hour Albite

K X 60,000 counts

9. 100 hour Albite
K X 60,000 counts

- 10. 1079 hour. Albite 11. 1079 hour Albite 12. 1079 hour Albite .

“Ca X 80,000 counts ~ Na X 80,000 counts K X 80,000 counts -



7,60 120 180

microns

54
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PLATE 111

,'X-_Ray__ Scanning Photographs .of Muscovites

. 100 hour Muscovite . 2. 100 hour Musco‘vi‘te'

. K X 70,000 counts o I\(QX 50,000 counts
. 405 hour Muscovite ‘. 4." 405 hour Miscovite -

K X 70,000 counts”  Ma X 60,000 counts
5. 1079 hour Muscovite .. .- 6. 1079 hour Muscovite

“K X 150,000 counts - MNa X.80,000 counts



P

-

~ PLATE 111 -

60 120 |

.

T

-+ v \j

microns

T

160
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RRERR- B 100 hour Biotite o 6. 1079 hour Biotite . &+

. . paATEINV » .
) . . ?"Q"' . A . ~1
. X-Ray Scanning Photogrdphs. of Biotites ,

[0 . e

1. 100 hour Biotite 2. 1079 hour Biotite - w1
Na X¢50,000 counts: ~ ' Na X 80,000 counts |

© 30100 hour Biotite . .- ‘4. 1079 hour Biotite® -

 '. KX 70,000 coqn\t's" ,_'._;'.""_‘.'_}('x' _@,000 coqnt.sv.

/ R AT : K -
e . S AL
o LN . ’ . . L
i ;T . ) ‘ S ) PR

A
K

o MQ.'X"?O',GOO."“_C,Ounts o ##Mg X 80,000 counts

ar

V-



i~
7Y

58

o0 microns. o
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e

1.

7.

Na "

FL 4
PLATE .V / .
X-Ray Scanning Photographs - Enlargements
z qu 1079 Hour Biotite and Muscovite -

/

2879 hour B1ot1te 5.

Si/,

.
e ~
s ‘ . - .
P .
; . . -

- -

R
P

*. Photographs I to 6

“indicated on Plate IV: photograph 6;
to the area of ]079 hour Muscov1

photograph 6.~

1079 hour Biotite 2.

1079 hour qucbvggéﬂ 8.
| ks

(a11'89,0003c00n£s)

1079 hour Biotite 3.

o
1079 hour Bidtite . 6.

Ti

1079 hour Muscovite 9.

refer/;o the same area. of - 1079 hour B1ot1te
photoqraphs 7 to 9 refer
te 1nd1cated on Plate III

o

1079phourvBioti;e

Fe

1079 hour'Biotife . N

Mg
1079 hour Muscovite
‘n

‘ﬂ 4



N

PLATE

.
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o

. - . PLATEVI o |
X-Ray Scanning Photographs of 405 Hour Thin

- iSié'g":At;*ipn'.-;Albi te, Microcline _yCoAn:tact' .
(only albite and mi'cr‘o'c‘l'ine are present in the field of view)

@

1. K X'80,000 counts . . 2. Na X 80,000 counts

e e .
vristes . . X . ! . s s

. . P ‘ X . e,
- -y ’ X .

. P

-

I3
f .
L I
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| OPLATE VIT
X-Ray Scannihg Photographs of 405 HoUr Thin,

if? ' ectidnj45810tite;~A1bite, Qﬁartz»Confacti».; .

| 1. K X 70,000 counts 2. Fe X 70,000 counts B
) . . < . ’ . . ' @ N - ’

-

7

. L )

3. Na X 80,000 counts - 4. Schematic diagram

[ S '/‘ ’ of’thin,sectioh )

Ab = albite

Bio = biotite « g

Qtzfs_quanti
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PLATE VIII
X-Ray ScanninglPhotographs of 405‘Hour Thin Section -

Biotite, Albite, Quartz, Muscovite, Miqréc]inebtontact

Q,
. Na'X.70,000 counts o -~ ~2. K X 70,000 counts
: L s R
A1 X 76,000 counts v 4. Ca X 45,000 counts - '
..'Fe,X_60,000‘c6unts ) 6. Schematic diagram
| | | | " of thin section:
. | | b= albite
.. T . .. - 'Bio= biotite
| © . Qtz = quartz
o o Mic = microcline
* .?5 : K ;,ﬁ_ R - Musc = muscovite °
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f’]ate I 1hch|des M‘hnd k photographs of. the 100 and 213 hour ‘
o N 3

e m1crocline samples.-LSome gr tion of brightness can be seen m the Na "
o s

%hdto,graph o:‘i" theo'IOU houx mwrocline, 1 e there 19 a concentration

gradfent of Na within grains. of microc'line. A recipg;ocal var1atdon of-

-..-' \~ R2E 'n?’

concentratxon 1n the K photograph cannot’bé seen due to the mueh h1gher

conce:tratﬁion »of K as -G ﬁpa;ed to vNa in\the m1 neral. In the 213 hour y,_ *
NP photographs, no gr‘:dlents of concer;tratlon are visibIe, but evidently‘ ‘ath.\
there is stiJ] -& variatmn 1n Na« concentration bo:tzween grain-s a'rthough -
"thet difference Zoeﬁ* not shoy",'in the K photOgraph (I} change of Na . ‘, , .

Vc"‘

e concentration ﬁrom, _e geeo 1 to‘o 2%~ irVery e&ident because twice the ’
brightm-a“ ’r?sultsa Wherea’s the corresponding change 1n K. e. g. from 8{)
.

to 7 9% is_ not so easﬂy v1s1b1e s1nce one reg1on is- 79/80th as brlght :
he, oth%. Obviously,mlt wi]f be d1ff1clﬂt to detect any ‘co‘ﬁéentrat?on o

L"m‘

F /i ]

| gradients 1n the ma.)or elements of the minera'ls, therefore Na photographs
and K photographs for alb1te shou1d be more- Slosely

’ -_.-for the K mﬂera S5

: inspected In t'he mlcroc ines heated longer than 213 hours. no- gradienis o

or differences of Na og K concentratiou between grams could be detected |

by the photograp}nc method Unheated m1croc11ne was 'homogeneous mth : '
B h S .
S respect to K, and contained no Na ﬁus no photographs wer 3 taKen. S f'j “' o

areas;'in the K photograp s yf unheated and 2 5 hour atb1te are im""




ALY s T e T & T Rt -

. ot . gl “ . 3 . .
cos et , ; S L %Mﬁ | ’1 68 . %

» N . ¥ IS YR ” ' . o
p\oved argun&%th" heatiugﬁ&qhe K photographs 111ustrate an iacreasing B

homogen‘lzat'ion and smoot, > gradients ‘with length of heating

Pl&es III and. IV of' ,,e'ated muscov1tes and tiqtites show some Na ‘
c0ncentr’ation 'vamations within grains and the biotites shaow analogous |
A_and,opposne var*iatl_.ons_fn__K_ concentr&tion Areas of h1$ Na concentration .;",I' )
afe‘"r % on]y at the edges of gra{n,ubut a"tso a" " a‘?-%n bahds t "Oughol,t"“7:.";'-“‘:'_‘;';;

\J

grain' (perhaps paraHe] to the clgavagf or-a] A _. V] imperfections?)
s i i .

Fe and Mg were homogengpusw dis

\d"‘in‘“1079 hopr b1ot1te and musdovit‘e 1 -:’-.“

at the magniﬂcation of‘ these photogr‘apw proximate areas where x~ray ’
scann1ng photographm en]argements (seen 1n e V)qof 1079 houn muscov}té

and b1ot1te weré taken. are out'l\/qed orL photogxaphs 6 of a_}{ates Ilﬁand mj-'; .v

"f phas’es containing Fe and Mg’ ‘,suggesting that‘ these 1ons have migra ‘_ :
.A_;,:se,ye,rvaf?h’gcrons; &‘Oma-"ﬁhei r, orj gn‘ “?Wﬁ.‘?

‘the 1079 hour muscovite and b1oti§e 1,gnwevelr'.‘%t the highé?a"lagn‘ification, “ 1

P]ate Vagain demonstrates reciprbca], variﬁon&,of K and m’: 1n . .-‘

4

"'t eﬁdent at the sa‘;ne rmagn‘ification 'In unhe’ated bTot'ite), R

t

as -1 are homogé\e%ﬂy dis‘b'?‘l'buted over the'area o"F the- photo& U
LR £ R £ 3 -
"-"::gvagh: vThe_pﬁot‘fte photographs 1nd1cat§ the heat 1nduced nuc1eation of frjew r}?

oy o.’“-,v. .

&3;_)_9&1;;{120;"?‘
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ares haphazardb’ distribut”e‘d around the microe]‘ﬁ'e gram, sugg%stmg that :"'

'm1grat1on may be: taking pTace aTong paths of Teast res1stﬁnce, e 9.

| to vo'lume or Tatt'ige diffus‘ion) B _ ) _‘ - r,‘.f'*

quartz ‘wfnch can' b‘e d1st1ngu1shed usmg the schemaﬁ&';gfagram, Thesst'g‘;’ o

i

) seefhs ‘to be occurr‘mg to fac111tate wﬁx‘exchange 1nut$ rock > In P]
s :
= VII“‘“ ’acks in ,a,‘}'hite can be ;seen. 'm the Na photograph Ag;eas outhne

and quartz. The K must have moved ’Fr’onﬁa £ mmeral}iby .@am boqndary

"'dlffusmn to an;rlve at the a ove pos1t1on. HoweVer, the entra] regions
%

Tess of the1r Na for K than other regﬁpns (se.e

*amount”of lggas seen in. t}\e K pho?ogré‘ﬂ'ﬁ, S'Imyarw, high concexztratwns ' ‘
of K can a'lso be seen 1n PTate VIII aTong fhe contact hi,tween albite

of alq;te gra1ns and %areas further away from m1croc1 me have exchange

& P4
|
a
(=2
(o]

homogenization of Na: and X between aTb1te and nncroiline. The Ca S *
photogmgph :ihdicates the boundar’les of the aTb‘[te mgion, ‘and- that Ca
has apparentTy not moved w1th heatmg The I? concécﬂf“ﬁtmn grad1ents,“',

L T e

gra1n boundariesnor crystaT d1sTmatiqns (non voTume di;fuswn as compared

e
LR (e
. -,

-

_' Plaees V*I'I and VIII are generaHy seTf~explanatory. Bdack:-
areas on aTT photographs are e1ther cracks 'ln the thm sectfsn,\w , N

"t'&b"."

% _
two pTates demonstr,gte that *andeed gram boundary or‘nonfvolume dlifusa s

v-f

L S o ,~“
Ces

*by the oracks are precmely the ones,whwh ha‘ﬁ”gamed thé Targestg

TR R su\ : T w'“

'v.. -

o o

'1n PTatesF.VIII and II)
5* .
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. ‘.': . . ».D. B A .
Concentrat1on grad1ents cannot be found 1q m1croc11ne heated longer
éithan 100° hours but; ggf& shﬁ?p{concentratlon gradients exist in all the ”

heated a1b1tes. The quiral regions of a1b1te grains hawe undergone the
1east amountwo 13h exchange, suggesting a predominance of vo]die diﬁ. S e

%

'fus}pn Cohcehtrat1on vaé?”tions found in the Ikated micas and4405 hour '

“thin section. are interpreted to §1gnify that.grain boundary diffusmon;
’?and mtgrat1on a]ong d1s]ocations cracks, or cIeavage planes ‘are a]so o}' "
'1mportance 1n the rock Ca, A]: and Si. do not aﬁpear to have undergone ;fa;
fiany mlgrat1on. nor Fe or Mg on sca]es comparab?e to the migratlon of K ”

or Na However, Fe«and Mg“in blotite have mbved due to heattng over

~;distances of. seveya] mfcrons (reSu]ting 1n Egca}TZations of high concen--

‘r., LISV Ul" "“; B o
: tration‘of these.elemepts), 1mp1y1ng the nucfeat1on of new phases contain— e

cet AT

‘C P0wder X-Ray Diffractldh Data on’ Unheatea and Heated Minera]sz
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‘. TABLE XILL'  POWDER.X-RAY DIFFRACTION DATA ON BIGTITES
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i The results on unheated b1otite were- compared w1th ASTM 2 45

Ty

- ,b1otite, and w1th b1ot1te x-ray films 1n the X. R D Tibrary, University bl

vof A]berta A]l 1ines, except wegﬁ ones at d spacings of 6 96 3,51, _' pﬁ“'

h2 82. and 1.85 R couﬂddbe accounted for by biotite The superf]uous : j:do i;:e .
‘;_f11nes are not present in any spectra #’ m the heated samp]es and are .'”%T}T
o Probably duie to sl1ght cohtamin;:ion of unheated biotite* ili another '_};“t};ffé

.phy1los111cate, e.g. chlprite. -

In the SVhJUr heated b1ot1te, most of the x ray d1ffraction f

va}pattern is" preServed, but has been shifted to 1ower d values due to fﬁﬂgar"

i J'..\ e .
3 ",

’,c011apse of the biotite Iattlce atter loss of. water,and oxidation of _
_1;ferrous 1ron. Much of the structure is maintained in. spite of heatjngbuﬁ n‘,;%
"5to 1079 hours at 890°C as evidenced‘by t§§ intendstdés of lines in#the

I' Y}‘ ? Y
S X- ray spectra.4 H6WeVec¢;by 21

",hb rs of heat1ng, theqe 1s sl§pfficant

"he 802uand 1079 hour samplés._ No new ]ines which can}h 'assigne’_
to other !rystalline pha?:s, e g. si1icates can be founﬁ‘lvln the HB .
g5920°c biotite, lines due 0 b1ot1te have virtua!ly d1saqpeared and- the "

. ones due to hematite and sp1ne1 predominate.{f@._ j»
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B . , | o
E'ugst"er,' 19'65} The oXybiotite structure 1s unstable, and w1th heating
to higher temperatures, de]amination and structura1 breakdownﬁbccur, -
w1th the eJettwn of octahedra] FeIII and formation of hematite. both ;3

o 1nter'layer qnd a]ong cracks dislocations; holes and crysta] surfaps .
He' "lng fdr aner t’tmes o*r at Mgher»temperatures re%ﬂfts ‘in the foﬂtion

ot‘ﬂ'm‘ 1"ncreasing aMnt of. 'hematite Dependd,ng on the* conditions of
dehyﬁration, o]ivine magnetite, Teucite or. dtherﬁcrysgalline’phases

ERVEN ‘.& \P wq m ¢ “\
- wcﬁn“\be found on: heatmg lep‘idomelane' often new phases are am(irpho‘gs 6r ‘a‘ﬁ t

pomy a\»ystamne (Akizuki eia] 9 19 ’& S -

:’f ﬂ According to Schneide (19?4), mﬁegshee; and ottahedral layers ‘”
; ',‘ S Kg, ¥

PR of blo'ti;e decompose more readﬂy on heat

(




k‘ﬂxygifresu1ts) are shown in Tab]e XIV ,"}fliprf, . f"‘ L

| tOf:intertff{\'cations (Microprobe Results, section B f! In previous K
'.-sectﬁoHS‘
jjabout téh't”

A4c1ine, probabdy be

"ffthat the same processes nq’es§3r11y occur in biot1tes w1thiar$he stabllity

'fbiot1t§, copsiderépg solid state‘processes on]y (k e no d

;grepre@ipitatiop reactions)

p} "2 Muscdvites
o " 28

_»for two houﬁgvand 5 hour muscov1te y1e1ded the same‘resﬁ1t thus on]y

4“data for Sthour muscov1te are reported Resu]ts on the above’

:}{:‘i.s.,_heated at 920?(: for 106 hours Baadsgaard

¥

"f'Minenh Separates) 0n1y whaﬂ‘ge N
.“heating, there is no: net loss.

87r

che ‘igration’ f Na, Rb,. and Sr 1n biot1te was found to\be x,‘c_

3 as rapldaes for'the same catlons 1n muscovite and m1cro-~"

ause of the 1nstabi11ty of the oxybiotitg structure '-,fﬁiﬁ

"V*The dalcu]ated diffusion coeff1c1ents may perhaps be app]1dab1e to .
.cation diffus1on in oxyb1ot1te ‘however, probab]y.sign1fy1ng to a 1arge

‘vextent non—volume diffus1on processes It 1s upreasonab]e }q,pssume c

-V

'{ff1eld of biot1te At best the d1ffusion coeff1c1ents ca]cu]ated in this

?fh!study put an upper 11mit upon how rapldly cat1ons can, d1ffuse through

o1ut10n, '

e . m s

e L. <7 : . . , B .
. . . o~

The unheated muscovite B the §ame unhgated muscov1te heated at

k}(

i890°C for two hours and the 5 50 and 1079 hour musc0v1te samples were

fﬁchosen for powder X- ray,dlffract1on stud" The unheated m33covite heated

Y

'mpJes o
e

5 - and on/HB 920°C muscov1te (muscov1te from the Prosperous Lake Graﬁite e -

AN

'lﬂhn Breemen unpubdished l,'.f;f
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- which ean be asstgned toﬁ-quartz (ASIM 5 490) aq,d y-alumina

" 10~425 w1th a sp1ne1 sgnutture, 1nc1udes 11nes at 1 53 and 1.

o

76

M1]1er 1nd1ces assignments for muscov1te were. made us1ng reported

hk] values for a* natura] 37 muscovtte (ASTM 7- 42)

L]

| and 1ntensity in a]] samp]es ‘of muscov1te heated at 890°C
- 3
h.-a s]ight change 1n intensity going from unheated to heated

R

ray diffract1ng power of the laﬁtice due to water loss. There may be e

i

" a- sma]] 1ncrease in d spac1ngs (expan51on of the lattice) w1th heatlng.:ﬂf

There are two lines of 1ow 1nten51ty 1n the 1079 hour muscov1te spectrum

at 1 53 and 1 41 R whtch dtffer from spectra of the shorter heated

e

! ASTM 7%42) 'Essent1a11y a11 lines persis:;w1th the same ..;}euu;

' A ma1n1y in d00] 11nes probab]y as" a resu1t of changes Tn the x- |

samp]es The Iines can also be. seen~1n the HB 920°C muscov1te, in whlch ff_f!

-y

the musé'Ovite‘ pattern has become much less 1ntense and a newxctnum

sp1ne1 (ASTM 21- ]152),15 emerg1ng.‘~

X Apparent1y muscov1te 1n the present heatlng exper1ment has a:-bf "

o

y reta1ned the three dimensional structure of dehydrated muscovite with

heat:ng for long periods of t1me at 890°C The dehydrated muscov1te

daes not appear to have undergone sig 1cant ﬁecompos?ton, althougb av
small amount of an a]um1nous sp1ne1 phase may be present 1n the longest

he;ked samp1es. In the X- ray scanning photograph; no-nucleation

"fjj of new phases wgs ‘ﬂetetted suggest1ng that dehydrated muscov1teh"’
;‘ ~(,

1s qu1te reSIStant t0‘s£ructurg1 breakdown. M.;,?. qﬁé ' L
. Roy (1949} found no marked changes upon heaﬁkhg muscov1te ln

, '*?

b3

f

air to 940°c Above th1s temperature structura] breakdown occu”red, .[fﬁw"";



ik ','ine1 Aro';nd 1400°c. R

i h a1so contams some SI)

Y
formed Dehydroxylﬁi@ above 600°C has been found to proceed rap1d1y Wl

due to marked de1am§nat‘€on or exfo]iation of the mica 1nto thfnner sheets,

14\” .

resu]tmg in some pudkermg of. the 1att1ce as weH as expansion a]ong

the c= axis (Vedder and w11k1ns, 1969).,

The most extensiye heatin.g exper1ments on muscovi te have been

: -'/..
. carr1ed out by. Ebef"ha?t (1963 A, B), who obtamed s1mﬂar fmdmgs to

. W
o

Q the above workers., #rtng dehydration (dehydroxylatwn) the conf1guratlon

“of- octahedral and’ 1nter1ayer catlon sites were perturbed Structural

breakdown to y-Al 03 ("spmel") occurred arourfd 1000°C with other

._,tphases, €, g. mul‘hte, Teuc1te, tr1dym1.te, formmg at h]gher temperatures.. '

""'By e]ectron diffraction, however, smaH crystals (approxmate]y 0

*I,micron) of spine] were found to beg‘m appearmg w1th heating at
; approx1mate1y 800° ' The spfne] crysta]s had a defmgte or1entat1on
' B

-o

'mth respect to ‘the musgothe 1att1ce ’aﬁd formed more reach ly a]ong .

“"cracks, crystal defe?!’? and c1eavage p]anes. f’§p1ne] a]so formed

nor more easﬂy in muscov1te w1th a h1gher Na content

‘¥,

‘_ According to Franz and A’Ithaus (1976), substitutmn of"' . "f_o_r:

?15 a commOn soHd so1ut10n mechamsm in. K micas.- Up to 30@01"‘ the c
*.

K in muscov1te can be replaced by Na randogﬂy in sohd soTutmn mthout

apart the 1nter1ayer sheets (N]CO] and Roy, 1965) Greater than 30%

Na subst1tutJon puts more stram on the a]umlnosihcate framework and ’
. \v.»

,"-""{f.z"‘.""sua”’Y Y;ES“ltS 1h‘an intgrgrowth of Na- anrd K-containir;g phases_ Ita. SR

X

S e

S thus ggpears that—*lncorporation of Na 'Into muscovite., a]though poss1b~1e.

B

.‘ i '~sn:il".' "-, S _‘-.~,__',_»5"(‘ R T R Y

"ﬂ.‘f,-destabi Hzes the strueture and -%ads_to more raprd breakdown.v, S SR

o""

A

lad

- P
T



X-ray diffraction results for both. musCovttes'and biotites' ;]

P

- -ffrom the Prosperous Lake Granite did not demonstrbte any decrease 1n

;'," volume diffusion 1n debydrated muscov1te,$where dgffusion s probab]y

@.

w.~At the h1gher temperatures emp]oyed byeBaadsgaard and van Breemen (1970),5

' muscov1te gra1,

AIEstructureywas monpngomplétely decompdsed to Y¥A1 and quartz, phases E”'fﬁi5f

:d spac1hgs due to substitution of 1ncreasing amounts of Na: into the f
structure with heating (over 30% e&change did not occur in either case)
5In add1t1on the dehydrated muscovite has not decomposed significant]y,
or has undergone structuraI reorganlzation only on a submicroscopic
sca]e in this exper1ment e o o | .m'ii ',;;_~
';*» As w1th . ; |
the rate atswh1é£gK-Na exchange occurs w1th heat1ng due to de1am1nation

3t1te, the dehydration of muscov1te must 1ncrease

_and“gfe cneatnv”' f many new d1ffus1on paths. Also, x ray scann1ng h .'

» . 4 . o
‘operat1ve. lﬁ]cu]ated d1ffus1on coeff1c1ents for K—Na exchange 1n L 'iﬁf'
nmuscov1te (M{crpprobe Resu]ts, section B. 1) thus may app1y for non— -i~ffh“"ufjf

‘e? b
faster than for’ the same cations in a stab]e muscov1te. ‘ﬁi[ E ,f,-

The resu1ts of section A 2 indwcated an 1ncrease in Rb 1n
87r

¥

muscov1te witp 1ncreased heat1ng t]me a]though Sr and K decreasg%
rAt 890 C the structure of dehydrated muscovite wh1ch is s]ight]y expanded ';::',_
aPong the c- axis, is probab]y the on]y one that tan. accomodate the largEr -

Rb ion that is being ]ost-by b1ot1te -vBesw1ck (1973) has found at two _;f f,“,};

kbar total pressure, above 700°C, complete solid soluf‘o‘ of Rb 1n K—

Rb as wel] as k and Sr 7 1n muscov1te was found to decrease w1th | _;;Zifl;f

.l s

- .- ) ». PARES L
L K . P . . R TOAEL S ” ‘ PR - e T - N . i
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Y

o of (A] 51) d1§order1ng by 1079 hours a'\890°C

. ed ) ggund that the Ame11a a1bite underwent only about 30% of the max1mum -

..;"..-'“"

£

"?f order1ng, may have occurred Since these m1n§rals conta1n nd!water; ﬁf - ;ﬂ7;"‘
- PO -
L .

‘9i suggesttﬂg a sti]l orderad structure for tﬁ m1hera1$. fi'{f f‘”.i

L d1sorder1ng of alka11 feldspars vary,-

' : gondi%iﬁnf'exeept at temperatures neay the

" at 920°c In the} .}
’ 'y ';a- !
ka0 twmnmg,%f mlcrochne» n

Sy

O R | o
which would tend to exclude Rb, L . ]
3. A]bites and Microclines - . S ;‘ o . o

The fe]dspar m1nera] separates had not been tota]ly pur?tled
and - deta11ed powder X~ ray d1ffract1on work was not carr1ed out However, ﬂ'

v1sua1 compar]son of x—ray f11ms on unheated and 1079 hour mlcrocline -

S 1nd1catedwprqpervation of a]] 11nes in the ]079 hour f11m wlth a sh]fte

'er*d*spa§1ngs, be11ev§d due to thea1ncorporat1on of Na into the
C cl1ne. Compar1son of unheated a1b1te and- HBa920°C a1b1te\(heated _:7 ' 3v:e
at 920°C for 100 hours, Baadsgaard and van Breemen, unpubhshed'su]ts)

f11ms a]so 1nd1cated consersg&ion;xf ~the. alHth‘structure w1th heatlhg; , R
’ fp.,a . <Y .
a]though wlth some b]urr1ng of 11n§s probab]y due to a v$r1ab1e degree v
“. Cal ',~v".' SN

. o .
- A

= of subst1tution of K for Na. n@ﬂ%‘ . )-*V : : '¢‘~‘;A¥jéf ‘qff%:f‘4§ﬁ:

Both a]bite and m1croc ine have 11keTy undergone a s]ight degree*t‘.}
A]thougb rates of |

fprocess is very stow under~dry
~ip,

:,1t1ng point of the m1nera1,"

= For example, McKle and McConnell (1n The Fe]dsﬁans 7974 VoT a~§m1th.f
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A1b1te and microcline do not appear tp have decomposed durlng the

heating experiment a1though some structura] rearrangement. 1 e. d1s-l_».a“

heat1ng has not‘ﬁlsrupted the 1att1ces s1gn1f1cant1y 1nto mosa1cs, and
. {\’Lv{ ““,._ :« N ; S
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thus éWka]i'ion'exchange'bétween‘;hé feldspars probably ocqyrsgmain1x“4

T
.

via volume diffusfon.‘



SUMMARY AND CONCLUSIONS

Uhen the Prosperous Lake Granite (a quartz monzonite) was sub-
Jected to heating in a1n at 890 C for varying periods of time up to
1079 hdhrs, substantial re]ocat1on of alkali (Ma, K, Rb) and strontium
ions between minerals was-found to occur. A combination of Rb/Sr
isotopic and electron m1croprobe techniques was used for ana]ys1s
Potassium was 1ost from all the K-minerals (biotite, musc0v1te, micro-
g1ine) with a commensurate gain in sodium.: Sodium was lost and an
equivalent amount of potassium gained by albite. Thus, alka]t ion
exchange occurred between .the K- and’Natminerals in the rock. Rubidjum
anddradiogenic strontium were foundﬂto decrease in heated biotite,
whereas rubidium increased and radiogeni< strohttum (possibly also-
normal Sr) decreased in heated muscovite. There was no net change in
the concentrations of any other e]ements in any minera1'w1th heating.

An idea1ized‘diffusion mode] (for diffusion out of or into a
semi—infintte nedium) was apb]ied to analyse the‘concentration—time-data,
resulting in p1dts of.eoncentration versus square rodtiofvttme for the
prev1ous1y ment1oned eglements in each m1nera] The p]ots shod]d be
linear if the d1ftus1on model is applicable and if the jonic migrations
are d1ffu5jon controlled. In fact, all the concentrat1on versus square
root of time data were observed to adhere to a linear re]at1onshrp-'

8ir in muscovite ‘(where there

retative]y wé]],_except.those for Rb and Sr
Was no concentrat1on change up. te approximately 100 hour§, after which
the concentrat1on versus square root of time plots appeared to show a
" linear increase oOr decrease) Diffusion coefficients were calculatea

from the slopes of the 11near port1ons of the curves, assumlng diffusion

outxof an infinitely tth plate, and the effectlve dimension for dif- -

81
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b

fus1on to equal the averaqo mineral qrain size. The values obtained
for d1ffus1on coefficients, D, var1ed from 10 -13 ta 10:]2 cmzlsec, with
the highest values for.loss of K; Rh, and Sr87r from biotite, inter-
mediate values for loss of K and Sr87r aﬁd gain of Rb by muscovite and
loss of K from microcline, and 1owes£ values for loss of Na by aibite.
The values for different Q]enents in a given mineral (biotite or mus-
covite) did not vary by more than a factor of ffve. The cakculated dif-
fusion coefficients were‘of‘comparable magnitude to results cited in the
literature for diffusion of the alkali ions, Na, K, and Rb in pure mica
aad feldspar minera]é. ’ |
Since Na ér K loss from the minerals occurred via a process of
‘ion exchange, the ca]cu]atgd coefficients for Na or K diffusion were
actually interdiffusion, no% self-diffusion,; coefficients. From consi-.
derations of intefdiffusio: in section 8.2 of ResﬁTts and Discussion,
exchange of Na and K appeared to be detefmfned by the diffusivity of the
less mobile ion, K. In particular, the diffusion coefficient calculated
for the loss of Ha from albite was-pfobab]y equivalent to a self-dif-
fusioh coefficient for K in a]bﬁte; Coefficients cé]cuWated for loss of
K by the K-minerals wou]ﬁ'have referred to interdiffusion coefficients,
intermediate in value between the self-diffusion coefficients of Ha and

K in these minerals. The coefficients calculated for Rb and Sr87r mig-
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ration in the micas were- probably similar to self-diffusion coefficients,’

since these elements were present in tracg concentrations in the minerals.

QuaT1tat1ve information on Na and K re]ocat1on was obta1ned from

electron microprobe work us1ng wavelength d1spers1ve ana]ys1s and x-ray

“scanning photography. These methods 111ustrated that the heated m1nera1

grains had exchanged Na for K (or vice versa) to var1ab1e extents,

~



probabiy determined by grain size and the environment of the grains in
the host roekm Also, sharp concentration gradients in a radia] distri-
bution were found in all the heated albites, but no gradients in micro-
‘cline heated longer than 213 hours could be seen. X—ray dij ffraction
-inditated no decomposition of albite or microciine, minerais which
could be expected to be stable under the conditions of the heatinq
experiment. Apparent]y, volume diffusion, and the nmbi]itv of the lar-
ger cation, K, mainly governed ion exchange betwecn the two féldspar
minerals. | |

~ X- rav scanninq photographs of heated muscovites and biotites'did
not,exhibit Na -and K toncentration variations in a pattern which. could
be correlated to volume diffusion. Some areas of high Na concentration
in bands through grains, along cracks and grain boundaries, sugqested
the importance of non- -volume diffusion in the mica minerals In photo—
graphs of heated biotite, Fe and Mg were found to have localized and
concentrated in blebs on a scale of a féw_microns. However, there was
no chanoe in the homogeneous distributions of eiements, e.g. Si and Al,
and no relation.of the Fe and Mg;variations to da and K oncentration:
distributions. | |

Powder x~ray diffraction work was carried out on The heated and

unheated micas. In conjunction with the X-ray scanning photographs,
the iesuits indicated that heated biotite had Significantiy decomposed
. to hematite, the amount of hematite formed increasing with increaSing
duration of heating. However, much of the dehydrated biotite (oxy—
biotite) structure was also retained up- to the 1ongest heating time

The dehydrated muscov1te structure appeared to be more stable to ther-

mal destruction, and only in the Tongest heated samp]es was there any

-
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evidence of s1ight decomposition to y- alumvng or spinel.

In summary, Rb, Sr87r Na, and k ions m1grated between minerals,
on secales approximately equa1:;b the.grain size, upon heat1ng of the
Prosperous Lake Granite; Other elements remajned stationary, or, ih
' the m1nerals undergo1ng decompos1t1on (micasi, Fe, Mg,.and Al nmved only |
over distances of a few m1crons or less. The experiment was‘oonducted
under almost comp]eté]y anhydrous conditions. Thus, all migration
must be accounted for by solid state migration (volume or non-volume
d1ffus1on), with no cbntr1but1on from movemtnt through 1nterqranu1ar
v water or d1sso1ut1on reprec1p1tat1on react1ons At least two of the

constituents of the rock, biotite and muscov1te, decomposed to some
extent during the exper1ment

D]ff1cu1t1es arose in quant1fy1ng the rates of migration of the
.above ijons, due to sample var1ab111ty and contam1nat10n because of
“inability to comp]ete]y separate the m1nera1s Although, on the basis

of theoret1ca1 considerations, a diffusion model was chosen, most of

-~ the scattered'concentratioh data would have fig a first order or zero-
order rate model equally we1tf‘ A rate contro1ﬂed,reaction, e.g. in
particular, decomposition of muscovite or biotite, could théréfore

. control the rate of:release, acceptance,.and migration of an ion ;n the
rock, or at 1east withfn-that mineral. However, mu;covite'did not
s1gn1f1cant1y decompose dur1ng the exper1ment making rate contro] by-
decomposition un]ike]y Diffusion in the micas was probably speeded up
t%y the cheation of‘new diffusion paths where non—vo]ume d1ffus1on cou]d
occur due to dehydrat1on In 11ght of the complications, it 1s actua11y

surpr1s1ng that the “d1ffus1on coeff1c1ent5“ ca]culated in the exper1ment

were so similar to va1ues obtained by other workers studying the d1f—
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fusion of ions in stable minera]s.s "\ B

In simplified terms, the diffusivity of ions in a given iattice
should decrease”wich increas{ng jonic size and charge,'if the effect of
water is ignored. The results of this thesis support the above state-
ment, in thet.except for Sr8%r,'on§y the hwnova1ent alkali catjons
‘mederwent migration on significant scales in the heating experiment.
Higher charged catipns merd only on a submicroscopic scale (Fe, Mg) or

apparently not at all (Ca, Si}. However,‘the divalent Sr87r ion re-

N

located as much as the alkali 1ons, whereas Ca, Mg, and Sr d1d not.

Evidently, "the phases 1nvofied in ion exchange, the jons, moving, and
thus the migrecion rates obéerved, cannot depend on pnfj diffusion rates
and kinetic.facfor;l Thermodynémic factors must also exert a great
deal of control. |

For examp]e “what could be expected "to happen if a rock whose -
minerals were in chemical and isotopic equ111br1um at the tlme-and under -
“the chditionS'pf its fdrmacion was 1ater,reheated? If the conditions :
:.of formation and reheating weke similar, che eq;ilibrium shqu]d not.bel
'distrbed; no natter hcw rapid thediffusion, e.g. of K ions,.re-equilka
ration shou]d result in concentratlons the same as present initially.
Eor radiogenic nuclides the situation is different. "These nuc11des Sccumu-‘
late with.time due to decay of their radfoactive parents, and are trapped .
{n sites in minerals which are usual]y geochemically and thermodynamice1;
ly unfavorab]e Thus, on reheat1nq of a rock there is a dr1v1ng force
for radlogen1c isotopes to re- equ111brate by migration even if other

e]ements are still in equ111br1um between m1nerals Such are the pro-

esses assumed to result 1n diffusive loss of rad1oqen1c nuc11des with

metamorphism.

s



If a rock i's subjected to conditions different (espéciat]y more
'strenuous conditions) from thg_origiha] equilibrium, other changes tene-
ing in the direction of a new equilibrium, will .also occur. At higher
temperatures, because‘of shifts in equilibria, increasinglsubst?tution
of K for Na, or Na for K can result, to the extremeg seen in the present-
experiment, but also under geo]pgic conditions, e.q. Lampert (1959, fn
Deer, Howie, and Zussnmn, 1962) found .that the Na contents of nuscovites
’ increaéed with netamotphic grade. »‘ | | .

In the presentveiperinent; a situation very much perturhed from
nqrﬁa] geo1ogiea1 condittons was ptodueed. Some minerals were gross-
1y destabilized and began to decpnpose; Schneider (1974) found that
biotites from granitic rocks around a crater impact had partially oxi-
dised and deconposed to oxybiotfte and iron oxides, with a diffusidn
- of K out of, and Ca and Na into the lattice. However,‘under npst‘meta-
morphic conditions such processes wou]d only occur.to a misor degree.

At the lower temperatures usua]]y cons1dered when eva]uat1ng too Tow
radionetr1c ages, alkali ions would not be expected to relocate s1gn1fi—
cantly, not beeause'qf diffusive andlkinetic factors, but because of
equilibrium confideratiOns and 1imited‘so1id\so1ution of these_tons for
- each other in minerais.' | |

Examihing data from the present experiment, it is apparent that

rad1ogen1c strontium has been lost by the m1ca minerals, as wou]d occur .

“under metamorph1c cond1t1ons, and that the alkalis have migrated due to -
the very h1gh temperatures employed Pecause of decompos1t1on of miner-
als, and the disequilibrium. cond1t1ons to wh1ch the- rock was subJected
the resu]ts of th1s thes1s cannot be 1nterpreted to yleld quant1tat1ve~

data on the diffusion of geochronologically important nuclides. 'The '

36
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\
present experiment, albeit at the extremes of geologic reality, has

indicated that atomic relocation in a rock is affected by a summation
of kinetic and thermodynamic factors, which may be inseparable. From
both the investigator's and investiqgatee's ﬁoints of view, only time

will tell. : .
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“analysis.

APPENDIX oo

A. Experinnnia] Techniques
1. lIsotopic Aﬁé]ysis for Rubidium and Strontium

Rp and Sr determinations were carried out on heated and unheated
muscovites and biop?tes and on the unheated micracline samples by the
method of isotope dilution or "spiking". .

Enough sample estimated to contain approximately 20 microgrém
of Rb was decomposed by heating in a platinum cmacible using 5 ml.
vapour distilled HF, 5 ml. demineralized distilled water, and 5 Hrops’
of concentrated stoq. About 20 microgram of.almost pure Rb87 spike was
added and equilibrated with the samp]e,'which was then evaporated to
dryness andlidnited atl900°C. The residue was leached with distilled
water, and the potassium and rubidium wére precipitated by the addition
of "suprapur" concenfrated HC]04. The precipitate was rediéso]yed in é
few drops of distilled water in preparation for mass spectrometric

[y

In the analytical procedure for strontium, enough sample: was

_weighed to give approximately 20 hicrogram of normal (non-radiogenic) Sr.

The sample was decomposedfby heating in a teflon beaker With 10-15 ml.

each of pure vapour distilled concen?';r’atedeNO3 and HF. A spike
confaining 20 microgram of almost pure Sr84 was added and equilibrated

with the sample. The solution was evaporated to dryness and the‘residhe'

~ taken up in a mixture of HNO3 and water, and redried several times.

Strontiuﬁ was col]ected.from a concentrated HNO3 solution of the sa%ble B
by copfecibitation with Ba(NOB)Z;aftér'theuéddition of strontium-free
barium solution (1ﬁproximate1y 10 mg. tota’ Bé was added). -Thé washéa
precCipitate was dissb]&ed in HCL and placed onto a pre-calibrated DoWek-

93 - (
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cation exchange column, which was eluted with 2.5 M. vapour distilled.
"HC1. The eluate fraction containing Sr was collected and evaporated to
dryness. The're§idue was dissolved in a few drops of distilled water to
load it onto f%]aments T '&fl ¥
Both Rb and Sr were loaded onto previously outgassed tanta]um o
ft]aments. For all of the strontium and some of the rubidium work,
.

single tantalum filaments were used. The filament was oxidifed by

passing a current through it, and sma]] amounts of Rb or Sr

solution .were added .and evaporated under a heat Tamp unt1l a residue

was bul\t up on the filament. Sr on the f11ament was treated w1th

'HC104 for u1t1mate conversion to the oxide form, and Rb w1th H2804 for
conversion to the su]fate. Most of the Rb samp]es were re-analysed using
.trip]exfi]amentsvof tantalum, The Rb was loaded as one or two ]arge
drops onto the unoxidized center filament, and eyaporated to Rbnch1or1de;
it was not converted to the sylfate oa1t. The side'fijaments were used
_for 1on1z1ng the samp]e “ ” -

» The samples, after loading onto f11aments, were analysed on a
‘six—inch solid source mass spectrometer, ut111z1ng peak switching and
_digital vo1tmeter output A 3.5 kV. acce]eratwng voltage was used, and
for single filament Sr and Rb runs, currents of approx1mate1y 2.4 and 1.3
amperes, respect1ve1y,ﬁ‘ were needed to ionize the samp]es. For r1p1e
_f11ament Rb ana]yses, 0.4 amps. n_the center (sample) fr]a,ent and
'approximately 2.3 amps. on -the side (ioniztng) fi]anents were :he cperating
cond1t1ons employed. _ _ ) "' ' ' ! ~ |

Peak sw1tch1ng data were converted to 1sotop1c rat1os by

. G
calculation of a running mean on the c]ose]y Jinear d1g1ta1 output.

Several sets of data were co11ected and averaged, if poss1b1e. An APL

’
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program, RBSRCOM; written by Dr. Baadsgaard, was used to ca]cqute.the
Rb and Sr contents'ahd jsotopic composition of the samples, given sample
weight, jsotopic ratios in the spiked sample, and spike quantity and

compos1t1on as input.

A1l Sr isotopic data were corrected for fractionation by normal -
izing ratios to Sr /Sr 8u= 0.1194. The Eimer and Amend“SrC03.standard
wfth Sr87/Sr8§ = 0.70794 (NBS, 1973) was_run twice during the course of
this work, and ratios of 0. 7071 + 0.0008 and 0. 7688 + 0.0012 were
obtained. A value of 0.7080 + 0.0005 is ‘the average of six determinations
on this_standard in the U. of A. isotope laboratories from 1972 to 1975.

An analysis of Sr in NBS feldspar 607 (NBS 70-a feldspar), a

< L .
- standard reference material, was also carried out and gave the following

results:
N ] .
Sr = 62.35 p.p.m.}. , . :
_  total Sr = 65.3 p.p.m.
-Sr87r = 2,96 p.p.m. C ‘ .
87,58 - 1.200

These resu]ts compare very favorab]y with the va]ues (NBS, 1972) stated

on the certificate of ana]ysws (tota] Sy = 65.5 + 0.3 p.p.M., Sr /Sr =
= 1. 2684 + 0. 0002), or with those of Compston et al. (1969). Two blank
determ1nat1ons using no sample for the total Sr analytical procedure
y1e1ded approx1mate1y 7 nanogram of SrN for the_b}ank (as compared to
@20 m1crogram per sampie). Ana]yt1ca1 prec1s1on js thus estdmafed to
1nc1ude a total error less than 0. 5% of'the total amount present for Sr
“analyses. _ N | |

To calculate Rb concentrat1ons, an atom1c rat1o of Rb85/Rb

'='2,600 was assumed.' Single filament- Rb runs usually showed apprec1ab1e
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isotopic fractionatibn (1-2% ), and the first set of data obtained was
se]ected as closest to the actual va]ue; however, the precision on each
set of data was better than two parts'per thousandf Three sing]e |
f11ament determinations on the same sample of NBS fe]dspar 607 yielded
resu]ts of 516, 509, and 507 p.p.m. for Rb concentrat1on The NBS
certificate of analysis states 524 + 1p.p.m., Compston et al. (1969)

obtained 530 p.p.m., and delaeter and Abercrombie (]970) recommend a
va1ue of 525-p p.m. Several unspiked single f11ament Rb runs on a
mixture of Rb and K ch]or1de ("normal" Rb) resuited in va]ues for'the
.Rb /Rb ratios from 2. 560 to 2.591 as compared to the accepted value
of 2.600 (the Shields va]ue is 2. 593 + 0,002 (Catanzaro et al. (1969))).
It can therefore be seen that Rb determ1nat1ons cou]d be 1naccurate by
'1 2% due to 1sotop1c fract1onat1on.

Triple f11ament runs in most cases d1d fiot show. s1gn1f1cant
fractionation (over O 3%); if fract1onat1on was observed the run was
repeated, Thus several sets of data from one run could be averaged
Eight analyses of "norma]" Rb yielded Rb /Rb = 2. 596 + 0,005 (one a).
The error is onTy s]]ght1y greater than the standard dev1at1on of data
from a'sing1e run. Two ana1yses on the above samp]e of NBS feldspar

indicated 517 p.p.m. Rb; 519, 519, and 516 p.p.m. were the resu]ts obtained
on another.sample of the fg}dsﬁgr. These runs again had prec1s1on of
better than two parts per thousand. Since very sma]] sample wetghts were
used for Rb determ1nat1ons, another few parts per thousand error may have
n,'been 1ntroduced in weighing. However, it appears ‘that 1ntra1aboratory

prec1s1on on Rb determ1nat1ons using €r1p1e filaments is better than 0 5%
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2. . X-Ray Diffraction
The unheated and some of the. heated purified minera1-separates
were analysed by means of x-ray diffraction, A Philips x—ray jnstriment
was emp]oyed and powder photographs were taken us1ng a camera of 57.3 mm.ﬂ
radius with coarse collimators. AN m1nera]s except biotite were exposed
to Cu Ka rad1at1on with Ni f11ter for }-5 hours at 35 kV. and 15 mA.
For bjotites Fe Ka rad1at1on with Mn f11ter was ut111zed at operat1ng
conditions of 35 kV., 10 mA., and with 3 hour expo:ure time, The 28
i positions of the lines were measured converted to d spac1ngs and compared
‘with tabulations invthe ASTM. card index. Films were not corrected for
‘shrinkage, since in all cases this appeared to be 1ess than 0.1 mm. |

Intensity estimates were made visually, with the strongest 1ine assigned

an intens%ty of 100.

3. Microprobe Ana]ysis B |
Grain mounts of unheated and heated mineral separates were prepared
for m1croprobe study. MoUnts in plastic were made of one of the unheated |
minera]s ("B"), and of samp]es heated for 2.5, 100, 213 405 802 andi'
1079 hours for each of the minerals b1ot1te muscovite, m1croc11ne and
,a1b1te. The micas were the same samples prev1ous]y ana]ysed by mass
- spectrometry. . The fe]dspars, although s]ight]y contamlnated w1th each '
other and quartz, could be d1st1ngu1shed under the e1ectron beam. Thin

sections-of the Undisseminated‘heated and unheated rocks were also- prepared

~

for m1croprobe study.
Tota] e1ementa1 analyses were carried out utilizing an ARL;EMX

, 1976).

microprobe with energy dispersive ana1y51s (Smith,

“in Tahle XV,



TABLE XV

Standards Used in Microprobe Analysis

Albite Ab-80: " -feldspar glass prepared by J.V. Smith
Elemental composition:

. Si: 29.63%

AT 12.20%
Ca: 3.02%
Na: 6.93%
0: 48.22% °

Mount number EP/S6-2

\\0rﬁhoc]ase Or-1: = from Bernérd Evans (Berkeley), Ingamells ana]ysed
A Elemental composition: ‘

\ . si: 30.10%

\ o Al: . 9.83% 11
Y , / Fe: 0.,023% (Fe ")
v g Na: 0.85% = -

\ - K: 12.39%
: 0: 46.03%

e

Mount number EP/S11-3

D-Hypersthene H66: from J.V. Smith
'  ‘E1emgnta1 composition:

Si: 24.70% L .t
Ti: 0.06% ‘ '
A]: 2930% II
- Fe: 11.70% (Fe ")
Mg: 16.10%
Mn: 0.20%
“Ca: 0.20%
0: 44.44%

" Mount number EP/S6-9
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Operating conditions included an operating vo]tage’of 15 kV and beam

current of 300 nanoamps.

The albite was used as the standard for the e1ements Al, Ca, and
Na; hypersthene‘fpr Mg and‘Fe; and orthoc]aEeAfor Si and K.' Standardsw.,
for any other elements were not included. | |

Data weretaccumulated on magnetic tape for the above standarde;
for the samples, and for a calibration standard, wi]]emite.-'Counttng
times wera 400 seconds'(cprrected for dead time). for each set of data.
Using a focdssed electron beam, aUtomated beam scanning over an area
of approximately 100-400 sqdare microns was utilized in order to obtain
.a representative average ana1X§is for a grain and to minimfée damage to
the mineral by.the electron beam. The latter effect cop]d be sjpnifjcant ;
in'a11 of the mineral samples and in:both fe]dépar standards, Several |
Qraihs or parts of grains were analysed within the‘400~Second‘counting
A twme for the standards | | |

On the whole rocR thln sect1ons, two to four gra]ns of the m1nera1
to-be ana1ysed were_1ocated; the sample was moved cont1nuous]y under o
_the‘e1ectron beam by hand to reduce the effect of inhomogenetties and to
get an average compos1t10n for these gra1ns For the érain mounts‘of
1nd1v1dua1 m1nerals, 20 to 25 gra1ns were ana]ysed with beam scann1ng
~ (near the center of each grain, partlcularly for the fe]dspars) during the
400 seconds " The mtperal being exam1ned cou]d be recognlzed by 1ts ' .
appearance under reflected light or. by the co]our of the cathodo]um1nescent
spot produced by e]ectron 1mpact ‘

It was attempted to analyse a]] samples of one m1nera1, e. g. a]]

m1croc11nes, seqqent1a]1y on’ oné‘aay, e11m1nat1ng effects due to var1ab111ty

of counts on the standards from day to day. The tape data conta1n1ng

§
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counting statistics on samptes and standards were read into the FORTRAN
program EDATA, wh1ch calcu]ates for output the weight percent concentrat-
jons of elements. from Na to Zn (p]us Zr and Ba). Default values for Z\
standards, included 1in the program, could be used when working standards
for some. e]ements were not 1nc1uded in the analysis (Smith, ed., 1976).
Thus, for a11 the - trace e]ements, and one m1nor ‘eTement (T1) fn the
_minerals analysed, default va]uesAwere utilized as standards. Th1s ;»\
procedure is qu1te adequate for the determ1nat1on of elements present 1? )

low concentrat1ons. Accumulated data on the aforement1oned standards'

were used for the determ1nat1on of the maJor e1ements Na, K, Ca, Mg, Fe,

—~

o,

A], and S1.

In the calculation of ana]yt1ca1 compositions; minor amounts

'(1ess than 0.1% by welght) of trace e]ements, which”could.be due to the
samplq ho1dey e. g " In, or vacuum 011 e.g. S, C], were discarded.
Some of the output data had to be mod1f1ed because of incorrect default
values in the computer program during . part of the t1me this 1nvest1gat1on i
was being conducted. Further ca]cuiat1ons were carried out on]y on .
corrected data. | ' o CoL | vf{ .

”ﬂ short APL program CALC was wr1tten to convert thé‘ana]yticat
data from we1ght percent elements to we1ght percent ox1des bas1s us1ng -
oxide convers1on factors (appendix; Smlth ed.,_1976) The data were
‘also. recalcu)ated to an atomic basis, i.e. the number of 1ons of each
element with respect to a spec1f1ed number of. oxygens For the a]b1tes
'and m1croc11nes, 32 oxygens were assumed, For the muscovites 22 oxygens
were se]ected this number 15 approx1mate1y equiva]ent to 24(0 OH) "
usua]]y quoted in mica ana]yses, and. was more applicable to the heated

m1cas wh1ch ‘had 1ost most of their water c0ntents. Bio~ite ana1y>es were
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calculated assuming‘all‘iron to be present in the ferric state, a
reasonable assumption for all the heated samples An additional 1-to

IT prasent in the original

1.5 oxygens would be needed to oxidize the Fe
unheated biotite, therefore, 511 bijotite analyses were ca]culated on the
basis of 23.5 oxygens for the sake of consistency. Very simi1ar.ionic A
-concentrations on unheated biotites and muscovites were obtained when

~H

20 contents and Fe0/Fe203 rat1os from Baadsgaard and van Breemen (1970)
were used for the ca]cu]at1ons on the basis of 24(0 OH), and when
11 ITI

numbers of both Fe and Fe were computed

A qualitative 1nvestigat1on of the mwnerals in grain mounts was
*also conducted w1th wavelength d1spers1ve analysis. Three speCtrometers.
were ava1]ab1e on the n1croprobe and were set up to determ1ne Ca, K and’
Na'for the fe]dspars, and S1, K and Na for.the m1cas. Fifty second
counting t1mes were emp1oyed to exam1ne 10 to 20 grains of the unheated
(or 2 5 hour) and 1ongest heated (1079 hour) m1nerals. Usua]]y counts

‘_ were obta]ned w1th beam scanning over a sma]] area (approx1mate1y 100
équare microns)'at two locations in each grafn.4 One 50 second count on
quartz (conta1n1ng essent1a11y no Na, K,. or Ca and found as a contam1nant

with albite) .was USed aS an 1nd1cat1on of the background count rates for

these elements in the fe]dspars. This procedure was selected to determine

the variability of the cation concentrations from grain to grain or within

grains..

1ned by taking x-ray scann1ng ‘photographs with. the spectrometers set at

the wave]engths for various elements of 1nterest Areas from (20 mlcrons)

“to (300 m1crons) were 1nvest1gated for p0551b1e grad1ents or nucleation

<
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The presence of concentrat1on grad1ents w1th1n grains was a]so exam-



102

of new phases., Wavelength dispersive counting and beam scanning photo-

graphs were done'uqder operating conditions of 15 kV and 100 nanoamps.

B. -Microprobe Analyses in Oxide Percents

Analyses of minerals by e]ectron_microprobe'enerqy dispersive
analysis ea]culated in terms of oxide percents are given in Tables XV1
'through XIX. A1l analyses are of 20 to 25 grains in grain mounts with
beam scann1ng un]css otherwise 1nd1cated |

~Ueight percent oxide totals are very: h1gh for b1ot1te and albite
analyses, posstbly due to volatilization of Na and K’in the albite glass
and orthoclase standards, which would result in too high values for
alkalis and teo low values for other elements in the samptes being
analysed. Corrections have‘been‘made in the‘microprobe‘program, EDATA,
since the'time that the ﬁresent aealyées‘were'calculated; to accouet‘for
0il build-up in the microprobe. If the data arevreca1culeted, oxide
tota]s lower by 1% to 2% {han the va]ues given in the tables result,
AWell as increased Ma (by approximately 0.5% Na20) contents and eecreaées’
in*other'e1ements'for the K-containing minetalé compared to data in tHe
tables. Thus, volatilization ofistandards may not have‘te invoked to
| account for the higﬁ-ogide'tota1s. HOwever,isinee not all the ori@ih%]
tape daté Were available for.reca1cu1atioﬁ, and Since'thejcofreCtion"
'appeérs to’be.sxstematic, the prigihet data have beeﬁ.retained.' It is
be]ieved that the‘eorrectionuwould not affeet the’ihterptetationé of
microprobe data 1n Sections B. 1 and B 2 of the Resu]ts and D1scu,s1on

Oxide . tota]s for muscov1tes, on the other hand, are extreme]y 1ow
A p0551b1e exp]anatlon is that because of the de]am1nat1on and expans1on

of heated muscov1te, epoxy was 1ncorporated between sheets of muscov1te,

-7
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aqd inadvertent1y"1n¢]uded in areas of analyses, resu]ting'in overall

low values for atl e]éments. Also, an improper conducting coating applied
to the muscovite mineral mount could result in similar béhéviour. When
data are recalculated to an atomic-basis, the errors in ana]ysis

represented by the lTow oxide totals probably become negligible.
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