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Sunma ry AR

Barth (1956) proposed that the partitioning of
Fa and Heier (1960) that the partitioning of Sr, between
coexisting felspars, could be used for geothermometry.
The present thesis examines not only the partitioning of
these elements between felspars from granites but also
between synthetic felspars formed in closed hydrothermal
systems. Although equilibrium partitioning In the
synthetic systems could not be proven the experimental
results are consistent both with data or matural meta-
morphic¢ felspars and with Barth's predictions. The
results are interpreted on the basis of published crystial
structures.

For the granites the partition ratios have been
compared with temperature data deduced from elther
muscovite-paragonite relationships:- for those granites
which contained a white mica, or from sphalerite-pyrrhotite
relations:~ in the case of & sample taken from adjacent
to the lode at Broken Hill, NeSeWeo The distribution
modes for sodium, in the case of the mica containing
granites, do not ensble temperatures which correlate with
those from the micas, Lo be deduced from the Tarth
gecthermometer. In addition a sequence of the sodium

partition ratios can not be correlated with a sequence



of the strontiun ratics. These negative resulis are
belleved to e explicable in terms of %) crystallioeraphie
Gata, published since Bugster's {(1955) daza, on suscovite-
paragonite solid solutions,

i1) 1lack of equilibrium in granlie sysitems,

ii1) effectas of bulk composition,

Rarth's nypothesis that the partitioning of
girontium between coexlsting feispars should be tenperature
gensitive was supporied by very little =zvidence until work
in this departzent by Virge {1966}, on a series of felspars
from rocks of increasing metamorphic grade, anoved a
correlation belwsen grede and the partitioning ratic
for ssrontium {calcnlaied as

mol. strontiun felspar in alkall fals:ar}

mol,, abrontiun felspar in plagiocclace
Thie correlatlon sugrested thst experiments Lo further

teet the hypoethesis that, with inereasing terverature the

potassium felsrar lattice takes In higher concentrations

4

of strontium than the coexieting plagioclase lattice,

wonld he useful to substantiate an obgervation with

interesting crystal chemlcal implieations.

-

Investizationk of' the sbove hypothesis involved
building hydrothemal epparatus in which th= partitioning of
strontium and the alkall metals beitwaen coexistine felevar

hagses could be achieved a2t a series of teneraturage



The temperatures were in the range 500°-8580°0, lthough
eguilibrium hasg not Leen proven the resulis conlirm that
the distribution ratios for strontium inersase with
tenperature un to gabout 700°C, but above this value the
ratios fall with increasing temperature.

These obecrvations are explained in terms of &
model which takeg into account the change with temperature,

1373

of the =ilistiasl fres 5 ace about the large cations in

a

plagioclases and al%ali felspars. The choice al this model

is Turther confirmed by the way in which it explains

published data on volume and linear expansion of felspars.
Incidental to the partiticn situdlss, the

experim-ntal resulies for the An-Op-Ab-HaO-0rCl, syntem,

: -

investij ated, have shown i) that three and oerhaps four

subsolvus felispars can coexist under suboclvus coaxlitions,

for

and ii) that the polazssium content

L]

of plagioclases iz sensltive to temperature of Tormatione.
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1.
Introduction
The theoretical variation of distribution
coefficients (KT) of a solute between two solvents, with
the temperature (T), in degrees absolute, is given by the

Nernst equation:-

—

(1) KTazKoe

g’m

or 1n KT = - %'% + 1n Ko
where E is the difference in energy, at temperature T,
between one mol of the solute dissolved in solvent 1 and
one mol of that solute dissolved in solvent 2, R is the
gas constant, and Ko is the coefficient in the notational
gtandard state. Barth (1956) showed that if alkali felspar
and plagiloclase are regarded as solid solvents for albite,
the composition of the felspars affects the energy E and
thus changes the coefficient of distribution of aslbite.
He suggested that the following relationship could be
applied, if adjusted for different composlitions of the
felspar phases:~
mol fraction of alblite in plagioclase
A constant
(Kdﬂb) at a

given temperature.
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Barth correlated Kqﬁb with an empirically determined
temperature scale over the range 350°~-1000°C. This
geothermometer has T“een criticlzed by a number of
authors (Dietrich, 1961, presents the major criticisme).

Barth (1961) stressed the ides that irace
glements would be likely to partition between coexisting
felspars according to equation {(1). Work by Heier (4960)
was used by Barth to illustrate the importance of the
vartitioning of &Sr. It 18 one of the aims o thia
thesis to exemine more closely the partitioning behaviour
not only of Sr but zlso of Hs.

The rest of the present chapier will be concerned
with a brief resumé of published experimental work
relating to the Barth geothermometer, as well as rresenting
in more detail some unpublished results, cbiained by
D. Virgo, of the Oeology Uepartment in the University of
Adelaide, on coexisting felspars from mlddle amphitolite

and granulite facies rocks.

a) %inkler (1961), using starting materials prepared
from 1llite-containing clays, determined the compositions
and Kﬂﬁh velues for felspars formed in the tenperature
range 620°-720°C and st a pressure of 2000 bars. The
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only significant composition differences in the starting
materials were with respect to the Na,0 content. Table
1 gives the results of Winkler's experiments. From
these results he arrived at the following conclusions.

1) For starting material of a given composition
the KdAb values did not show any variation, with the
temperature range investigated.

2) The Kd,, velues were considerably influenced
by different soda contents in the starting materials.
Winkler (1961) further showed that other major constituents
of a rock influence the felspar compositions.

b) Orville (1962) reported results of exchange
reactions between a potassium felspar phase and alkali
chloride solutions. He concluded that only in the
potassium felspar composition-range Orgys~Orgs are the

tie lines independent of composition in the alkalil chloride-~
potassium felspar system. For a serles of experiments,

at temperatures of 500°, 600° and 700°C and different

bulk compositions, Orville deduced that Kdﬁb values change

with temperature but the X4

D values overlap at different

temperatures.
c) Yoder, Stewart and Smith (1957) determined the
compositions of coexisting K~felspar and plagioclase

in equilibrium, at PHao of 5000 bars at 720°,



Table 1.

Alblite component in coexlsting felspars of high grade metamorphites,

derived from 1llitic eclays, with deduced distribution coafficienis

#and corresponding temperaturs ranges.

( inkler, 1961,

JAb=gomponent {(mol )

Kdﬁb Temperature O Bulk lNay0
K-felspar Plagloclase h (wt )
T —— ——
8.5 &8 13 .02 650, 670, 700, 710, 720 136
19.0 75 25 t 02 620, H30, bS50, 570 2411

*h
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and 770°C, with a liguid and a gas phase. These
compositions are given in Table 2, along with the KdAb
values deduced fron them. AB can be seen K@Ab values
decrease with increasing temperature. Although this is
opposite to Barth's prediction, the explanation can be
seen from Yoder et al. (op. cit.) figures 36 and 37.
Temperatures and prsssures in Yoder's experimenis were
such that felspar compositions on the solidus surface
were in eguilibrium with liquid compositions on the
liquidus suriface. Under these circumstances a decrease
in temperature will result in an increagse of the albite
content of both K-if‘elspar and plagioclase. At subsolidus
temperatures however, and at the same Pﬁzo’ the albite
contents will fall with decreasing temperatire and the
trends which Barth predicted will e followsd. Host
regional metamerphism is thought to involve recrystalliz-

ation of felspars nnder cubsclidus conditions.

a) Steuhl (1960) determined the composition of

-

coexisting felspars in a peragneiss at Iﬁag o1 2000 bars
and in a temperaiure range 550°-700°C. He found %he
variation of the albite distribution coefficient with
temperature was more complex than any variation predicted
by the Hernst distribution law.

e} Bugster (1955) determined ihe partitioning ratio

of cesium and potassium between Hy0 vapour and potassium



Temperature Felspar Component E-felspar I'lagioclase Kd,,

770° O 92.50 2e75H
An 1.87 58.25 +138
AR 5063 10400
720° or 78475 3a 75
in 125 22450 « 2611
Ab 20, 00 7375
Teble 2.

Coexisting felspar compositions, determined sxperimenially by Yoder,

Stewart and Smith (1957), and K4,, velues calculated Irom them.

b

‘9
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Tfelepar crystals far very low concentrations of cesium
relative to potassiunm at 1,000 and 2,000 bars pressure
and at temperatures from 500°C-800°C. The experimental
data of Hugster can be plotted on & diagram with in Kp

and % as coordinaten:

% = 8(s) * *(g)
K(s) = %(g)

and (s8) refer tc gas and sanidine phases respcctively,

» whers the subseripts {g)

and T is the absolute temperature. This disgram is
linear over a considerable iemperature range, indicating
that for dilute solutions equation (1) ia sheyed.

IT The Work of . Virgo

The work of Virgo {1966) is given hers in some
detall since not only is it at present unpublished but
also because it produced encouraging resulis relating to the
fr-felspar geothermometer, as well as suggesting that Na

distribution is an unreliasble indicator of metamorphiec

grade, The work is considered according to rock types
investicated.
a) Almandine-amphibolite and granulite Teacies rocks

from Ceylon, Broken #ill (New South Walez) and the

lusgrave Ranges (South Australie). Alsc discussed are



data for rocke of this grade from the Adirondack Lowlands,
ngel and Zngel {1950) and from Lang®y, Heler (1940).

b) Roeks of the sillimanite-muscovite and sillimanite-
orthoclase subfacies of the almandine amphibolite facien
regions near 2delaide, South Australis.

In all areas; with the exception of the usgrave Renge
aren, mapping had heen carried out in sufficient detall
t0 dellneate an 1lsograd tetween two faciess In the
Husgrave Range area, although their extent in ares was

not knowny mineralogical differences ensbled spscimens
representative of the two Tacies present, Lo be ovtained.
The materials zelected by Virge were in all cavszs 4=-5 cms
in dizmeter:~ t¢ ensure local cquilibrium prevaliled

throughout, Breis {4961, and obvious polymetsmorphic

o

effecis were avoldaede Afver careful purilication of

the coexlating Celspars the clecaents Ha, 1y Cas Dag
Sp and &b were determined by methods similar o those
digcussed In chapier Z.

The disiribution modes for Ta and 2y were
grapnically expresset in terms of dlstribuiion or
oozeboom dlagrams, Lretz (1959 5 379 The mol
percent alblte in the plegioclase wae plotled against

mol perzent albiite in the alkali-felapar, similiarly
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for the strontium felspar component., ®or sn ecuilibrium
partitioning of z component hetween the coexisting phases
pointe in these plots define s straight line when:-
i) the partitioning component forme & ailute

solid solution in both phases,

end i1) both phases are 1deal for the partitioning
element.
Slopes of the lines, defined by the point-nlots vary
with changes in the physical conditions under waich
partitioning took nlace. #ith this backeround the
relationships which Virgs found betwesn the disdribution
coefficlents Tor sodium felspar and strontium fzlspar
with metamorphic grade can now he examined.
a) Sodium felzpar Adistribution coefficisnis:
Pige. 1(a), (b)), {e), {d) and Fig. 2{a) ares taken Trom
Virgo {1955) snd pressnt his dats for the granulite-
amphlibolite facles areaz. From these plots it cen be
seen that thers exists a2 considerabls scatter of
distribution coefiicients even for isof'acisl rocks. It
car also be seen that different KdAb values sxist for the
metamorphic zonez represented. ®Rig. 2(b), {c: =ma (4)
give the dats Tor the almandins-amphibolits fzcies felspars
and ghow how the sodium distributicn coafficlents zcatter

considerably while not clearly reflecting metamcrphiec



Pge. 1 from Virgoe (1966).

(a}
()
(c)
{a)

refers
refers
refers

refers

refers

refers

to the Broken Hill area.

to the lusgrave Range srea.

ta the Ceylon area.

o the Adirondack Lowlands
ares.

to Granulite Facles.

t2 Almandinz Aphiboliies

FacieB.
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fg. 2 fron Virge (1966).
(a) refers ¢ the Langdy arcz.
(b) refers to the Fewsasy Valec area.
{c) refers to the Springton area.
(d) refers %o the Falmer (I} and Needy
Sreek {(Hels) area.
(These last threc areas are near adelaide, South

Australia)e.

in 2{a) & refers to Granulite Facles.
o refers to Granulite Facies.
+ refers 4o Reirograde campleg,
x refers Lo Transitional rocks.
o refers to Upper Almandine aphibolite.
0 refers to Lower Almandine Aphibolite.
in 2(b) ¢ refers tc Sillimanite aimendine
¥-felaspar subfacles.
+ refere 4o S1llimanite almandine
musgovite subfaciesn.
In 2(c) and 2{&)
o Upper alllimenite-almandine muscovite
subfacles.
+ Lower sillimanite-almandine muscovite

subfacien.,



K-FELDSPAR Ab/ Ab+Or

(a) A d-296 (b)
20 20
®
10 10
¢ +
= d:=-10
0 T T T T 0 T T T T
20 40 60 80 20 40 60 80
(c) (d)
20

20 40 60 80

PLAGIOCLASE Ab/Ab+An
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zrade. The data presented in Pigs 4 and 2 led Virgo
to the conclusion tnat sodium distribution was an
unreliable indicator of metamorphic srade anl that
pulk componition of the crystallizing rocks wes
eritically ilmporiant.
) Strontiom felspar distribution coefficients:
#1gs 3s49hH, and 6 present Virgo's data on strontium
partitioning in felspars'from the HMusgrave Range,
Broken Hill, Ceylon and Langdy ares metamorphics. oOn
zach diagrew an average distribution coefficisnt, as
well a2 a 5 percent rangs in the distribution
corfficient (Kﬂgrg} iz shown for isofacial rocks. (5%
represents the estimated total srror). From Pigs 3 to &
the following significant Testures are recogniszsble.

1) Points Tall close %o & strsighi line passing

through the {dzpartures from thse 15 range have

features discussod bolow)e
2) The regularity of partitioning iz %tzken as
an indication that chemical equilibrium was resliged
during metamorphrisne
3} There seems to be a correlation af Kdp ap
with metamoryhic grade.
L} Ths overall strontium distribution coefficient

is near one; indicating that there is litile preference,
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1
on the part of strontium, for sither the slkali or
plagiocliase felspar latiice,

Samples 1, 18L, L69 and 238/55 do not f£it the
gbove generalized features, but for each of them s
special feature was reported. Sample 1 although consistent
mineralogically with the highest grade of me tamorphism,
displayed a broad diffuse hump in the 131/131 region of
the powder pattern. This is in contrast to

1) the 131/171 region of the granulite felspars,
which showed 2 singles peak in the 131/131 region,

and il) the amphibolite faciss felapars, which

have triclinicities of 0,76 =~ 0.96.

3ample 181 occurs within a lode horigon and has
fractured and sericitized grains, which in light of
Binns' (1953) work suggesis a later period of metamorphism,.

Sample LG9 was thoughtte bhe of igneous origin
because of field relationships. Sinns (1964) suggested
that the body from which 459 was taken may not have
c¢ompletely recrystallized during the mstamorphism which
affected the surrounding rocks.

Sample 238/55 shows retrogressive effects and
Heier (1960) suggested these may be the reason for its
low Sr value.

In the case of the Ceylon felspars it can be
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seen that distribution coefficients for strontium are
essentially the same for boith the granulite and
amphibolite materials. Virgo believed this was due
to uniform metamorphism st granulite temperatures, but
as 2 regult of different bulk-rock compositions different
mineral assemblages developed.

Kdﬂrp vaiues measured on felspars exiracited f'rom
thae slllimanite~muscovite and sillimanite~orthoclase
sub-faglea of the almandine asmphibolite faciss rochkp
occurring near Adelmide display similar properitiazs to

BROVGe

those indicated in generaligations 1) - I}

#

The work of Virgo provides good avidenss for a

gbtrontium betvwesn the alkall felspar and plagicclas
Telgpar latiticess Virge concluded that thiz corrslation
came about as a resuli of the temperaiture variation
inpiied by vapying metamorphlc greadc.

This lsuds o the gpecific hypoithesisz that:-
with increasing venperature of JTormation tic polassiums
righ {elspar latilice accepis larger smounts o sirontium
then coes the cozxisting plagioclase lattice. ihe
followlng cheplers are concaerned not only with thig
hypothesis but zlso with @ similar hypothesis relaiing

w0 sodiwt.
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introduction

Ag a starting polni in the study of felspar
geothermomeiry, data given by this systesm was compared
wlth temperaturs data deduced from coexiating mineral
eyatens for which sxperimenisl Aaits was avallable. Por
this purposs the Tollowing coexisting mirersl systems

have heen compared:-

1) Alkali-felspar-plogioclsse: nmuscovite-
paragonite.
2} Alkali-felspar-plagioclase: sphalerite-
pyrrhotlte.
This chapier gives results of the above comparisons as
well as glving detailed descriptions of the ‘-ray
spectrographic methods which have been used in obtaining
the data; on both naturel felspars and the synthetie

systems discussed later.

I Alkall Felspar-plagioclase muscovite~-paragonite

r tio 8o

(a) ZIhe iicas
Zugster and Yoder (1955) experimentally determined
the limite of solid solution of paragonite in muscovite

at varioua tenperatures end a pressure of 30,000 DeSele
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They determined the amount of paragonite in solid solution
in the muscovite, at a given temperature, by mecasuring the
006 gpacing and sssuming a straight-line relationship
between C0 and composition. Their results were given in
a phase diagram for the subsolidus region of the muscovite-
paragonite join, Pig.7. In order to study the mica
felspar relationships a series of seven granites, each
containing two optically unzoned felspars and e white mica
were selected. The felspars and micas were separated

and purified by standard heavy-liquid and magnetic
separations, with additional hand picking to ensure the
mica samples were as clean as possible. ¥For all micas
both the 006 and the 0010 spacings were measured on a
Fhilips X-ray powder diffractometer (Co/Fe radistion),
Silicon powder served as an internal standard, The 111 line
was used as a reference line for the mica 006 line and

the 220 line as a reference for the 0010 mica line. The
Co values were then obtained by using the relationship

C, = ao01/sings, and the 5 value of 95°11°, given in
Eugster and Yoder's paper (opecit.)e. (Paragonite has a
slightly smaller B value but since the amount in solid
solution in the muscovite is very small the 5 value for
muscovite has been used in these caslculations).

In addition to the X-ray measurements, Nay0 and



Figo Te
rhase disgram for the suodbsolidus
reglon of the muscovive-paragonite join,

af'ter Tugster and Yoders 19555
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Grand te

Samples

Mo o i e
YMuscovita

Paragonite
{calculated
from  Ney0)

o

s o™

i
%
3

£

Lverage

From 000

- epacing

bty

acing

From 0010

co(a®)

Tanpe

eaiculated
from licas

Bodmin l'oor 87.28 wt 7.27 wt: 20,0712 | 20,0077 | 20.0390 HO0°C
(U.Ke) 92.02 mol 798 mol
Giant's Hecnd 92,68 wi 747 wt 20,0055 | 20,0602 | 20,0730 RO

{South ‘ust.)

7. 72 mol

Concord

(New Hemopshire

5.71 Wt

« 95 mel

730y Yy
:.‘;;.'.cl ') &3__:'}::..

20 o Ol 54

e

(Isle of Men) 96,16 mol 381 mol

Rinberrie Hill 32.18 wt .93 wi 20.0u77 | 20,0500 | 20.0528 35070

{South /(ust,) 83.72 mol Ge28 mol

Flumbago 92,98 wt . D27 wt 20,0773 | n.d , 360°C
]

(South Aust.) 93.33 wmol £.67 mol”

Papps 91.21 wt .85 wt ' 20,0141 20 .0621 20,0531 320°C

{South Aust.)

M. 75 mol

5425 molls

deta fronm

]

Radoslovich | 9,22 mol

r)-!«f-z wh &

D097 #

100 wi’

19,285 *

- 15,64 wt 8l1.36 wt
15,292 4
1;.10 mol 8‘1—.93 mOl‘
. 6553 wi 307 Wi’
19.815 %
| 699 mol 35401 mol
|
" H00  wt - 20,090 *
3
i
2 i
1

Table 3

plus data Tronm

x

!« Radoslovich

le Radoslowvich

‘L'

« nadoslovich.

cammary of data on museovites extracted from two felspar granites,

‘perasnal commanication and 1964 publ feation)

i
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K,U values, for csach sample, werse measured Ilame ghoto-

metrically. Tabls 7 presente g summery of the chemical
and i~ray work upor the white micas coexisting with the
felepars. Included in the table is data from

Z.%e hadoslovichs whe has mede measursnenis upon nicas
of unusual compositions PMige 8 iz & plot of the date
presented in Tabdle Z.

Examination of Vige. 8 revesals certein discrepan-
cles hetwesn the compositions predicted by the Co values
and ths valuszs deternined chemically. the discrepasncles
are balisved {0 arige in the following waysi-

i} presence of componenits such as margarlte

Ga Alp Sip 040 [CH],), phengits, defined by mst {1363)

Pl Y
&

as \"%:\'&%ﬂq& Ha 3 ;’:«1;.5 .lis.s .4‘-?3.10.5 'J':s {".f“f‘fg::gy 200 vaaz*ying

- an gL ]
Ae s .6

-

Hg and Ti coniencs.

ii) nonlircerity of chenge in cell dimension
wlth composition. surnham and Nadoslovich {1964, reported
that the varistion of the average alkali-~oxygen digtance
with composition for the whiite micas was not iinsar, #lge. Y
The implication of this is {hat only very minor sirucitural
differences at the muscoviis-rich end {acbually between
Muge &1 Wujpo) will be csused by the subsitltution of
Ta For ¥ hence Go ls expected to vary 1itile in this

:f.-.

composition rangc.

*3ee Appendix IT.
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O DATA FROM E.W. RADOSLOVICH.

2 O FROM GRANITIC SAMPLES

200 ~
after Evans and Guidotti (1966)
(see appendix V)

19-8 |
196 L
19-4 |
19-2 L .
19:0 1 1 1 1 1 1 1 L 1

100 90 80 70 60 50 40 30 20 10 0

MOL PERCENT MUSCOVITE

F1G. 8. PLOT Co VALUES VS. COMPOSITION FOR MICAS FROM GRANITES, PLUS DATA ON SEVERAL
SAMPLES WITH UNUSUAL COMPOSITIONS.



Mge S¢ Effasct of lla=¥X astomic substitution on
average six-coordinated allkmli-oxygen interatomic
distances. The stralght dashad line emphssiges
the nonlii eérity of the chenge of average disbtance

with compeoaition. After DBurnham and Radoslovich,




3.0 T T T l
o< 29
2.8

2.7

n
o

Average alkali — O distance
N
(91

wmm-Standard error
! |

e 20 40 60 80 100

%o K

FiG. 9.



i7e

A8 will be discussed in more detail later both
gneissic and magmatic granites are represented by the
material examined. “ica temperatures for the gneissie
granites, Binberrie Hill, Papps and Plumbago are perhaps
not too wnrealisile, mt rather lower than would be
generally accepted. However, temperatures faor the
massive and cresumec nagmatic granites are definitely
lower ihan sxpscted, suggesting either the micas crystallized
late in the cooling history, or they are underssiturated
with respect to Ha. The first suggeation can perhavs be
discounted, as the micas in all epecimens azre not
interstitial but hsve grain s3izes comparable vith those of
other minersls present; strongly indicating primapry
erystallizations G-ip-fen end ilbse (1964} found the basal
gyacings of coexisiing muscovites and paragonites reflected
mstamorphlic grads of the scehists In which they cccurred.
They have suggested thai muscovite can only he usad as a
geothermometer in the presence of frec paragonite - to
guarantee that the muscovite lattice will be saturated
#ith Ka at a given temperature. In felspathic rocks,
such as granites, under-saturation may'come about sze a
result of competition for sodium by coexisting felspars.
(b} The Felsnars

-

In order to calculats Barth's variable,



ﬁéi ’ractiOﬁ'Féiﬂpér"comnonentﬂéwfn”;”f:'W“WJ%“m ~
it was necessary to determine the elements Ya, Sa, 3re X
end Eb for the coexisting alkali and plegioclase felspars.
This wae dons upon those felspars extracted from the
muscovite-containing granltes and in addition upon felspars
extracted from a cosrse even grained grarits { irrega),
2 norite,; and several high grade metamorphic gneisses
(Granulite (181}, and middle amphibolite Tacies gneisses
(Rathjens and Azoo0/373-1))s
Determination of the elements listed above:

1} Sodium end Potassium These were determined upon
an EEL flamephotometer.

ii) Strontium Thie element was determined by X-ray

fiuoreacent spectrography. The Philips spectrograph
used wags standerd excapt for an attachment, fitted in
Front of the seintillzation detector entrance collimator

Fige 10). Thniz ettechment, designed by Dr. "« Torrish
sBelefele Divimion of Soile), =nables masse absorpiion
coeffTicients to be measured directly.

It 48 known that absorptlon of the primary beam

within the gpecimen end abmorption of the resuliant

fluorsseant radisvicn Jduring ite passage Lhrough the

srecimen lead to mubtual absorpticon and enhancement sffecte



¥igs 10 The attachment to hold samples in the
secondary J-ray beams; during direct messurement
of mass absorpition coefficients, is shown fitted
in front of the seintillaition countar entrance

callinator.

figee 11 and 12+ Jig used to press samples into
perspex slides In order that the sample mass
per unit area can be calculated accurately all

gomponents are precision fitted.
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which give rise to errors in the analysis, 1f the
composition of the standards and samples iz different.
A knowledge of the mass absorption coefficientis for the
standard and samples, at the wavelengih of the olement
being detzrminsd, onables matrix differences batween
gtandard ani sampls Lo he alloved {or.

Measurement of mass absorption coefficients
was based upon the following considerations. 'hen
& parallel bean of monochromstic X-reys with an incident
intensity Io passes through a plane parallel layer of
material of thickness t cms. #ith surfaces normal Lo the
beam and more than covering the total beam cross section,

the emergent intensity I is given by:-

w EE

I = I, e "; where # is the linsar absorpiion

o

coefficient. lhe reduction in intensity of the primary
beam ie determined by the guantity of matter traversed
r\

by the beam, hence a mass absorpiion coef{icient can be

def"ined as
T w/'ps where p is the density.

e isy, to s good approximetion, independent o the

physical state of the material.
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oo 1In Io/1 = wp.tp (em’xmasaxem 2
= mass/em® which are the

units for tp).

. L . . din 1,/1
“/Fj = Ig"ﬂ -~ ——-—amagému-

nass/cm-

H, can therefore be determined at a given wavelength if
the quantities Io/1 and the wass/unit area of the sample
in the X=-ray bearn can be measured,

In practics the mass per square ceniivelsr was
found by first weighing ¢ perspex slide, which had cut
into it an accurstely machined hole {arsa 1.252 50+ ES«)e
Inte this was pressed, with the Jig 1llustrated in "igs.
14 and 12, shbout J.5 gm of sample nowdar,

After rewveizhing the slide, with {the =zanple
tablet ineluded, the sample mass per unit area could be
calcoulated. The values of Io/]1 were obtained, for

(3

Erfdy radiation, by irradisting a diee of Oprdi s wiin
Z-rays Irom a Mo tube powered such that g Tlvorescsnt
intensity of 50,000 ceps8: was cbhitalned when the piastic
glides containing the Ffelspar tablets were out of the

beam., The exact value of Iy was obtained by measuring



the times necessary to accumulate 10 x L0,000 counis

a "dead-time"

and then applying corrections The values
oft T were found in a similar way after the perspex slides,
end samples, had been Titted into the attachment on the
goniometer arm. {Fig.10).

Strontium velues for the felspar unknowns could

then be caleulated {rom:=-

: . - unknown X ColeB
5r content of _ °r contemt of A : ” S P
nknown ~ standard Y I
. e e #, standard e TepeBe

where o unknown and t standard are the massg absorpilon
coeillicisnts, at the Orkoy wavelsngih, fopr unknowrn and
standard rsspectively. The line interaitiss for the
unknown eand standard are represented as X C.Dese and
Stde CoeDeBes

Gy proved to be a sultabls standard for the
8r analyses. By comparing it with W; and twe adsmellites,
on which isotope dilution values for Sr had been obtained
by We Compston ¢ the Australian National Universisy
(pers. comme 3. Shaw 196%) a figure of 257 pom for Sp
in Gy was arprived at, This agrees well with the value
250 ppm quoted by Ahrens and Fleischer (1960},

The preparation for analysis of samples in the

form of tablets comprising a half of a gram of sample
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povder backed by boric acid, foliowed the nmethod of
Baird (1961), except that an aluminium sleeve with an
IeDe of 1.57 cm (instead of the 2.8 em recommended by
Balrd for full size samples) was used in the sample

forming die.

(1ii) Calcium

Calciun was determined by ®DTA titrations using
Aecld Allzarin Black as an indicator. Interference by
Group III elements was prevented by complexing with
Triethanolamine., End points were precisely detected
by using an TEL photometric titrator. The accurscy of
this method was checked by comparison of the resalt on

a standard relaspar with those obiasined by other methodse

(iv) [ubidium

The Rubidium values for the granite felspars

-

were measured on the X-ray epectrograph. (nce the mass
absorption coefficients had been measured for the Sr¥a,
wavelength, cosfficients at the RbXa; wavelength were

obtained from the relationship

Fyy RDXCcy (N RbXaey )2
= which
i Sriog (N Srie, )3

is valid so long as an absorption edge doea not come
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between the two wavelength values concerned (Henry, Lipson
and Wooster 1961). Calculation of the Rubidium values

on the unknowns followed the same method as that used

for Sr. Gy was used as a standard, a value of

216 ppm Rb was chosen.

Zalculation of Telspar Components and Distribution

Coefficients
After the determined welght percentage oxldes

had been converted to the appropriate felspar components
these were retotalled to 1005, Retotalling was reguired
chiefly for those plagioclases containing quartz (which
in no case represented more than 8 of the sample). The
adjus ted weight percenitages were then converted to
molecular percentages from which were calculated KdAb’

KdSrf’ and KdAn th

Ab T Molm‘kb in"Plagibclase&Felspar

X N Mol% Srf in Alkall Felspar
dasrf Mol; 3rf in Flagioclase Felspar

K.An = Mg%ﬁ Asn in Alkall Felspar
d Mol An 1in Plagioclase Felspar



(e; Results from both llicas and Felspars

Table 4 sets out the results for the felspars
extracted from the seven muscovite containing zranites
and also for the Ilve other rocks mentioned zarlier.
Temperatures deduced irom these felspars are compared with
those {rom the cerresponding micas. Inspection of the
table reveals that 1. OUnly in the cage of the gneissic
granites Binberrie 1ill, Papps and Plumbago iz there any
coincldence between temperatures deduced Trom “arth's
{1956) graph, of temperature versus distribvution coeffic-
lent Tor albits, an’ the mics tewpsraturs. The sgreement
between the muscovite and felspar temperatures for the
three samples mentioned is very likely fortuitous, since
i) the muscoviies may be undersaturated with Na,
ii) the temperature values assigned by Darth
to given distribution coefficients for
glbite were emplricale
11i) the subsoclidus region of the muscovite-
paragonite Join (Fig.7) was based upcn
compesitions obtained from the variation of
20 with paragonite content assunming a atraight
line batween Co paragonite and 2o muocovite.

The work of Burnham and Radoslovich (ope.cite)



Sample Rock Type Alkasli Felspar Components (Mol?) Plagioclass Distribution f
Components (Mold}) Coefficients Temp. | Temp,
from | from
Ab Or An Spf Rbf Ab Cr An Srf Rbf KdAb KdSrr KdAn K@Ab § Micas
South Aust. |

Bodmin VYoor (U‘K% )Gmnitﬁ 33076 63.!41]- 2.532 c06,30 0213 850 50 3&: 55 10.89 .0146,'5 » « 0004 0395 14 0361 0233 650°C Lt00°C

Giant's Bead § Granite 25418 73432 1.170 .0072 .3269! 94.03 2.291 3.675 «0033 0039 «268 «229 «319 525°C§ 380°C
South Aust. i i

Concord % Granite 14.48 87.44 00,8012 0496 .2275] 82.67 6.899 10.39 «0259 «02071 4139 1.925 077 uoo°c§ 345°C
New Hampshire t §

Foxdale E Granite 12,51 86.37 0.743 0847 - | 90,08 1.840 8.057 .0282 - 139 1.939 092 u00”0§ 260°C
Isle of Man : ;

Binberrie Hill Gneissic Granite 10,40 88451 0,762 0149 3117{ 89.02 641415 he536 0089 ,0020] 116 4.674 168 375°c§ 350°C
South Aust. % |

Plumbago Gneissic Granite 10086 88.20 0558«!& 001-’46 '3377 9501”- 20616 2.238 00033 00098 01114- Ll-eLl-Z" 0261 37000 36000
South Auste '

Papps Uneissic Granite 6.71 92.43 0,546 ,0338 .2895| 97.14 1.135 1.711 <0114 «007h 069 2.968 «319 33o°c; 320°C
South Aust. i
Broken H1ll 418L Granmulite~Amphibo- | 9.65 89,46 0.603 .0539 ,2357| 6.622 2.:58 90.86 « 0476 01721 1.457 1.132 007 W

lite Gneiss

Norlte Black Hill| Norite 14.52 81.69 2,923 ,2680 - 415.18 2,188 52,06 « 2660 - «321 1.008 056 }

South Aust. g

Rathjen Gneiss 9.34 89.46 o34l 40608 - 78.54  1.82 19.56 0807 - «119 0.753 <018 | ?

South Aust, !

A200/879_1 Gneiss ) 5060 93 063 0268 01 59 - _ 87. 11 2e 556 10.28 « 0222 - -0614- o717 . 026

Table 4 Data obtained on felspars and micas from granites. Aiso shown are distribution coefficients for felspar

constituents of felspars from granites and gneisses not containing white mica.



26.

suggests this correlation will not be strictly valid, even
for very potassium rich samples.

2. Although the distribution coefficients
for albite, for the granites, have been arranged in order
of decreasing values the coefficients for strontium
felspar and for anorthite do not follow in the same
seguence.

3. Tor the granites Giant's Head, Bodmin
Moor and Wirrega, not only are the Kd

Ab
but also the albite contents of the alkalli felspars

values high,

are high; 1leading us to expect, both from the Harth
albite geothermometer and from solvus relationships,
higher temperatures of equilibrium for these samples
than for the others. The results for these granites
do not confirm, in any simple way, Barth's hypothesis
that distribution coefficients for anorthite and
strontium felspar increase with temperature.

(d) The Validity of the Barth Geothermometer in

Relation to Plutonic and Metamorphic Rocks.

Granites cool in the presence of water which
will aid transfer reactions tending to adjust compositions
of minerals already crystallized towards wvalues

appropriate to the prevailing temperature and pressure
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conditionse. The axitent tec which these itransfer
reaciions can take place will derend upon ths case with
which elements migrate along intergranular boundaries
and through individual mineral lattices. The eflfect

of these hyircthermal transfer reactions will be to vary
the compositions of parts of the crystale formed at
higher temozratures. The net result will make measured
compositions of indlviduel minerals not representative
of any one temperatura.

On the obthar hand, metamorphic rocks have
preserved in them equilibrium assemblages of minerals
not stabls under normal temperature ani presgurs
conditions. This inplies that after the culmination
of & metamorphic cycles processes are operative which
prevent the high temperaturs asssemblage changing in
response to falling temperature and pressure.

Before the waning of s metamorphic cycle,
water ls either locked up inm hydrous minersls or lost,
hence it 1s not available to “flux" retrograde reactions.
As 1t iz likely thet water plays an imporiant part
in the partitioning of elements Iin sympathy with a set
of superimposad conditions, loss of this water will
mean information concerning high temperature equilibrium

states will be preserved,
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On ¢the basis of these considerations it seens
not unremsonable to expect metamorphic rocks to dsvelop
equilibrium assenbloges of minerals with compopitions
reflecting superimposed conditions.

AB has been shown in the last chapiter, data
Trom high grade metamorphic rocks 1s more consisient

with Tarth's hypothesis than the data from granites.

relationships.

By determining the smount of Pel which gres
into solid solution in 2Znf st various termperstures
Kullerud (1953) was able to develop the FeS-7n3 system
a8 a geothermometer. The effect of Fel solid solution
at any one temperature was indirectly found by measuring
the cell edge of sphalerite. Zkinner, Barton and
Kullerud (1959) found ¥ullerud's original spacing curve
to be in error since oxygen had entered the sphalerite
structure causing & reduction in cell volume and they
corrected this Tault.

Zince the sphalerite geothermometer is besed
upon aceuraie experimental work, a valid comparison
or geothermomeiric remults from the sulphides, with

those from felspars taken from the same immediste



environment should be significant.

The material studied was teken from across a
contact beitween the zine lode and the enclosing sillimanite
sarnet gneiss from the elghteenth level at the Sing
Corporation's Nain iiine at Broken Hill. Since the ore
gsample, which contained f'ree pyrrhotite, was laken from
within 2 feet of the gneiss sample temperatures were
likely to have been comparable In each material.

(a)

After z clean gample of sphalerite had been
cbitained by magnetic zeparation, the cell adge wau
measured by comparing the position of the “n3(1141) line
with the (200) line of anelyticzl grade sodium chloride

for which, at 25°C, Ir. J.%, Jones had chiainad an 2,

value of 5.6402 * ,000LAY. The dzao’ at 20°C, Wg@?ﬂuo
» A 3% 3 '”55 Y
computed as 2,8196 (using a 4C.,/°C = 227 ZL&O Y. Thus
ol
corresponds o & 26 value of 31.735° for Seks radiation.

Un the basie of aix df{ractometer oscillations over
the {111) peak of 7Zns and the {200) 1line of !all, an &y
value of B.48254 , Zor ths sphalerite sample 151, wes
chbtained. The Collowing formula given by Skinner

ébe @le {Ops clt.) snabled Lhe compogition of the Rroken

Qaﬂu&«w
7ill sanmple %¢ be msesuredt-
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= 5.14093 4+ 0,000458X, where aq

i the unit cell adge of & sphalerite coniszining X mol
percent welS,. Subatitution of the messured &, value
into this formula indicates the Broken Hill sample contains
2515, Febe fpom Fige 13 we can derive an ecuilibrium
temperature of 685°C which eompares favourably with: the
value >500°C quoted by Edwards (41958) for the Eroken Hill
gphaleriies.

This value should be regarded ns a ninimum, aince
Skinner's work indicatsd that ¥Xullerud's solwvus zhould
be ralsed, in pddition theres Is & positive correction for
pressure which XKullerud eetimated at 257071000 tarse
P i

e 3 ot e e : P T 5%
§ ot 3'3\“&1 [ & ‘ 2 '-.31 4 ;u‘:;-':i V21 Ui’?‘v’ e*g; 44.30@"@ te‘\: & wP apnure 9L 41&'3

order of 3000 bars for the Broken Hill lode). Fanganesge,

- # -~ A e HYe e w8 sl & o T o T e
cadmiuvm gnd copper have an effect on the spholsritse

pyrrhctite equilibrius relationship, bhut as these slements
are pressnt only in small smounte in the sphaleritie they

have little effect upon the Lempersture estimaie. Nee

mllerud {1953); Skinner {1959} and Toulmin (4560

These were taken from the wall rock Cramilite
Pacles gneiss which had as 1ts mineral assanblage:-
Almsndine rich garnet, sillimaniie, anorthite aﬂmgq).

potassium Celspar {orthoclase), guartz, bictite and
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ninor anounts of ilmenite, The analytical results

on the Telspars ara given in Tebls 5, The remarkably
high distribution coefficient for albite in the examined
felspars from Broken Hill ig alearly %ths result of the
high anorthite content of the plagioclasa. Thizy in
turn, reflsctes the imporisnes of the saleium content

of the sediment undergoing metamoruvhian, In apite of
ths high caleiwn plagiceclase the Mastribution cosfricient
for strontium felspar is near one; a reasonable value

in light of data on other felspars from high grade
metamorphic sreas, and results of synthetic experiments
{see laterj. In addition this vslue of shout one for
Bﬁurr seems to dlsprove any geochemical coherence between
girontium and calciume.

The minimun temperature of 6305°C deduced from

the sphalerite sugsests Heler's (1980) ¥a temperatures,

“EAB
{400"=500°C} for amphibelite facies rocks, are perhaps
P00 lows
Conclusiong

The work described in this chepter shows there
is little correlation between the geothermetiric resulis
obtalned or the several minsral systems exanined.

The sgystematic varistion of ihe distribuition

coefficients for anorthite and strontium felspar. predicted
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by Barth, has not been observed for felspars from granite
rocks,

it is suggested this is an expression of non
equilibrium in such rocks,.

tork on a potassium felspar coexisting with
& very calcic plagioclass does not suggest that ap
follows Ca in its distribution mode, in fact, avproximately
squal amounts enter the alkali felspar and plagioclase lattices.

At the time the work reported in Chapier II was
carried out the X-ray spectrograph was a new analytical
tool 1n the Depariment of Feclogy. Theref'ore, not only
were calibratlons and sultable standards to be c¢btalned
but alsc tedious experiments had tc be run to dstermine
the "dead~-time" of the e¢lectronies. This was a very
necessary correction factor to be applisd to those high
counting rates obtained from the unatienuated beam used
during mass absorption measurements. In addition to
these fundamental callbrationz the use of the spectrograph
for felspar analysis required small samples; hence
modlficaticns had to be mads to sample holders.

These early axperiments, although time
consuming, later proved invaluahle in that they
provided the experience to allow analytical work on

synthetic felspars t¢ proceed readily.



CHAPTER III

INVESTICATE THE An-(}r-Ab—B_gO—SI‘Cli

SYSTEN
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I Introfuction

The second phase of the present study was &
direct investipation, in artificial systens, of the
behaviour of the alements ¥, Na, Ca and 4r whan
partitioning between coexisting relspars. ‘The
experimental investigzations were undertaken ito check
the hypothesis, based on limited dats for natural
felapars, that uau o BN Q: values reflset termersture
influenczes. These influencess; and the effects of bhulk
composltion needed defining more clearly.

In short, not only did the partitioning
behavicur of Sr need investigation, hut information
wag also required on subsolidus relationships in the system

Y

Ca Alg 51, Op ~ W AL 8i; Og ~ Na Al 815 O - 1.0,
Information from this system seems to be particulariy
relevant Lo an understanding of metamorphic felspers,
for as Orville (1962) comments:- "4t is entirely possible
that a major part of the material present in cryotalline
phases 1n most regionally metamorphosed rocks hus passed
through a state of solution in a volatile-rich inter-
granudler Tisid”. This chapter describes the n paratus

and esperimental techniques used to acqguire data on the

& .‘3,;;: .:&ig Oa - L Al 413 03 - Na Al ;i,g Og = --2_.’ - (Swla}



II The Experiments

The hydrothermal experiments to determine the
compogitions of coexisting alksli felspars and plagioclases

were arranged as in Fig. 1l

HoO Vapour
+ SrCly

K- Na Felspar Na-Ca Felspar

Fige 1l Cross~ssction of charge in & hyvdrothermal
experiment.

2NG ovne

A e

i00mgans of Sr Clp S0LubLisie the

- s e Sha amdm Y sandmrees eamA Vil & oY 2
confinsd 4o the enag LY ¢rinegd and ehe CEPEULe BeBl &

Lo tweaen

rvillie's

(1963) papar in wilch is described an interssiting

adiente

£ between alxalli lelispars in a temperaturs
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{1} TIhe Technique of FProducing Capsules

Thig was only verfected afiter conslderable sxpsrimentation.
A platinus tubhs ”é” long, outsids diamster C.200" andg

ith a well

=

of 0.008" was cleansd in a hot
hydrofiuoric—anivhuric zcid mixiurse. After annealing,

# tn

I*

0il ecrimp, ' longz, was formwed In one eand with

iaw ardill zhucke. Thia erimp was thzn sealed
by welding with & emall oxy-acetylene flame. “he first
chavrge, consisting of 130mgms of felspar "pel”, was
introduced with the aid of »n small gless funnel whiech
nrevented any o Hhe unper inner suriace of the

capsuie veing contaminatesd with powder. After Oedce

af Sr Gl soiution bad been Introduced from z micrometer
syringe the lower sscilon of the capsuls was cluosed off
with a tool desisned and sngineered for %the vurpose.
This tool, which was operated by a 4" 3-jaw lothe chuek,
ig shown in the sccompanying photugraph (Mee. 15 snd 16)e
The second charge, comsisting of {130mgms of felopar "gel"
wag then introduced {with the aid of the glass funnel to
orevent powder consamlnating the weld, to be mads zfter
the second end had been crimped). To prevent liguid

in the capsule evazoraiing durdlng thse final welding
operation the cansuls was frogzen intce ice in & thick-

welled hrass cup fitted with a drilled lic such that



Pg. 150 View of disassembled crimping die.

wes made in two pleces o enmble eapsuleg, which

tended o Jan during criupingy %0 he releasade.

#lze 16. View of nssembled crimping die and

a conpletaed reaction capsuls.



FI1G. 15.

FIG. 16.
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the final crimp could stand proud sbhout 3/156%. “ach
weld was carefully scrutinized with a microscope to
detect {laws, sfter some experlence capsules could

be produced readily but even then there would be an
occasional fsilurs cduring an experiment, which of course
had to be pre-run. Leakage during an experiment was
detected either by non-collapse of the capsule or fallure
of 1iquid to oosze out when the envelope was clipped at
the end of a2 rmn.

(2) .reparation of Gtarting Yaterials

The asynthetic starting materials used were lelspar "gels™

made by the methods of Roy {1956}, Bhaw (41963%), and Luth
and Ingamells {1965). "Gels" with cluse tc the Ffollowing
compositions were prepared Orjoe; Algue; Abzo UFgo; 4bgs
Angs; Abpo fAnze and AL, s Anlyg (these materials were
vrepared at tne incepiicn of the work but othisr composi-
ticns were later prevpared to test warious hypothieseB.
These will be described in sppropriate placed).

The starving materials uged were as foiiows:—

1) AeRe KNUg

i1} AeDla 1N0g

iii) lure aluminium foil, waich was carefully
dissolived, in appropriate amounts, in 20 .. aitric

acid {hot)e.



-
3=‘.3 .

iv) "Ludox" an ammonia stabilized colloidal
sgolutlion of S5iC,, obitasined from N.T. Du ront De smoups
and Co {Inc.) Industrial asnd Riochemicals Devartment,
Wilmington, Deleware UeSelo Thig solution was
analysed, in triplicate, for 8i0; and the Tollowing
resulis obtained 36.13, 36.06, 35.93 giving an average
silica content of %6.04 ' {w/V). A dehydrated vortion
off the Ludox was [lame photometrically snalysed for
Neo0 and 503 whereas the K0 content was guite
insignificant, the lel contant was measured at S0
wnich accords quite well with the value Q.ilL obtained
by the U.8.0.3. and veported in Shaw's (1953) paper.

v) Ca COs

The anailyviical grade chemical prenared by
the British Drug Houses Lid. was found to conialin
considerable guantitiss of sirontium which haldl tu
he removed. An iorn—sxchange method to separate Tz and
8r proved completely sultable, The techniques used,

which ie besed : o method by Fovondra and -ulcek {1961),

is described in appendix T
Lo prepare the "gels"', avpropriate amounts of
the reguired siarting materials were added, in sciution

Lo acidic solutions of LudoxXe The resuliing mixtures,

ai'ter careful stirring, were siowly dehywdratisd in
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platinum dishes, Pirst én,a water bath and then in an
electric oven at 105°C., After dehydration the nitrates
were decomposed and the ammonia driven off by heating
the platinum dishes on the hearth of an slectris
furnace. The dried oxides were transiferred to o
gteel "Specs" mill in whieh they were crushed o a
size somewhsre between 20 end 5C microns, Th: Pfine
powders were itransferred to closed platinum crucibles
and heated at 700°C for one hour to expel remaining
water. All samples were storsd in & dessicator
containing magnesiun perchlorate.

A portion of each "gel” prepared wzs crystallized
hydrothermally and the resulting high tesperaiturs produet
X~rayed to checic for foreign pheses. 1In all coses
sharp clear patiterns were obtained, free from any
suggestion of foreign material, For the albites
erystallized a2t U53070C, 17,000petiele fOr 55 hours,
the separation hetween 20,3 and 20,3¢ (Cuiz) wes
measured as .92°20. Thisvalue, in lizht of
Hackenzie's (1957) work, suggests the produsi was not
maximun high 21bite. The 201 spacimge Tor the albite
and the sanidine prepsred from the "gels” ars compared

in Table & with values for ABjyoo and Urjoo guoted by



Sample rville’s Fresent sonditions of
a . valuen formation
& Bl

Orville's e 2345 1 hour; 700°C

lie23h — o~
400 ISR Lie233 2000 bare

Dy 1142333 685 hra; 850°C
98,7

crystallized ha23113% 17,0200 pei.
from “gel" he23%36

irvilie's 1 hoursy 700°C

e U3LE 1:40325

Abiao 20GU Dars

Abjoo crystal- &5 hrey 850°C
iz=d from e BN 17,000 psi.

ugelﬂ

e

ol - » - - 5 v -
Table & 204 spacings of alibite and sanidine prepared

for this work compared with Crville’s 4966G%* data,

¢ Fersonal Communication:- ses note a2t end of chapter.
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Dr. Orville in a personal communication {(4956), and
with the values, obiained by the suthor, on sanples of
Absop and Orype kindly supplied by Dr. Orville, The
author's meassuremenis were obtained by comparing the

20 value of the felspar 201 line with the 26 value of
the 107 line of potasaium bromate. Tach comparison
resulted from threec forward snd three reverss
diffractometer scans.

(3) Hydrothermal ipparstus

General views of the apparatue constructed
for the experiments are shown in Pilgs. 17 and 19 and
Alspromatically illustrated In Mg 19. Frosemrs wag
trangmitted to the outside of the platinur reaction
cavaule by argon comprassed by the intensifier T.
Pressure measurement was achieved with 0-3(G,000n.8:1
chrome-vanadium Bourdon Tube gaupes made by the lational
Inatrument Companys These were arranved to constantly
monitor the vressure in the pressurs~vessel assemblies
which were gtandard Tuttle Cold Seal Vessel madel
HRA=-1447 supnlied hy TRE.PRES. HESEARCH 1RO,

(a) The pressure intensifier, constructed in the

engineering workshope 2t the University of Adelalde



Flgse 17 Fhotograph of pressurs initensiflier,
and one of the horizontally mounted furnaces.
At the rigzht-hand end can bs seen the
gonnections to the controlling thermocouple;
and at the lsfi~hand send the gir inlet 4o the

£

guenchiing ringe

filze 186 Fower supplies; the supply for the
main winding of z single furnsce is shown at
the lefi, supplies Tor the smeller platinum
windings, for two furnsces, are seen at the

ri gh‘i?e



FIG. 17

FIG. 18
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FI1G. 19.

SCHEMATIC LAYOUT OF HYDROTHERMAL APPARATUS.
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was based upon a2 design suggested by Ve Faterson

{pers, cowm.) of the Australian National University.

it consiste of = chrome-plated hard steel niston 1.125“
dismeter which paszes, a8 ghown in Pige 20, through

s seal into m thick-walled stainless steel cylinder,

00 = 5", ID = §.130", length 10.5", closed ut the
opposite =nd with a screw-in seal bearing upon an
annealed copzer pinge. This cylinder design was
decided upor zs it did not recuire s long accurately-
machined bhore 40 be developed.

The seal between the piston and cylinder
consists of & lurens O-pring compresssd by a gland nut
lined with 2 sintersd lead-teflon bush and transmitting
its thrust to the “O-ring® through & chrnma—plated hard
steel slseve hand-lapped to match the piston. A Pifteen
ton hydraulic press was used to force the piston into
tine eylinder, the whole mechanism was mounted, as shown
in #ig. 175 Detween sccurately milled steel plates held
together by four high tensile steel volta. The hand
operated inlet and outlet values were sminco stiandard
high pressure Titcings. High pressure stainless steel
tubing, tested to 50,000p.s5.1l.y was used to interconnect
all pressure componentiSe The tube terminations were

cone in cone sgeals held together by standard Amineco



Plge 205 “keteh of the intensifier Buil: to develon

&

the pan pressures needed for the sxperiments. The
upper parit of ths sketeh shows the cap nut bearing

upon an annealed Copper Scal.
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CHROME PLATED
PISTON

STAINLESS STEEL
CYLINDER

LURENE
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CHROME PLATED
HARD STEEL SLEEVE

GLAND NUT

LEAD TEFLON
BUSH

F1G. 20.




L3,

fittings.
(v) EFurnaces

Farnace construction was such that temperature
gradlents nlong the length of the platinum reaction
capsule gould be overcomes. Gradients tend to oceur
nabturally for two reagong:~ heat losses are greater
at furnace ends, secondly, and perhape more impcrtantly,
the "eold ssal portion” of the bomb is outside the
furnase and therefore functions as & heat einke. By
mounting each furnace on a carriage, abla Lo move
horizontally along brass rails, and by providing sach
furnace with two separate independently-powered windings,
gradients were overcome to within 2°C.

The two furnaces each had & main winding
of KANTHAL A1 and a second winding of Pt20 Rd. In
one furnace the KANTHAL winding covered 7 of the A1,0;
tube, the remaining % was covered with the closely
spaced platinum element. In the second fumace., which
was more readily calibraied, the KANTHAL clement covered
the entire length o the Alp0s tube, while the platinum
winding was upon a ssparaié ceranic sleeve moulded o
£it into the Turnace tube @nd closely round the pressure
vessal, iz 21 will meke this relatlonship clsar.

Fower for each wirding was provided by & Variac but for



—QUENCHING RING
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FIG 2. CROSS SECTION OF FURNACE END. NOTE THE ATTACHED QUENCHING RING



the XANTHAL element this was switched on and off by a
relay activated from a "Capaeitrol” controlled by a
thermocouple in the end of the furnace.
{) 3 c b O

This was achieved by instsiling a 't/ t-10Rh
thermocoupiz in the cold seal pressure vessel mounted
in exactly that positiaong relative te the Turnacey
taken up during an experiment. In practice it was
necessary to remove the large unien nut and other
fittings attached to the bomb in order that the silica-
sheathed thermocoupls could be passed first to the end
of the vessgel and then to a position where the hot
junction was about 1%" from the end. Temperature
readings taken at these two positions, with a precision
potentiometer, indicated the magnitude of the {hermal
gradient in the region cccupled Ly the reacilon capsule.
Svatenatic adjustment of poweyr 0 ssparale elenents
snabied the thermel gradisnt to be reduced Lo about 2°C.
(5) Quenching

At the end of a run, compreased alir, at sbout

9.

-

100pe8eiey wan allovwed Lo flow £rom & brass ring
gurrounding the bonv. Trhis guenching device, zeen Iin
Flge 22 was fasiened to the furnace end and broughi

automatically inte operating positicn when the furnace



Mpage 22« Gloss-up of furnace end showing:-
guenching ring, shutter conirol arm and

L

horizontally mounted pressure vessel.



FIG. 22.
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was moved away from the bombe During quenching the
end of the furnace tube was closed with a2 shutiters.
For high iemperature runs spproximately 3 minuites was

required to reduce the bomb temperature to about 507C.

A% the erd of each hydrothermsl run after the
coexisting product f'eispars had been washed, iheir X, Ca,
and Sr convents were measured by X-ray 2pectroscopy, using
techniques similar to tiwcse described in chapieor two.

The X, Uz and 3r weighti percentages were converied to
weight percent felspar molecules, summed, znd subtracted
from one hundred percent to give welght mercent slbite.
In addition to the bulk compositions messursd on %
spectrograph, X~-ray powder vhotographs were bLakern of the
alkall felspars, wsing ¥ Br Gs a8 an internal siandard,
to cbitain theilr 201 spacings.

It ie important to note that not wnly did these
films ©ail to supggest the presence of resicdual azorphous
material, bui also during an sleciron microscops examination
ol several low temparature products no uancerysinllized
naterial was discovered,

ne of the most important problems asscclated

with the hydrotherm:zl experimsnis was concarned with the
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removal of excass Ur froem the surfleces of zralns. This
Sy would presumably be azfiracted to crystal suriaces by
ansatislfied valency bondz, such that cuter layers of the
crystals would have 2 higher ratio of 8r ¢ other lons
than would be approprlate for the crystal as & whole.
In facty, high concentrations of Sr on erystal surfaces
nay well have been able to c¢bascure varlations in the
shrontium concentration of crysisl lattices. e following
experinent was carried out in order o test a method for
the removal of surface strontium:-

AlPter being ground to -220+300 mesh & najtural

on

one was anplysed for Or an atomlc absorption spectrograph
by the method of Billings and Adems (1964}, the second was
stesped in a one wmolar solution of SpClp for 24 hours.
This second porticn was then transferyrsd O a Tillsr where
it was washed with 2ul porticns of 5 hydrochliovic aeid

until the atomic absorpition spsclrograph was unable o
rFal

detect any strontium in the wash liguide Aiter the

-

acld-wash the felspar gralne were rinsed several times
with distilled water and reanalyssd for stronviume This
deberninabion failed o reveal any diffeprsnce in vhe

ahrontium concenitrahion of the ireatasd and unirected



a7

Teispars: thie method was therefore adopted in preparing
the hydrothermal products for snalysis.

At the completion of each rn the platinum
capsules werec cleaned on the outside bvefore ths itwo
end compartmente were clipped of f with shears and
carefully opened with a stainles: steel probae. Laeh
product was woahed in the manner described and finally
ground in an agate mortar until the particles were siged
between 10 to 50 microns; &t which stage thwy were ready
for Ji-ray speciregraphic anslysls. Boric acid backed
7lUmgm semples wers prepared in a dle similar to that
descrived by Baird (1901, {except that ths central
sluminium glseve had a Q.80enm hole in it instead of 2.80cm).

The edge ol the sanple dise expossd Lo the Neray

bean wad masksed by & Fhnillips aluminivm-tanitalum mask

arilled out S0 Ushbem dianmester, Hinor diifferonces
between the masking of the glandard anml unimowns ware

o

zllowed for Dy couniting on a sample disc fitted Cipst into
ons nolder, then the cther.
1) birontiun

Strontium in the synthetle Celspars was
deternined by simllar methods Lo those used for naiural
rinerals, wiith “oe excepvion that mess absorpiion

coeiiiclenis ’r Lm vailues; coula not be dlreculy measured

# 1
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on the small amounts of materisl avellable. This
difficulty was overcome by measuring Ay values at the
8r To; wavelength, for wb;oohw = 6e52), ﬁ?!gg{ﬁ?im JeTlt) s
AN so ;‘byc;(pm = 7«70}, and Mys Abs 25l ,LL = Ge32) ¥ zels"™
which were availabls in largs anmocunts. These valusn
were plotted on two graphs l.e. Fin 5r Koy vse Ab conient
of the alkali Telspar snd Hy SO Yoy vae AD content of the
plegloclazs. Prom the appropriste grephs a /4 value for
any unknown, whose composition fell between the measured
end members, could be obtained.s A gynithetic alkali
felspar containing 1200ppm wae uesed =8 n substandard
after 11 had been compared with g natural alkall felsper
anelysed by iscbope dilution. e il
obtained over a period of several monthsy, on a single

H

felspar (H,y, Ca Vaj«* from these resultse a standard

devietion of =22 has been c¢alculated.

#rontnot Hoy Ca Na follows the symbolism used to
T T el Sl Sk e

L [  PEICTUREN TR RIS %, P S NN N e N T e T {33 0at '
GQeglgnate wng synine tie felspars:- H indicates

Hydrotiermal synthesis, subscript 27 indicaltes expepiment

number 27, Ca Na indicaiss g plaglicoclassa.



r Determinstions Tifferencen DMifferences
i{ro sSgua

1641 ppm 38 Tl

=
o
-..J
W
on
LM

1 679 it

<

mean 1679 " Tm2%26

Tables 7. Replicate determinations for Or on lpy Ca Na
from which a gtandard deviatlon ol 22 has been

galculated.

Anglyses within two standard deviations from
the mean could possibly have associated with them a

tZ+5H  absolute error. Thsrefore this error has been used

to caloulate the limita of unceriainty assc ted with
the strontivm distribution coefficientas Theoe limits

are marked as arror-bars on Pig. 28, which is a nlot

of the distribution coefficients {¥d._,.) Tor strontium
P B

felspar va. temperaturea,

i

§.1.

um was “detormined

faed

¥or the plagioclas

(]

es, ca

by comparing the unknowns with the original synthetic



"gels" for which the caleium concantrations wers knowne
For alkall felspars, the National Bureau of Standards
sanple 29 {with C.36 Cal) was a sultable standard.

(3]

A natural, well-analysed, verthite (A.Ues 17263)
with 114500 T20 was the standard used for all a2lkali
Telspar analyses Fotassium wvaluss for the plagioclases
were obialned by comparison with a sedium~-rich ;¢%Q;ocla¢e
(AelUs 169u8), containing 1.19 XKz0.

| The ptandards mentioned, were, at the inception
of the experimantal woprk, mounted in boric acid and used
throughout,

The reproducibility of the calcium and
potassium determinations is believed to be 3  and this
figure has been usad 10 calculate the error-bars on the
per series of curves shown in Pige 26 which plots

ll’

i

distribution coefficients for albite (¥Xd, ) against

tenperature,

) lMemsurement of 201 specings of the alkeli folspars
and relation to composition

201 spacings Tor alkall Telaspars were meagured on an

11e16 cm diameter Debye-Scherrer powder camera; using

Su X radiatlon. Comparison of the posiftiona of the

-

201 reflsections for the felspars with the 101 reflsetion



aff notanseiam bheeona

LR

te (101 raflection faken ot 20,205°28
for Ou ¥Ya) ylelded the 20 separaiion betwsen the 204 of
the felsvar and ths 101 of bromate, The relisbility of
this methed lp indlented by ecomparing the resultl of
ﬁ;otz ie239, chiained for a2 synthetic felsyar, with values
Of Lie2382; he2372, and L2387 measured using & diffracto=
meter. These separations coulé he used to read Vol' Oy
n the alkali felspar, {rom a facsimlle of 2 graph supplied
by Dre e Orvillee The reorcducibllitiy assccliszied with
compositions determined by the powder method was 065
crithoclase and this wvalue haeg bsen uvsed to calculats
the error-bars shown on the lower series of curves shown
in Wig. 25,

Note: The & spacines for Aligeo and Orgoo were computed

by Lre Orville from sccurate cell dimension data, The
values cuoted for ithe materials prepared for the preasent
work are based upon Dr. Orville’s new value of 20.230°28
{Cu Koy Tor the 101 reflection of K Br Oz Ty calibpation
against 81, Dr. Jonss of the Geology Department of ¢he

o

Universlty of iAdelside determined the drive rate for Bprown

LG

chart recorder, used herse in /fdelaide, ap 11,01 oms/”, This

yalue was used Iin obtaining the &-O valuss quoted,
201
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sp**, ca™, x* and Ma' partitioning between
plagioclase anl potessium felspar lattices should result
in definite ratios of these ilomg in the lsttices, if
equilibriun prevails. Therefors it wes important to
know how long s given experiment would need toc run
before theze ratios were reached, and 1f they necessarily
represent & ivrue stale of dynamic eguiiibrium. The
attainment of such a state of dynamic boliance at a
particular tempersture would be indicaited if it could be
aehicved both with rising, and with falling temperature
cendi sions. Thig chapier will describe experiments

ant dlscuse resulis concerned with thess probloms,

Table 9 pregsents results for exseriments
T0lia ST i1916,ic and 1d which were carrisd out o study
the varistion of compositions with tinme.
{Complete date on all experiments iz tabulatsd in the
magter~tabie, Table &y which owing to slze hag heen

o i

placed in Appendlz 11, ‘or the sxperimenis Labulated
] F { Yy bd i Y i ord am® " Ty

in Tables 9 the starting plagiociase "gel" had a
compesition of ANzpibrer & pressure of 17,00008l1 was

used throughouis

Group A experimenta suggest compositions
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STARTING MATSRIALS CONDITIONS F1/\ GIOCLASE COMEOSITION | Ji-#RLSPAR COMPOSITION Expt| Group
Ho.

Vapour ¥ felspar | Temperature|Time r Ab % ¢ i i L An Ab Or

5 Sr 3.8 SPClz O?gc“beg 52&03 3 deys 795 16¢93 2214 2-?3 Dalth 1019 21052 7&;52
in H,0. nixed 52075 7 deys | De18 65,82 24018 80|17 171 20,45 66.65 3 A

Ygels" 520°C 10 days| 5+18 16400 24148 1L431] Le03 Jo16 27.01 6649

0&’): e oas Gl‘cla GI"SG-'.'-bE-J 85(.}3 3 deye (.‘339 !-:111-.59 ?6.3() -.( Ue _':78 10-:4-? ?.Snm 69-38 9

1._ ?{‘9:" Fllxe& H%OJFJ‘ ? d{l_‘."ﬂ ﬁ";_?‘“ {‘):'3. 58 ','/J@TLLZ‘ O.‘i m.”f‘) 1. \13} ._7. ‘;3 ?O. 29 ‘51 B

0.5 7 ip as Srll,| OrgoAbyq | 770°C 7 days | 9421 63.52 26.85 0.112(/0.48 2,27 25.70 71.L5|/15

o
o

™

produced | 760°C 10 days|10,57 64.80 24,28 0.350Ce62 1.65 30.12 67.64

ca

4 e "  760°0 20 daye| B.72 66426 2U.67 0,55 0.60 4,31 28,38 69.68]1

Table 9. Resultis ol experiments carried out to test the effect of Lime on the resdliing felspar

compositions. For all experiments the starting plagioclase "gel" was ‘Nzoibzoe



were otill changing after 3 days, but after 7 days
compositions seem to have reached relatively conatant
values. As & high strontium concentration was used
in these runs they wers repeated at approximaiely 360°(¢
and 760°C with & strontium concentration of C.5 in
the vepour phase. Somewhat surprisingly, at least
7 dayes seenmg to have been nesded to produce & close
approach te egullibriunm at the higher temperatures
{groups B and Gje in group O experimentsg, for which
the alkali Tfelsyar "“gel” was chemically produced with
a composition off Urgsibpe 10 Jays were needed to
attain ecullibrium at 750°C.

In connection with these squilivrium
discussions 1t is imporiant Lo note for group A experiments,
where the temperature was 520°C and the alkeli Telspar
was grown ifrcm a "gel" made by mechanically mixing in a
115 ratic Abjpe and Urgogs the time for "eguilibration®
was lzgs than in thoge higher ftempsrature sxperiments
whiceh used a chemically produced alkali felspar "gel®
Orgoibsos It 18 likely that & "gel" with an intimate
adnizture of componenis will erystallize more rapldly

4 "
e

than a "gel” made wp from end members and mechanically
mixed. If so, it suggeste that attsinment of squilivorium

between solid crystaliline phases is slower than the
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rate o erystal growthe. kapld initial erystallization
may therefore e s barrier tv rapid achievemsnt of
sgquilibrium, because enirained ions will take a consider—
gble tims to get out of unfavourable aites. 1% the
reactions whiech take place belwesn the erysitsiline

phases are very nuch slower in ons directicn than

the other, =z state of metastable equilibrium may be

il thet ig achieved,

e
Lo

el
froed

A useful Lest for squilibrium iz the
reveraibility of the resction concerncd. The results
of’ holding chargoa at 2 lower itemperaturs afier

erystallizaetion at a higher one are collecied tugether

AB Can DE seeny little change takes place

aiter crystailizaticn at the nigher temperaturs; once
rhases approprdate W a high tsupersiurs have beosn Pormed

redistribution appro riate io a. lower tamperaturs appears

to e vepry siow,. Therefore instead of comsositions

approvriste to 52070, compositions very sinmilor %o

elither a 660° run (cf exptee 31 and 34 with sxnte 17

or a 760°C run {cf axpie 39 with expte. 16) are formed.
ras results Tor experiaments 38 and LO {ges

e o " M % e T . - b e
BBuer able, Labis ©O) Turther demonstrate the



AiiTiculty of reversing an exchange reaction. Two

gele” with cumpositions Urgg,z AVs1.2 Mizes “To, s a0d

Crp, 5 Abzo,7 Alljg, ¢ C¥gen {gimilar to those of the

crystalline products formed at 750°C) wers prepared

and ¢rystallized togather at 515°C in the presence of

& vapcur containing:- 4. 250C0ppm Sr in water, (cxpte38).
Ze 1M alkall choride, &/ Ta+’ = 30.

(expte 40)0

For both experiments, instead of obtaining compositions

appropriate to 2 515° run (see expt. 12) compositions

very simllar to the originel "gelas™ resulied. Apparently

the ration of Na and ¥ (between tha alkall arnd plagioclase

Pelspar phases) appropriate Lo the higher temperature

ars at least peltasiable at the lower temperaiurc.

This inability to achieve reversihiliity does
not necessarily mecan eguilibrium has not been resched,
but it certainly suzgests that any adjustment of felspar
coemponitions with falling temparature is slow., i1erhaps
thizs iz not ar unlikely result if it is considered that
once an ifon is sited Iin & erystal lattice 1% will be
held by powerful sclactroststic bondse At a given
tamperature these bonds will be opposed by thermal
vitrations. At a reduced tormperature, where thisrmal

vitrations are ds ed, disruption of the bonding forces



CONDITIONS PLAG. COMPOSITION » K-FILIPAR COMPISITION DISTRIBUTION COEFFICIENTS

Temp. Time on b o Spf Bulk " (K20) by 204 method From Bulk comp. From 201 X0
: Expt-
Sef An Ab or Or Ab An 8rf | Kdgp Kdyy Kdyy Kagp Kdpp Ky | Number

520°C 10 days L.37 66455 28,58 0651 | Oulily 1,09 18412 80,35 | 93.82 4.65 1.09 4hL +866 .272 .0O38| L,087 070 .038 |12

650°C 10 days 364 67,61 28,36 0.39 | 061  o77 23.51 7510 | 82.82 15.79 777 .611(1.572 347 2027 | 1.579 .237 .027 |17

760°C 10 days 10.57 6L.80 21.28 0,35 | 0.62 1.65 30.12 67.61 | 9 22.83 1.666 «62611.781 165  L068 | 1,799  .352 069 |16

660°C for 7 days . ) )
then 520°C for 3.07 69.3L4 27.18 0.1 0.606 1,08 22:7% 75461 Gire19 Thel? 1.08 0,61 [1.495 «327 Ol 1.499 o204 039 31

10 days

660°C for 7 days
then 520°C for 1.87 69.51 28,29 O.ut 0,620 88 22,77 7572 83435 15144 0.89 0.63 [1:53 3528 +03 1.54 «218 031 3l

20 days

760°C for 7 days
then 520°C for 773 6462 27.22 042 | 0,65 2.3 27.uh 69.57 1454 J125 .09 39

20 days

Teble 10 Results of experiments relating to reversibility of exchange equilibria. 0.57 in vaepour phase; K-felspar "gel"
gtarting composition OrgoAbze; plagioclase "gel"” Ansolbyp and a pressure of 17,000 p.s.i. were common to all

sxperiments.
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will bhe less, le.2« the syetem moves 40 a luver ensirgy
etate representing grsater stability. It will,
therefores; be mors difficult for an lom H¢ leasve a latitice
8ile. since thie ssclllators will not hLave ons definite
irequency, dut rather a distribution, & small percentage
of 1lons msy bGe able to escape from latiice sites,; at a
given Lemperature. Iioweve: az the tempsraturs falls
more and mors oseiliaiors will cccupy ths lovwer zinergy
states soc that the percentage of lons ebls to sacape
Crom laviice sllen will Talle In practice the situation
will e complicated by geometrical distortions of the
lattice; these may oppose & glven pattern of clectrical
interaction.

in contrast to this slugglshmness the work of
Bowen and Tuttle (1958, demonstraied thai Ta~-1 Ielspars
unmixz, with felllng tenperature, guiite readily. This can
also be consldered on the basis of emsrgetics. Consider
the pobential energy of & cation (Na' or k7Y situatea

a erystal {i.c. vacant cation sites) thus



AL g B - | =3 -~ 5 S L S . 8 p =3 o By o ol T
At pongidershls separations of A and B the force of
p s o R s - ) - e i —— L, " Ao — L, Mg - - 1.. 2%
interaction will Le sumell bul as Vhaey approach e

glectrostatic abirection will increase, wihille ab still
cloger distances there will be & violent repulsion {as

a result of boih internuclear interaction and cverlap

= 2
Py
44

slectronic clouds)s Fig 23{a) represanis ithe

&

potential snergy ve. internuclsar separaivion LIV

A similar curve will resulit when D approaches Oy only
reverzed Trom lef:i to right because in this case the
moving lonm is to the left of the staticnary region of

~ve Chargt. The conplete curve thus has a ainimum at

sach end, with a hovizontal portlon beiwesn

MEe. 235 (€Je From bhe shape of this curve
apparent that considerably lsse cnergy is required to
move & from site A to site C than to move © completely
ion of A and Co Althougls the case
considersd is highly idealized and oniy two dimensionsal,
the situation in a resl crystal will not be too
Gifferante Thus sxzesclution {whieh involves moving
cations sbout within the crystel lattice) can take

plece more =aslly than catlion exchange between crysials

(which involvee moving ions over very high potential

energy barriers at tha crystal surface}. It should
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O
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i
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the curves drswn in Fige 25 are for a

ot



Mg. 25, Fotential erergy vs. internuclesr
separation, {(r) for the system A + B + C
discussed in the text. (C) is guite hypothsiical
as it does not suggest that an infinits thrse
dimensional array of F.0. nminima is involved;
ut in spite of this it does illustrate the
difficulty of completely removing a cation from

L

within the crystal.






&0,

Na~0 arrangement, then for a X-0 arrangement the
minima in the P,E., curves will not only be shellower
but zlsc will occur at larger values of » since K*

is a larger ion than Ma*,

III

method of Bowen and Tuttle (1958) for determining slkalil
felspar compesitions by measuring the varieticn in dﬁoﬁ‘
In the present study compesitionz obtained by this
method commonly did not agree with the bulk compositions
obtained by specirographic snalysie, a2s shown in Table
11, These discrepancies result from diluting albitie
phases which are present in the potassiumerich phases.
fividence for this comes from ihe presence of high-slbite
lines in the powder photographs of the alkali felspars,
with increasing temperatures the amount of 2lbhite in golid
golution in the potassium felspar inercases, hence, for
a given bulk composition, the amount of diluting free
al.ite becomes smaller. This can be scen in Table 11,
where with increacing temperature, the orthoclass values
obtained from d§01 and the J-ray spectrograph gradually
approasch each other, At a



Orthoelasa Conlent of Alkalil Felspar

vy 3 : - 2 w . Y. 4 - o Fs
Gf.' e - o UK o 3 Fami=Ted o ":_ L. <31} o X e e o
Experiment rville's ‘ethod oy Opectrograg lempe rature Vaterial
D
L,
> 0248 31e1 520

8 81.0 750 G60 Orgoib
7 735 5950 770 miz

11 69 oLt 7063 880

12 92.8 8011 520

17 82.0 761 650 OrgoADzo

16 7546 697 770 chenically
produced
"oel
241 le.[) ?;:vﬁg—: 515
25 76.9 724 2 65’3 C‘l‘g u,.»":!.')za
26 71e3 62,8 765 "gel®
28 "#aﬂ C'r)of’i SHO

Table 11 Showing comparison of bulk composition of alkali rich phases with actual
felspar composition., An andesitic plagiocclase product was present also in

sxperiments 6-18 and an oligoclase in exveriments 2!-28,.



definite tampersture, depending on the bulk composition
of the system, the zlbite phase will be resorbed by

the potassium Telspar and & Further temperature increass
can only produce 2 more albitle alkall felapar by
exchangineg ¥a with the plapgloclese.

Thz poesibility that the albitic phase,
associated with potassie phase, represents contamination
by plagioclase from ths opposite end of the resction
capaulse must not bHe overlooked, Thieg was disproved
for several 5207 and 650° samples by messuring d.

201
vaiues {or the slbitic plagloclase and the maiow,

more calcic plsgioclase. DMfferences of the order of
040094 were chserved, showing that the plagioclasen

1

are not one and the saame material, Jith the exception

4

of one experimznt it was not posmszible to obitain accuraie

fiata on the compositicns of the albitic alksli fslepars
as the small amounts present produced only wealt 201
lines, However azpaeriment 42, a 52C°C run, produced
enough slbltic material tv allow estimation of its
composition ag Uryo ADgoe

Another possibility 1s that the albitie phase
represenits an gxsolution product formed duving
guencilnge ‘This hos been disproved by experiment

11y wnich shows agrecsment between the bulk arndé the



d}o: composition Tor the alkali Pelsper gusnched from
880°C, The tendency for albite exmclutiorn will be
greatest for a lattice containing the grestest smount

of sodiumy viz, the lattice formed at ths hirhest
temperature. In other worde the driving erergy for
exsolution should be greatest for the lattice conled

from the highest temperature. 2ince axperiment 44
presents no evidence Tor exsslution it iz unlikely

that guenching from lower temperatures was more affective.

The sketeh diagrams in Fige 2L 1lluastrate,

in 2 general way, the relationship hetwsen the Thulk
composition of the celeic plagiocliase, the hulk
composition of the slkali felspar phase and the
composltions of the potassic and sodic componenis
of that phages Jith increasing temparature, the
potagsium felspar betomes mere sodie, not only by
regsorbing the alhite phase, but also by taking up

sodiumy releasad from the plagioclese, This is
accompanied by loss of potassium $o the plagiocluse,

The pregence of the albitic nhase in the "=la compariment
iz an expression of limited solld zaiubilisty of Na-K
felspars., Taves (1251) dimcovered limited anlid
solubility existn between alblte and ancprthlites This

has the implication that for certain plasicelase



Fi&o 2he Thsa

lings in the triangulasr pists

have bhesn drawn only Lo enphasize composition~

al chariges o plmaes fomed in the experimenta.

B

renregents the mlk compogition of
the alkali {elspar phases

represents tha hypothetical compos-~
ition of the 2ibite formed in the
=g compartment.

reorasents theo limlting compomition
the albite might have hefore 1t 1s
firmily resorbed, This composition
depends upon the bulk composition of

¥

the systeme.



Ab or Ab or

FIG. 24. PLOTS OF COMPOSITIONS OF COEXISTING SOLID PHASES AT SEVERAL TEMPERATURES
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compositions (the range Ans to An,», given by lLaves
(1954), will be nmodified by temperature) en nivitie

phase {(ine->ins+,) 2nd a more salele phase {(Ang 7~>4nz3+2)
should grow in the ¥e-Ca compartment. Becuuse lattiece
parameters of hipgh tenperaturs {disordered) albite

and oligoclase are so nearly alike {Smith {1956) 1,

X-ray detection of twe phases in the plagloclase
compartment is not expected to be successful (eee Appendix
ITI)e Atteupts to erysiellize material coarse enaugh

for single

i

erystal work may however be useful, but,

i

4 £ - x o
LT GG

&

within the franework of the present study

@

avparatus for thls was nol available. lowever, in spite
of a ghortage of experimental data, subsolvus felspar
relations canb e nostulated.

By & series of hypothetical isotheraal contours,
drawn on the surface of the solvue dome, an attempt
has been made, in Fig. 25, to represent these relations.

A 4

At low temperatures the coexisting solid

phases mizht have comrositions re

sk ol ey $3 &
epret PL B s_,-;;' LiE FOin e

1z 1% 152 1% ith increasing tempsrature these

compositions will change through 2, 29, 29, 2%, etcey &0

5s 5% 5%, 34 at which stage a further cmall temperaturs

increase will allow full solid solution for ihe

plagioclase felsopars AL this stage an albitic phase



Fig. 25. GShowing hypothetical isothermal
contours on the surface of the solvus dome.
for any ons temperatura coexiating snliad

phases are shown thus 1, 17, 1%, 1%



FIG. 25.
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may 54111 coexist with the potassium f2lepar, this
situation is represented by 6°, 6 and &%, Just

tne $op of the alkall felspar solvus the only
Bolld phases will be 7 and 79, If the bulk composition
ef the system then lies to the left of the curve ML,
which representis the extent of ternary solid solution,
7® will come slowly togethsr to form a single
phase. If the bulk composition; on the other hand,

im to the pight of ULy a plagioclase and a single

&
ot
=
fod
[
o)

‘elspar must cosxiste

From this discussion of [ig. 25 i% can be
seen that the plagloclase angd the potassium felspar
cryatals act $o some exient like ¢losed systiems in
hemselves, and ly at relatively high temperatures
might AL snd Si be exchanged. In practice even this
exchange will be very Slovwe
IV composition of the whole systenm

the effect of bulk

Table 12 presents resulis from the master
table, Teble 8, showing how the potash contents of
the ¥-felspar lattices and hence the albite contents
rrom whigh the h@&b values, also quoted in Table 12,
gre influsnced by the bulk composition of the system.
sn inspection of this table shows that the potash

convent of the L~fglapar is dscreamsd in those systens



CONPONINTS OF THE CLOSED SYOTRH
Oreoibzo/Abroinge | OPgoibso/ basilys | UPgoAboa/ibas'nysg | Orgg, 72AbreAnse
|+ Ha0 + 5001, + 020 4 'pCl, + H0 &+ 3r21; + 2m X/% + Va = 30 + 8rl1;
tonfent e
Temperature “C Orthoclase of the N-felspar
12 24 20 21
o 93482 89,3 89466 53
& Ide (e070) 3 (i1 8] I {e320)} 91"6r@ul)
£ i";m 2 i .. oo e
6 g 2(0237.’ 7915 (w242) T e t20) " er20)
Q776° ”7! Q! . 14! 3387 o0
e : = 1(-552; 4 '43f.ssa) T tesee)
880% for 14 1 ’ 2a
i 690@3 65601 ) - =
8140° ror 28 ok fwted!

Table 12,

Crthoclase contents of the V-felspar lattice, and distribution coefficients for albite,

for several temperstures, correlated with the ceaporents of the ¢cloved systeme. Expt. numbers (Table 8}

are given in the top left-hand corners of the compertments. JAetribution coefficients for albite, from 204

K20 values, are given in brackets in the lovwer right-hand corners of the compartments,
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rich in sodium, and that it is raised when the systen

is depleted in sodium, either by reising the potash
content directly or by inereasing the anorthite

content of the plagioclase, In other words @guilibriunm
is displaced towards high potassium in the potassgium
Telsper when cotassium in the environment is highi., This
important result is belleved to have a direct besring
upon the unsultability of the sodium geothermometer

for application to metamcrphic rocks (see #igs 1(a) and

{b) and 2(b) and {c) Chapter I).

At this stage it is also interesting 4o note thaet
the anorthite content of the potarsium felspar (see
Table 8) is very little influenced by the caleium content
of the plagioclase, c.z. compare experiments 24 and 26
with 30 and 32. The amount of anorthite taken into the
potacssium felspar seeme to be very restricted, in fact
guite comparable to the amount preszsent in natursl potasse
ium rich felspars (Deer, fowie and Zussman {1963)3 &mith
and Ribbe (1966) ).

The lowest temperature at which a partitioning
experiment was carried out was 465°C, 1,e. expt. 29,
V“hen the material from the Na-Ua compartment was X-rayed

not only was the normel pattern for high & bite obtained
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but also two extra lines at 5.60 and 3.42 A° were well
developed, These lines almost certainly belong to
enalcime (with itas two strongest lines at 5.61 and 3.43)3
although it may not be pure for in the caleium~-rich
environment there may well be some solid solution between
analcime and Wairakite, its calcium analogue (Coombs
(1955))e For the plagioclases formed at 520°C or sbove
no analcime was detected during their X-ray examination.
Mackenzie (1957) reported that the diffraction pattern
for albite erystallized at LOO°C and 14,000 p.s.i.
contained the two strongest lines of analcime. At 300°C
and 28,000 p.s.l. the only phase he could detect was
analcime, however at 500°C and 14,000 p.s.i. he could
detect analcime neither by X-rays nor optically. Thus
at approximately 1 kilcbar Py,0 and between 500° and 465°C
analcime begins to become a more stable phase than high
albite. This tendency for analcime to form imposed a
lower temperaturs 1imit on the partition experiments.
Summary

Experiments described in this chapter have shown
that coexisting felspars, grown from amorphous 'gels”
reached fixed compositions, at a given temperature, after
intervals somewhere between 7 and 10 days. In the time
avallable it was not possible to determine whether runs of
duration much greater than 20 days would alter the apparently
persistent meta-stable equilibrium reached. A carefully

controlled series of experiments of long duration to test



the approach to stable equilibrium or alternatively
the persistence of metastable equilibrium would be of
immense value. Cther experiments, however, have failed
to show that a state of dynamic equilibrium exists between
the coexisting felspar phases. kather they have indicated
thet, once crystallized, felspars adjust their compositions
very little with a fall in temperature.

Several experiments (38 and 40) suggest that
"gels" with compositions appropriaste to high temperature
felspars will crystallize at a lower temperature, with
little or no change in the concentrations of Na¥, Ca™*
and Xt which are structurally important to the product
felspar. This was found to be true even though high
concentrations of Na' and x* were present in the vapour
phase. The situation with respect to srtt was aifferent
to that for the other cations; its concentration in the
plagioclase rose, and in the potassium felgpar fell, with
respect to the starting materials. gr*t is not
gignificant in determining the overall structure of the
phase, and, as a conseguence, seems more mobile. This
may be important for the success of the strontium geo-

thermome ter,
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These have besn calculated on the bhasis of
two sets of data:~

1) The bulk potassium contents of the
potassium rich phases, =8 measured with the l-ray
spectrograpne.

2) Potassium contents of the potessium
felspar lattices, using 201 spacings.® Distributlon
coefficlents calculatsd from these data are tabulated
in Table 1% and plotted in Plgs. 26 and 27. inly
for those high temperature experiments, in which the
free albitic phase was not present, do ceafllicients
calculated from tihe iwo sets of data agres.

Inspection of Fig. 26 reveals that distribution
coefricients for albite, calculaited from aspecirographie
¥ ,0 values, increase with temperature up te Limiiling
values which are parhaps influenced by bulk conposition

of the system. txcept for experiments 30, 35 ard 352,

# jWootnote:

For these calculationa it has been assumed that the

zlbitic phase, sasccliatsd with the polasslum felaper, was
not present. On this basis then, Sr and Sz, neasured on
the Y-ray spect raph, have heen assigned to the potassium
felspar. The 3rf and An _8o0 obtained wave bzen zdded to

the Or, obtained by the 204 method, and the resuliant
subtnac ed from 106 to give mol albita in s0lid solution

|

in the potassium felspar lattice.



Tahle 43 Distribution coefficients for albite tabulatsd Tor a range of temperaiures

and conposi tions

STARTING TORDTTI 0N DIMRIBUTION COISFICITHNTS XI‘t
MATERIALS H0e
K 3PAR PTAG THEP TINE | #pom bulk composition | Based on 201 values
Opgoibes | Anzc/ADro 520° 40 daye 0.293 0.068 10
ﬂmixn i

i £ 6600 ? it 3'356 6‘262 3

. ; 7% 7" Oolish 00383 7

" " 8£80° T " Oel137 O.LlyB 11

Crgoibzo " 520° 40 " 0.272 0.070C 42
"gel”
- ! 650° 10 " o307 De 237 17

o E " 515° 40 " 0,300 0.115 24

" ” 650° 40 ™ 0e320 0,242 25

" E n 700° 40 ° D14357 e 554 37

" " 765° 10 " 0470 0358 26 )
,, - r

Oulilis (L 1UE

Orgerbso (/Nysibas 5207 40 " Ce830 0.320 30
k£ 1
gel
" : 655° 10 © 04670 G0l 35
765° 10 " Ce735 06369 32
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which had AnygAb,s as one of ths starting materiails,
coefficients calculated from ¥ 0 values measured by
the 201 method, increase continuously with temperature
up to at least 830°C,

If the results for the system incorporating
the calcium rich plagioclase, Fige. 27 are exsnined it
can be seen that bulk composition has obvioualy
influenced Kd,, values! calculated from both the 201 and
the bulk ¥,0 values. These results are aifficult to
explain in detail but they seem to express the difficulty
of interchanging considerable amounts of ¥ and ¥Wa* in
a calcium rich felspar (this is required if the necessary
sodium ions are to be taken into the potassium felspar
lattice)s  This limited substitution of ¥* for Ma*
may be determined by the plagioclase framework which is
contrﬁcted about the small doubly positive calcium ions
and therefore unable to admit large ¥ ions. Calcium
will therefore, in natural systems, exert an important
influence upon sodium distribution by eontrolling the
plagioclase composition which initially erystallizes,

Variations in the plagioclase composition,

after crystallization, will chiefly involve the limited

T GSee zleo Table 12, ChelV,
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interchange of sodium and potassium, not cslcium.

Not only are small amounts of calecium incorporated

into the coexisting potassium felspar but also its
double positive charge will tend to prevent it moving
from plagioclase lattice sites and through the electro-
static field of the crystal lattice. The difficulty of
moving calcium will be intensified by the recquired
concomitant movement of sufficient aluminium to maintein
charge balance,. For plagioclases, then, all that is
observed with increasing temperature is the limited
substitution of potassium for sodium.

The behaviour of distribution coeflficients
plotted in Pig. 2£ deserve close examination. Dasically,
it is the presence of ithe free slhitic phase which 1is
responsible for the differences between the bulk and
201 based ¥d,, values. A% low temperatures the amount
of free albite iz relutively large, at the came stage
the ¥/Va ratio for the potassium Ffelspar is high. With
increaeing temperature the ¥/Na ratic decreases, as sodium
lost by the albitic and ealcic plagloclases is iaken up by
the potsssium felspar latiize to establish a /lla ratis
appropriate to the temperature. Concurrently, potassium
ig released from the potassium felspar end taken up by
the calcie plagioclase, end presumably alsc by
the aibkitic phase. Lventually Ghe



TlLe

potaspium-rich and sodium=-rich phases become indistifi
guishable, also, zlthoigh we have no evidence in the
pregent experiments for this, the caleic plagiceclase
presumably becomes saturated with potausium. A
further temperature increase will cause potassium to
be released by the plagioclase (Yoder, Stewart and
Smith, 1957)s Since this potassium is taken up by
the potassium-rich phase, as well as by the liguid
rhase beginning to develop, there will be observed, in
quenched experimente a fall in ¥d B values calculated

A
from 201 values.

Distribut

In Table 1L snd Pig. 28 are preserted o

selection of data from the master table, Tubie 8,

showing the partitioning behavicur of sironitiume It

can be seen I'rom the graphs that distribubion coefTicients
{(lidy o Velues) increase with temperature up to certain
limiting values. Jor any one Lemperature, however,
coeffliclents differ considerably aceording to whether a
"mix", Orggibzos or a "gel", OrgoAbsos was used ss one

of the starting materisls. The reason for Lhis is notd
known, but it seems reasonable that different vaies of

eryutallization are responsible. Rapid crystaliization
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may cause a considerable amount of strontium to become-
entrained in the growing crystals, rather than sited
in the structure on large-cation positionse. Hence
varying rates of crystallization will cause varying
"base concentrations" of entrained Sr to be present.
Added to the base concentrations will be the concentrat-
lons of Sr actually situated in cation positions. The
alkali felspar starting material was the only "phase"
in the experiments which had different forms, i.ee.
mix or chemiecally produced "gel" and because of this
was able to exercise an important influence on the rate
of erystallization (see previous section on Equilfbrium}-
The presence of the albitic phase admixed
with the potassium felspar modifies the measured ?dﬂrf
values, but the effect is small, as can be seen by comp=
aring distribution coefficlents calculated from 201
based Kp0 values and those based upon bullk compoaitione
The diluting eflect of the albite is small, since not
only is it present in smll amounts, dut 1t will itself
incorporate strontium (Heler, pers. comm.).
In spite of the possibilities for entrairment
of atronﬁium, and the undoubted presence of the albitie

phase with the potassium rich Telspsra, the values

Mgpp
strongly suggest that strontium partitions 1ltself between



Table 14

Mstridbution coefficients for strontium felspar tabulated for a range

of temperatures and compositions,

STARTING CONDTTI OB DISTRIFUTION CORPICTI ENDS axpt
MATERIALS Mo,
K SPAR | FLAG. PTRMP., TINR Prom bulk temp, |Based on 201 X,0 values
Crggabsol Angeab 70 520." 0 days ’{«596‘33 Ce 655 10
mix

" " 660° 7 days Ce77hr O 08 8

" " 770° r A 0900 0.960 7

" " 880° 7 " 0645 Oalilsly 11
=—1—“'-—_ma=: — —
Orgoibso| " 520° 40 " 0.866 0,967 12

1
= ;
= } R 650° 10 " 1.572 1,579 17
i |
! :

" P 760° 10 " 1.781 ; 1.793 ' 16
Orgofbso iAng sAbaes | L65° 10 * : 1.23 fe2h4 ' 29
" " i

gel § ;

" " 515° 40 1,33 % 1.35 g 2k

. " 650° 10 " 1.52 | 1453 L2

g w 700° 40 " | 1.21 1421 | 37

i §
!
" " 765° 40 ¢ j 1,03 PR | 26
10 ™ 0.735 0o 73 28
10 1419 1.0 § 30
i
10 ‘3162 1 162 : ,‘«5
{ i
i 1] 7650 ';Q 1 "? og’,’? S 1 .'_38 ‘ig




Te
goexligting felepars in a tempersture sensitive wav.

The reversal of the trend of ¥dg.p values with

tenperature, at high temperatures, is not understood
but the following possibilities will be examined:=-
1) incipient melting.
2) geometrical effects favouring strontium
substitution into the potassium-Telspar
lattice at low temperatures hut not at high
temperatures.
3) 1lack of charge balances
1. Ingipient melting

Examination, under cil immersion, of the high
temperature products revealed no meterial which conld be
identiflied as glass. Thie does not, however, orove the
absence of glass, but may Just indicate the difficulty
of recognizing it. The paper of Luth, Jahns, and
Tuttle (1964), which gives data on the beginning of melt-
ingof felspars, hos no data directly bearing on the
three felspar systenm under discussion.
2. Geometrical effects

Before these are considered in detail some
experiments which illustrate that strontium is not merely
antrained, but truly occupies cation sites in the potassium

felspar lattice, will be discussed, Large concentrations
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of caleium are not found in matural potassiuvm-rich
felapars, even in those from calcium-rich environmente
{aee as an examnle sample 181, Table !, Ch.2). Substitut-
isn, then of a smsll dipesitive ion for potassium, along
with the necessary concomitant substitution of Al for
81, in & potassium=-rich felspar, ie apparently not
favoured, ises the ~feispar lattice is not able %o
cope with the small (.,994°) Ca** as well as the charge
balance probleme However the situation is different
when the larger (1.13A°) Sr*t ion is involved, as the
following experiments are believed to desmonsiraie.

Two "gele", with compositions Voes Po,2 Aljez
S1s.8 Os 2nd ¥o,g5 Po.0s Aly,os Si,,95 Cas Were
prepared and each separately erystallised for ' days at
650°C and 20,000p.8.14 Ty oo FPowder photographs of the
products were taken, and the 201 spacings of the potassium
felspars were compared, on a diffractometer, with 101
epacing of XLrdse The pattern of the material
crystallized from the S Srf "gel” wae charccteristic of
high sanidine, but the pattern of material which ecrystall-
ized Trem the 20 Srf "gel" was more complexe The following
phases were detected:-= high sanidine, mica, Sr 11, Biz Da

(the triclinic polymorph? Sorrell 1962). The 201 spacing
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of the sanidine, which crystallized from the 20 &rf
*gel™, was found to be 1193 %.001A°, whilst the value
for the sanidine erystallized from the 5 Orf "gel" was
114228 *0,001A°, Thegse values are to be compared with
1.2%5 £20,001A° recorded for the 201 spacing of a sample

of Opsge crysiallized for 65 hre. at 850°C and 17,000p«8e1s
This data has been interpreted as Tollows.

a) anorecisble soclid-solution of the Irf mcle~
gule In the potassium-felspar lattice takes place at
640°C, causing a decresse in the 201 spacing analogous to
the decrease which occcurs when Vat is substituted for rt,

h) at 660°C the limit of sclid solution is
greater than 5 but leas than 20 mol percent. This has
resulted, in the case of the Srf,o "gel"”, in the
crystallization of a small amount of free Orf; but
to use up excess Al and 3i, not required for the crystall=-
ization of the Sr-containing potassium—-rich felspar
{>30mol, Or) a phase, viz. mica, with s lower /.1 + i
ratioc grew,

¢} the decrease of the 201 spacing in a ¥~
felspar containing S»f, does not seem to be a lineapr
function of composition,.

If the interpretations of the above ecxperiments

are correct, it is reasonable to believe the lrace
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amounts of Sr in natural and synthetic felspars actually
occupy large - cation mites. This being so, the
importance of geometrical effects on strontium partition-
ing can be considered.

Ferguson, Traill and Taylor (1958) showed that
a marked anisotropy of the electron density distribution
exists at the site of the Na atom in high and low albites.
They belleved the eflfect, which was much greater in high
albite, was too large to be atiributed to thermal vibra-
tion and therefore proposed that the cavity availsble o
Na is much larger than it can fill; and hence it tands
to ocecupy, at random, one side of half the cavities and
the other side of the other half. This view was
strengthened by the work, at -180°C, on the structures
of high and low albites by Williams and Vegaw (1964)e
According to Brown ard Bailsy (1964) the potassium atom
has measurable anisotropy in all the potassium felspars
studied. The ellipsoid of vibration has been determined
for orthoclase by Jones and Taylor (1961)s Tor the
Pellotsalo microciing by Brown gnd Bailasy (1964}, and
for the Pontiskalk microcline by Flarney and Dailey {(1964)e
The gnisoiropy, which in eny case is very much less than
in albite, has been gxplsined ss resuliting from thermal

vibration within an irregular coopdinmation group.



The oscillation i restricted by four close oxyren

- - hr de

neighbours and rerulsion from an sdjacent I atom along
the minor axis of the ellipsoid, which is atated to be
12° off parallel with xe® The important factor which

comes Trom this consideration of the large cation

environment in felspars, including the ealcium felspar

o

]

according to 'egaw, Vempster and Radoslovich (1962), 1

@

that a certain amount of unfilled space sxisis aboul the
Ta, X or Ca environments. Consider the P14t of opt?
ints the cation site in alkall and plagioclase Pelopars
at different tempersturem.

-
'

The Following ionic radii, from “vans (1964),
x* 4,334%, ma®t 0.954°, ortt 4.43A° amd catt 0.99 are
important for the Pollowing discussion. Substitution
of 5rtT into the cation site of & plagioclase will involve
local expansiong wheress considerable contraction and
rezrrangerent will be involved in the substitution for
polasEinge Yith increzsing Ltamperature Sr and ilie
surrouncding oxygens will tend, as a result of incressing
thermal motion, e sceupy larger effective volumes,

4

Howezver since iz a2 mueh lighter than Sr tha effective
volumes occupled by oxypens will ineresse much more
rapidly than those occupled by Or. The net «ffeet of

axpensions will be a movement of the oxygens' charge
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intc the unfilled =pace gbout the apt T ione e fit
S T T ; P R S
of fr int e potespsium felspar will therefore lmprove

until all vacant srace sbout the cation ie filled, whereas
the fit into the cation site in plagioclase will worsen.
towever, since the site in plagioclase iz congiderably
elongated, und we are dealing vwith trace amounts of
strontium, the vecant space may not be completely

reduced at that temperature Tor which complete closure
takes place for the potassium felspare We will
therefore have the situation in which Sr++, ghove @&
certain unknown criticel temperature, will more sasily
enter the plagioclase structure, but st temperatures
helow this it will prefer the potassium Telspar lattice,
since its £it will tend to improve with temperature
increasges up to this value. It is possible %o envisage
a number of gecmetrical effecis favouring the entrance

of Sy into potassium felgpars at certain temperatures whilst

at higher temperatures ths preference is for the plagio=
= ¥ >

clang

(D

lattice. The best test ror the ideas concerning
the cation site in Ffelspars would certzinly b= siructure
determimations, at high and low temperatures, on both

i and plegioclase felspars. T™ie date is not

1
available, but interssting indireet support is ochinined

from thermal expansion dats.
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The evidence from thermal expansion:-

I the oxygens surrounding the lerge cations vibrate
with increasing temperature #o effeotively secupy the
vagcant ellipsoidal space about thosze caticn na, then
variation in the proportiorn of vacant spsce should lead
to dlfferent rates of volume expansion at high and low
temperatures, This effect should be well shown by a
sodium~rich potaesium-Telspar since substitution of KT

- -~ + e y R -y + - -
Py a will increase the free space ([l is smallier than

#*

Fa
e
be ).

At low temperatures then; the increasing oxygen
vibrations will be taker up in the free space about
cations, as well z8 by the other cavities in the siricture.

A% higher temperavuras,; tnies fres space will not be avail=

o N T
" JODLNOLES !
P

It ahould be roted that although thers iz almost lineap
decrease in e with sodium substitution for potzssiam, the
major extenslion of the eation cavity is approxinately in

the (100) plans. Thus the decreass iz 2o Must Not he taken
as an indication thet excess space in 1& cation cavity is
being decreased when Ne subatitutss for ¥ in s ;oiaaaium
falepar,. FPor i :alkgiro, 1inear expansion data,
graghed in Pige. @ & that orientation of ths cation
ellipscid is 1mworuan+ in dpterm1ﬂing externnl expansions
measured in the seversl Cfé“udlx”-i&f14c dl;-“‘iDALo In
2ach case expansion verallel to "a" is mueh sreater then

for componenis in the other two crystallographic directionse.
This anflt ie f;ﬂ“ﬂ+nnlv wit“ ideas concerming collapse

i—" U‘

into free space in the (400) plane, and thereby linmiting
evyaneicn\ along dirsctions in thisz plane. Tﬁwv the
1] ]

a’ direction I'ree gpace is gt a minimum hence sxternal
expanslion ia mont marked.






able to absorb the increasing "effective volumes" of
oxygens, hence the external wvolume expansion should :
become more marked. This behaviour will contrast 'w.i-_l .
that of & pure potassium felspar, or a pure scdium
felspar.

For pure potassium felspar expansion will be
more even, over a wide temperature range, because the small

proportion of free space in the X* site will be occupied

T

at low temperature so that further temperature increase
will cause external expsnsion. The very elliptical Nat
site in albites will allow comsiderable "internal expansion"
hence the external expansion rate should not vary g Ly
with temperature.
These ideas can be examined in light of
experimental datas ige. 30 shows that  volume expansion
(referred to the volume at 20°C) for a number of felspars
of different compositions. This data obtained by Foszu
and Saiki (1925), amd Kozu and Ueda (1933), is tsbulated,
for convenience, in Table 15, From these results we
observe:-
a) The increase in volume expansion for adularia
(Orgs.s Abg,s Ans,.) is slightly greater at high
terperatures than for equal temperature increazses at low

temperatures, cfs volume expansion in the range 800-1000°C

-
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with the expansion in the 200-400°C range.

b) Albite expansion ie also fairly even.

¢) TFor Orsy Abss the volume increase is,

&8 predicted, considerably greater in the 800-1000°C
range than in the 200-1,00°C ranges In addi%ion, the
sctual  volume expansion (when compared with the volume
at 20°C) is less at lower temperatures than for a
potassium-rich phase, the expected result on increasing
the internal free space.

d) The expansion of Abyy ANy is considerably
mora even than for Orgzy Absse If this is an indication
that internal space is still aveilable st relatively high
temperatures we cen see how 8r subatitution may continus
to such temperatures.

It 18 realized the expansion data does not solve
the problem of Sr substitution in felspars, but at least
it is not incompatible with the geometrical modsl proposed.

In addition to its influence upon the mechanism
Juet discussed the sodium content of the potassium felspar
lattice may also be important in another waye.

Natural felspars show increasin; anorthite solid
solution in potassium felspar with increasing Ya content.
Does then the increased substitution of lia for 7, at

high temperatures, make it easier for the potassium felspar



Expansion Trom

20°C to indicated tenp

erature, in per centum

Composition 100°C 200°C Lo0%C 600°C 800°¢C 1000°C
;ﬁ?

AbggAng ' o1h « 36 .85 1.0 2.07 2475
OragrAbss o1 «155 « 585 1.185 1910 2.610
Urgs. _‘,Abs. y’ﬁﬁgﬁ.@c B «10% 025? 5513,3 14091 14552 2,08
ﬁ!byyﬁﬂgg T 00“":}@ 25 05§ 1.00 1.14-7 1.96

Table 15, Thermal volume expansions of two 2lbitic and

Yozu and Ueda {1933);

# Kozu and Saiki (1925).

two potassic felsparse.
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lattice to teke up Sp? Uxpressed in another way:- does
Na in a potassium felspar distort a proportion of the
cation environments such that Sr will enter Na-rich
domaing in the crystal? Such domains if they exist may
incorporate only several unit cells., If this mechanism
ig important it is difficult to understand how d

Sef
values can fall at high temperatures where the albite

content of the potass fel £ is etill rising.
3« Lack of charge balance

The concomitant substitution of aluminium for silicons
when strontium subsiltules for either sodium or polassium,
need perhaps not be operaiive when small amounts of Sp
are involved, as charge balance may be pressrved by
lattice imperfections {vacancies or interstitials). This
mechanismis unlikely to be sufficient for large amounts
o' etrontiun.

The experiments show that calcium leaves the
plagioclase lattice and asppeare %o enter the potassium
felspare. The result will be g slight excese of A1+++
in the plagioclsse and neutrelization of some lattice
imperfections in the potassium felspar. The entry of
artt wiil tend to neutralize the residual imperfections,.

Ty initially, the Lotal number of imperfections in the

plagioclase was roughly egual to the total number in the
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potaseiwm falavar, larcer amounts of Sp will be admitted
in to the nlagioclsse as a resnlt of the greater numbep
3 e Lo
of imperfections and the excess Al »
Lven if imparfections are insufficient %o
maintain charge balence, the alternative, movement of

81 and Al, is cxﬂeofeﬁ to be difficult under subdsolvus

conditions end will impose an upper limit on the strontium
concentration in the potassium felspar. Thusy the

necessity to balunce charges may mean, at nigh temperatures,

. 3o T -
£r+ can. more veadily enter a plagiociase than the

- L]

-

coexisting potassic felapar.
ITI Coneclusions

e In closed systems albite distribution
coeflicients, when calculated on the basis of the sodium
content of the potassium felspar phase, show a systematic
increase with temperature, Alkali szchange is believed

J

L0 be reatrictad in a system crystallizing a caleie

plagioclase (Anys), in such systems Kd,, values do not

systematically increase with temperature, (experiments
50, 35, 32)s DListribution coefficients are aleo
influenced by high Na and ¥ concentrations in the vapour
rhase, (compare experiments 12 and 17 with 21 ana 23}
2. Distribution coefficients for strontium,

although influenced, in the experiments, by a sepurate



albitic phasne, ard perhaps by entrained sironiiuwn, are
temperature sangitive.s The values, meagured, within the
taspersture range believed 4o characterize high grade

me tamorphism, even 1f not representative of complete
egguilibriun, are compatible with satural detis. At an
ill-defined tempsrature, above 560°C; distribution
coefficients begin to fall with increasinz tenveruabure.
A mechanisn combining both gzeometrical and charce halance
conziderations 1o proposed {0 sexplain the partitioning
hehavionr of strontiume Thermal expansion data, taken
from the 1literaiure are consistent wlth the geometrical

aspect of the explanatione.
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LIGHT OF EXFERIMENTS
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I Sodium Distribution Coefficients

The experiments in the system An-Ur-Ab-H,0-8rCl,
have certainly confirmed Barth's hypothesis that sodium
distribution beiween felsvars is tempersture sensitive.
owever application of this geothermometer to natural
igneous rocke nezds caution; for in such rocks scuilibrium
between coexlsting Felspvars ls fracquently not achieved.

3]

fie evidence for this thers in ths zoning of plogioclases,
and alasoc of the coexlsting potassium rich phases (V.A.
dders, PersS. CoM. s ith the slectron microprche,
compositions of zones withiin a ¢rystal of »larioclase ecould
be debtermined, ™t in order to use the sodium reothermo—
meter to follow a eryctallization seguence, identification
of the c¢orresponding zonse in the alkali felspar would
he npeded hefars snel rsis. Thig sesms an imposs=idblse
ta8kKe

In addition to the zoning whilch occurs as g
result of melt erystsllization, late stare hydrothermsl,
alteration, particularly in granites renresents a further
comnlication. These simple considerations suprest the
sodium geothermometer will have restricted npplicaiion to

igneous material.

In 1956 rth stipulated thet is sodium
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geothermometer was only to be anplied to felspars with
the following composition ranges:= plamioclases
10-30"" and alkall felspars 10-30 Ab. If, however,
sodium distribution coefficiente for whaot appenr to
be equilibrium assemblapges of metamorphic felapars
within these composition ranges are examined ( ece
Figee 1 and 2, Ch, I), an unrelisble correlstion with
grade is found, The varying success of the ;cothermo-
meter may well be determined by,

1+ the bulk composition of the plagioclase
which initially crystallizes, and

2. the cnemical and thermal history of the
nlkali felspar metamorphoseds

(1) Pulk comnosition of the plarioclase.
[he composition of the plagioclase initially crystellized
will, in turn, devend upon the composition of a2 particulap
portion of an unhomogeneous roclk undergoing metamorphisms
In this connection 1t is interesting to cuote =a nassage
from V'ehnert (1262) in which he is discussins some work by
Wernk (1958 and 1962) on high pte plagioclases:- "Correistion
of plagioelase composition with chemical variations of
the purent rock is often so clear that it may be ascumed
that the reactions took place in an esscntially closed

system (with regard to the plagioclase Cormetion). Thus,
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plogloclase can only serve as a geothemoneter in rocks of
gqual bulk compogsition”. Yhim, combined with the
experimental laegi what once a plagioclase has corystallized
it Changes Iin compesition with temperature are small,
emphasizes Lhe cileci Local variatione in the oripinal
rock composlilion may have upon K Ay Jalucoe

(ii} ‘the chemical aml themal history of the
alkali felspare sonslder a sodiuvm=-richg detrdital
potasaliom felspar whlch originaily erystallized at a
tenperature above ohe top of the alkall felopar mo0lviut.

in the context of the discuselon to folloy it ie wnimport-

ant wheticer opr nol Lhs Jelspar ie perthitic. If sueh

g reispar s metancrphossd st a temperature helow the

8) =2lbite will be exsolved from, or taken up
e potassiun ric: hos

b) beilwesn the two resuiting vheses snd the
deivrival plagiocleae, wiich we shall assume to be
prezent alsc, sodium end potassium will be sxchanced until
e vhres phases have compogitions stable at the

tenp eravurs at which metemoprphiam ia vroceeding, The

synthe tic sxperiments have demonsirsted thot (v es such
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phases can coexlst during alkali exchange.

¢) cooling after metamorphism will only
increase the amount of {ree albite in the potassium
felspar host.

If = bulk analysis is made of the now
perthitic alkali felspar the value for NapU will be both
a functiorn of the temperature at which the alkall exchange
took place and also of the amount of alblite remaining as
& perthitic intergrowth after the initial exsolution or
absorption of albite from or into the host. This last
mentioned variable will, in turn, be a function of the
early chemical and thermal history of the detrital felspare

The argument given under (ii) may be objected
to since it applies only to a situation in which stable
equilibrium between all phases has not been established.
The author believes this to be an invalid criticism since
similar situations may obtain in nature under sub-solvus
corditions. Under subp-solvus conditions crystals made
of two phasss may, to some extent, behave as sub-systems
within themselves and may not be in stable eguilibriun
with other mineral phases in the rock. Although me ta-—

mor phic rocks more nearly approach_stable equilibrium,

during crystallization than do many igneous rocks, the
rigorous application of the coneept of stable equilibrium
is likely to be misleading.



Tlie

7ithin the temperature limite helicvad to
characterise high grade reglonel metamorphism (! 50-700°C?)
the date on natural and synthetic felspars do not
necessarily conflict. The reversal of the trend of
KdSrf values, at high temperatures, has rot Lecn obmerved
for natural felspars, this may not only be & ¢ nseguence
of having data for a few high grade metamorphics but also
of general uncertalniy concerning actual tennerature
ranges,

It must be remembered that for restricted
composition ranges two phages can coexist in both natural
allali-felspar and In the coexisting plapgioclases. As
the absolute magnitudes of KdSrf values will be influenced
by the relative amounts of these several phuces, comparison
of dSrf values from area to area is unlikely to be ae
succeseful as comparisons within a given areas This is
11lustrated by D. Virgo's resulis.

It ie readily admitted that the exverimentai
work on strontium partitioning hes associasted with it
too many problems concerning reaction rates and resction
mechanisme (i.es vroblems of equilibrium) ts provide
" simple and reliable calibraticn of the s<rontiunm zecthermo=

meters This however has not been the main aim of the
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oy
S e

present investligation; bhut rather o confirm that
strontiue partitions in a teperature serngitive way
and %0 conedder a possible mechanisq 0 explain the
ohsarvall Gne.
I11 ‘fotassium content of Ilagioclases

Sen (155¢) reporied potassium znaivses for a

irom anphibolite facies,

granuiite fecise and volcanic rockse. He Tound a trend
of inereasing potaseium content with what would be
scceptad as Increasging temperatures of formeltion. A
simliar trend is observable in the potassium corients o
the gynthetically foermed plagioclases:- goe lable 10
fhe resulis recoried here seem 4w e the only s=xoe rimental
data availablie on poiash 1n synthetic nlssiocclases, hence
glootron-nicroprove studles of piagloclases orveitallized
from melts would Le vaiusblea.

Sen, in intervpreting the trend foun’ for natural
nlagioclases, consmidered the sffecis of ter aratura,
oressure s avellabiiity of potmesium, Ue rocopnized

two possible imvportent intluences which terneraiure may

y SR
rsvel-

e ivectlve snlarpement of the alali aites

making nosaible The accommoviation of the larsen pation

4
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. hstitution of ¥ for Ya' will lead to strengthen~
ing of framework Si-0; Al1-0 bondg, because the electro~
static field strength, at the surface of the larger k¥
ia smaller thar for Ta+; as a result 8i will be more
readlly able to yolarige the oxygens. This will of course
lead to an increcace in electron dens ity between the ions
and thereby increcase the covalent charscter of the bonds.
2. By increasing Al/51 disorder ' substitution
is helped through mreting its coordination reguirements.
Disording enhances the possibility of heving ;i—DB'-ﬁl
(or :;1-0B2-.x1) bonds rather than 810y =41 (or 3i-0, -81)

4 5

A

bonds, which will tend to leave OB, with a residual -ve
charge thereby asllowing it to be pulled closzr to the
glkali ion. At the same time oxygens C; and C, will
move away s80 that the net effect will produce an
envirconment similar to that in the usual “~felspar
structure.
Fressure

The eff'ect of ingreasing this varizhle was cone
sidered by Sen to be smally, and probably not fovourable
to an increase in the X cantent of plagiocclase.

Availaebility of Potassium

In considering this, Sen commented:- " an

increased relative concentration of potassium, in an




environment; will enyich the gplagloclase in potassium

up to a point which will be determined by the 1limit of

soclubllity”e Ihe results for sxperiments 21 and 235,

for which lhe ¢ioseu system was pobessinw~riciiy, illustrate

pow @ hlgh potassiun gontent in ithe enviromneni 1s

reflsciaed in vhe hign potespium contant of Lthe nlzrioclases.

Up to the limit of incorporation of potassium this result

is simply an expression of the grester staetistical
possibility of having a ¥¥ ion available, st a given

instant in time, to occupy & potentlial cation sites.

The rotassium Content of Calecium Rich Filoglocloges

resuite for experimente 30 end 32 indicate that an
anorthite~prich plagicciase {g Miyg) will ircorporate
conslderanly less potassium than more asodic plaricclases,
.8 the plagicclases Tormed in experiments 2L and 26
{both i 13}, croystallized at similar teuwssraitures. In
sddition to presenting datz vwhieh reflectis the same trend
for nsbural calcium-rich pilsgicelasses Sen discusses the
underlying crveial chemigtrve

The high AL:51 ratio in snorthite will mean
tha € aluminium will ftend to occcupy elbtemate tetrahedral
gites, thareby incressin

the effective —-ve charre

for the associasted oxygens (see 2nd effect of Lenne rature).
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This will allow a movement of oxygens intc the alksli
sites so that large cations such as K* will fimd it
difficuls to enter.
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The Hemovel of Strontiom Foom




The method described is due essentially to
Fs Tovandra and 7. Tulecek (1264). 2 gram nortions of
calcium carbonate were dissolved in dilute hydrochloriec
acid, after which the sclution was diluted to 100ccs.
Thia was passed through a Dowex 50-w cation exchange
column (50 mesh in 2 30cm column, 1 em dismeter. i
Fretreatment:~ 100mls 3¥7C1l, 50mls H,0 enml 5% ﬁ@g-l until
neutral, finally with water until the elutrant was free
of c¢hloride ions)e /fter washing the column with 0
the calcium war slutriated with 0,05 diaminocyelohexan-
etetraaacetate (DOYTA) buffered with ammonium acetate to
a pif of 5e1e

-xalic acid was then used to precipitate a
cenalderable portion of the celeium from the U2 TA-caleium
complexe After suitable washin:, the oxalate precipitate
was cornverted, by heating at 500°C, to a carbonnte with =
dark carbonaceous impurity, possibly resulting f'rom the
deconposition of calcium complex not removable from the
oxalate preclipitate. The insoluble carbonaceous material
vins separated from the carbomate by filtering aifter the
carbonate had been taken up in a minimal guantity of HCY.
Fure CaCO3 was then precipitated from the filtirate with
amnonium carbonate. iith the X-ray spectrosraph, which is

readily able to detect 5ppm Sr, no strontium could bhe



detected in the calcium carbonate purified by the method
describeds The ion-exchenge process was succensfully

monitered with an atomic absorption epectro ranhe
ve



Teble 8



Notes:-

1. Compositions determined from d2

01"

2. Chemical values from bulk composition adjusted to fit the d201 Or content.

3. The

results

for

this experiment

are unreliable since analcime

appeared

in the Na-Ca compartment.

E PLAGIOCLASE K- FELSPAR K-FELSPAR COMP E] G
STARTING MATERIALS ITIONS - 5 " |[DISTRIBUTION COEFFICIENTS
X CONDITION COMPOSITION COMP (BULK) (201) X1 R
= Pl O
TEMP F , From 201 K,0 .
T | VAPOUR K FELSPAR PLAGIOCLASE oc TIME PRESSURE oAb an st | st an as o | ort a2 an? srt? rom butk comp 204 T U
NO p.S.I. Kdgr¢  Kdap Kdan |Kdsrp Kdpp Kdanf NOJ P
L]
5% Srin H Orgg Abyg Anyq Abyg 0 . : o . . ‘ . . ) :
5 in H0 (mixed gels) 390el 520 3 days 17.000 793 6683 22-14 2-98 645 119 21-52 70-82 2164 -321 053 5
3 " " " 520° 7 u " 5.8  65.82 24-18 4-80 5.7 117 2645 66:65 1-077 402 0N 3 A
4 I ' " 520° 10 ¥ 518 66-00 2448 431 5.03 416 2701 6649 1167 409 059 4
6 |-5% Srin Hzo " " 520° 7 " 3-52 6950 2654 044 8:60 1-20 1711 81-07 1-360 -246 -040 6
10 " " " 520° 0 ¥ 2-91 6805 2844 058 0-35 112 1937 7853 | 93-81  4.65 1.160 0-38 603 -293 -039 .655 068 -041} 10
8 E " i 660° 7 " 3-99 66-87 28-60 0-53 0-41 0-82 2379 7496 | 8123 1751  0-835 0424 774 356 -029 -801 262 -029| 8
7 " " " 770° 7w . 889 63.68 26:83 0-60 0-54 2-00 28-40 6904 { 74-27 23-13 2-030 0-576 900 446 075 | -960 -363 -076| 7
[+}
9 " . " 850 3 . " 6-88 6459 26-86 064 | 09-38 1-47 28-74 69-38 | 76.07 22-05 1-490 0-390 594 -446 -053 | -609 341 ‘053 | 9
B
o
" " 0y T 880 7 " §-34 6358 26-46 061 | 0-40 1-49 27-83 7029 | 69-63 28-49 1:485 0394 645 437 -056 644 448 056 | 11
12 n OrS%eAl‘bZO " 520° 10 0" 437 6655 28-58 0-5 0-44 108 1812 80-35 | 93-82 4+65 1-084  0-441 866  -272 -038 -867 070 -038 | 12
17 " " X 650° 10 » " 3-64 67-61 28-36 0-39 | 0608 -77 23-51 75.0 | 82:82 15.79 -777 061 1-572 347 +027 |1-579 -237 ‘027 {17
15 " " " 770° 7 o " 9-21 6352 26-85 042 0-48 227 2570 7145 7644 2101 2272 0-579|| 1366 404 -084 [1-370 -331 -085 |15
15 " " " 760° 10 o " 10-57 64-80 2428 0-35 062 1-65 3612 67-61| 7494  22-83 1666 0-626)| 1.781  -465 068 11.798 -352 069 16 || C
18 K " " 760 20 " 872 66:26 24:67 0-35 060 1-34 2838 6968 | 76:10 21-95  1-349  g-601|| 1-719 428 -054 }1.718 -331 -055 |18
-50/0 Sl’ln 2M Ol" Ab o
20 fatkali chioride 93l " 515 10 o " 6:65 6628 2642 065 031 0-86 13-17 8566 | 92:19 6-63 0-866 0-311]| 474 193 -033 475 -100 -033 | 20
K/Na+K=304 (mixed gels)
2! " Orgg. " 515° 10 o 10-43 63-65 25-20 0-72 0-33 103 13-85 84-69) 9116 7-48 1-024 0-335 566  -225 -042 |-565 115 -042 | 21
98-7
23 ¥ “ " 650° 10 o " 11-53 64-48 23°53 0:64 0-36 0-95 17-48 81:26 [ 86-74 11-99 0.957 0:305}| 475 271 -04) 476 186 -041 | 23
+
q-5% Srin H,0 Orgq A ° | 3
29 in 2 rgg Abog Anyg Abge 465 10 o T 318 82-10 14-21 0-50 0-62 0-76 2303 75-60 { 89-63 895 0-764 0'621|] 123 -280 -053 [1-242 -109 -054 | 29
gel gel :
24 " " " 515° 10 o T 3-69  81-40 1453 0-39 052 0-73 24-39  74-35 | 89-34 9-39 0-739 0-528{| 133 300 -050 [1-345 115 051 | 24
25 " " Y 650 10 0" 481 73-98 14-71 0-40 0-62 0-83 25-70 72-85} "9-19 19-36 5-838 0-618 1-52 -320 056 |1-526 -242-057 | 25
37 " " " 700° 10 = " 12-89 73-30 12:89 0:49 0-60 1-35 32-26 65-19 | 71-49 23-96 1-952 0-604f] 121 437 151 1214 -351 -151 | 37
26 X X o 765" 0 - g 11-03 75-62 12-86 0-50 0-51 1-02 35-72 62-75|71-43  27-04 1-021 0-513}f 103 -470 -079 |1-034 -358 -C73 |26
28 o " " 840° 19 " 10-89 72-79 15-65 0-66 0-49 2-12 3118 65-30) 65-01 32:47 2-038 0°-485 <735  -428 -135 <734 446 130 | 28
30 o o An,c Abysg 520° 10 o " 2-51 2582 71+13 0-54 G-61 1.2 21-44 76:53]89-56 829 1-434 0-615|] 1419 -830 -020 |[114 -320 -021] 30
gel
35 " " " 665° 10 o " 3-56 24-26 71-72 0-46 0-75 1-72 16-24 81-28 |81-86  15-67 1-718 0-753|| 1-62 670 -024 |1.62 -646 -024f 35
32 " " " 765° 10 o o 321 2850 67-87 0-43 | o-6% 1-80 20-96 76-62|87-C6  10-05 1-808 0-62%| 1-47  -735 -C3 1-48  -369 -027{ 32
1" ) 666" fOr 7 1)
31 ) An30Ab70 thenszoo o 3-07 69-34 27-18 0-41 |[0-636 108 22-71 75-51] 84-19 1412 1-079 0-60%} 1-495 -327 -04 1:499 -204 -039] 3
N gel o " 10 "
Ve o 660 i 7 "
34 . " then oo - o 1.87 6951 28-21 0-41 |0-62 088 22-77 7%.72| 8335 1514 0-885 0-624f 153  -328 .03 1536 -218 -031 | 34
o " 7600 In 7 i "
39 | " then |- " " 7.73 6462 27-22 0:42 | 065 234 2744 69-57 1'51 425 -09 39
] . ]
38 |25% Sr in H20]Orgg.,Ab312AN,Srfg.c |[Ang.4Abygs Org.s Srigy 515 VY 20,000 9-56 71-66 18:24 0-54 }0-76 2:05 3317 64-01 1:42 4863 N3 38
25%Sr in 1M ° . . ,
401 3tkali chloride " o 515 10 " 12-85 70-71 15-90 0-54 |0-72 2-36 32418 64-73 1-34  -455 148 40
TABLE 8. RESULTS OF HYDROTHERMAL PARTITIONING EXPERIMENTS.
Distribution coefficients, obtained under conditions listed on the left, are given at the right hand side of the table.
All compositions given in molecular percentages with Or and Ab values rounded off in the second decimal place.
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ctron Microscopy
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Limited oprortunities to use electron microscopes
in a) The C. eTelsls division of soils and b) in The
Derartnent of Toology in the University of ..declaide were
taken to examine samples of & synthetic plagioclase
(H_4MaX)s The aims of these examinations were to discover
whether or not any non-crystallized material could be
recognized in ei ther phase, and secondly to see if any
perinsteritic features were assoclated with the rlagloclases
To ensure that g peristeritic texture was detectable
unider the conditions used to exsnine the synthetie
plagioelase a natural peristerite served as a control.

The notural material chosen was an oligoclucse, with a
delicate blue schiller, from Virginia U.Sedie. (idelaide
University "useun [.0e 111)e

Samples were prepared ms Tollovo. fwo milli-
grame of materisl, oreviously ground in an agate mortar,
were sheken with 5 millilitres of water (double distilled)
in a small stoppered test-tube. The suspension was sllowed
to stand for ; an hour before a small portion was drawn
from just beneath the surface, and placed on a carbon
covered gride Arter the liquid drop had been evaporated
off’ with an infra-red lamp the specimens wers ready for
observatiocns. The maximum electron accelerating potential

used was 60 ilovoltse




Plates 1) and i1) show samples of the alkali
felspar and the plagioclase magnified 12,000x. In
neither =«f these flelds, or indeed for any other of the
many fields cxamined, was any chviously amorphous
materizl found. Close inspection of almost overy
particle cxamined revsaled faces or cleavages. This
evidence, =z2long with the absence of bands on the powvder
photographe, 1c helieved %5 ensure crystallizations even
for these 520°C samples, was complotes

As plate 1il) shows the perlsteritic texture
wae clearly observable for the naturel plagiccliacs, buid
for the synthebtic plagioclase & sinilay fine siructure

.....

was not observable., (T texture in the natural sample ie

2 F R v - YT 7y P g ! [ PP T TR == Nl mn
very similar t¢ that shown in pholtographs by 'leet znd

.,'

Ribbe, 1965 Although the narrow bands zre dark in the

2

mment shown in plate iil) they are light in the image

.

formed by the electrons on the photographic plate, and
since calcium scatbters electrons betiter than sodium,
these bande probably represent anorthite rich regions).

The fallure to observe peristeritic unmizing
in the synthetic plagioclase formed at 520°C nmay reflect
the fact thalt the temperature of fomation was gbove
the top of the peristerite solvues (Crawford, 1906, suggesis

the crest of the solvus lies between 450" and 500°Cle It



may or the other hand reflect the impossibility of
Gif ferentiating, with the electron microscope,

two non-intergrown ploses of different canpoesitions



Fiate i)

Ilectron micrograph showing an
alkel i-felspar hydrothermally
erystallized from a "gel".
Magnification x12,000 (x4000 by
microscope, then 3x by photographic

enlargemnent ).



PLATE i)



Flate 1i) idlectron microcraph showing a
plagioclase hydrothermalliy
crystallized from a "gel'.
Vagnification x12,000 (=000
by microscope, then 3x by

photographic enlargement).






rlate 1ii) Tlectron microgsraph showing the
paristeritic texiture observed in
a fragnent of oligoclase from
Virginia, Us eis (Aelle 1li).
Magnifieation x3i29,000 (xL13,000
by microscone, then 3x by phcto-

graphic enlargement ).



PLATE iii)
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Murther Information




ifter chapter two had been presarcd the work
of Guidottl (19G5) and vans amd Cuidotti (1904)came %o
the auther's notices

The work of CGuidotti (ope. cite.) coteblished a
correlation between the basal spacing of nuscovite and
metemorphic grade for muscovites from sillimanite bearing
schiates. Zvans md Ouidotti (ope cite) exzsmined muscovites
extrected from high grade pelitic schists, vhich apanned
the sillimanite-potpesium felspar isograd in estern
'aine; 'aBele They were able 1o show 2 lirncar correl-
ation (at least up to 20Wol oparagonite) exicted between
the muscovite basal spacings and the percentase reragonite
in solid soclutione. The following equation is given by
wvens and Cuidottl to represent their relationship:-
a(002) 2y = 104006 = 0s27Ny » in A’e PFrom this equation

g e
a da(002) value Tor I'lype ias found to be 10.C00A°, aml

for luge to be 9,952 4”. These values lead to Co spaclngs
of 2009434° and 19.9859A° prespectively. The line

after Zvans and Guidotti (1966), drawn on figs 9, has

been positioned using thece Co values, [his linec sapves
further to emphasize that the simple linzar relaticnship

between Co Muj;oe and Co I o assumed by Toder and

E1o
Hugster 1955, is not strictly walid. It is also important

to note that E“vars and Cuidotti's line, produced towards



PLicoe W11 mot reprosent the basal spacing-composition
relationships displayed by thie rather rare, paragonite-

rich micas deseril=d by “adoslovich. The curve drawn

on Mge 8, ig belicved by the present author, to more
accurately reprosent the basal spacing-composition relation—
ships for white micas ranging in composition from Yujeo to
T&100w The shape of this curve seems likely to be a
reflection of the non-linear relationship between average
alkali-oxygen dis tarice vse composition determined by

Burnham and fadoslovich, 196lL.





