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PREFACIO

En este volumen se han reunido todas las comuni-
caciones que se presentaron en el Simposium sohre
Fedespatos que tuvo lugar en Copenhague en 1960
durante la reunion de la Asociacién Internacional de
Mineralogia. En los casos en que no se recibieron
los manuscritos se han incluido los restimenes de los
correspondientes trabajos tal como estaban impresos
en el Programa de le Reunién de Copenhague.

Se han afiadido ademés dos trabajos, uno de Gorp-
sMiTH y LAvES, otro de KARAMATA, que no fueron
incluidos en el programa de la Reunién por dificul-
tades de falta de tiempo dentro de los planes originales
de la misma. No obstante, como ambos trabajos va
estaban redactados, se pudo disponer de tiempo para
leer uno de ellos, el de KARAMATA; como el tema del
trabajo de GoLpsmiTH y LAvES encaja ademis en
el lema de este Simposium, hemos considerado justi-
ficado incluirle también.

También por falta de tiempo no fue posible esta-
blecer discusiones sobre todos los temas tratados, v
por ello se han preparado después comentarios algo
mds extensos, especialmente por DIETRICH y por La-
vEs y GOLDSMITH ; como estos comentarios se refie-
ren a varios de los temas tratados en diferentes traba-
jos, se han impreso separadamente. Por iltimo, se

ha considerado til incluir, al final de los trabajos, una
lista hibliogrifica de los trabajos en que se estudian
las estructuras de los feldespatos mediante rayos X,
especialmente de Jos que determinan con exactitud
las posiciones de los dtomos. Esta hibliografia ha sido
amablemente facilitada por la Dra. MEecaw.

En el capitulo de discusiones que acompafia al final
de cada trabajo se han incluido las que fueron entre-
gadas al Director del Simposium. También aparecen
algunas mds que fueron preparadas después que se
dispuso de los textos finales de los manuscritos. Con
objeto de que este aspecto de la discusién fuera lo mas

fructifero posible se anunci6 en la apertura del Sim-

posium que se facilitarian fotocopias de estos manus-
critos a todos aquellos interesados en su discusién. Le-
yendo las discusiones, es evidente que existen algunas
importantes diferencias de opinién respecto a algunos
puntos; esperamos (ue esto anime y estimule hacia
nuevas investigaciones, especialmente hacia aquellas de
cardcter experimental.

F. T.aves.
(Director del Simposium.)

J. M. Fdster.
(Editor del Instituto “Lucas Mallada”.)



PREFACE

All papers of the Feldspar-Symposium presented at
the Copenhagen Meeting are included in this volume.
In the cases where no manuscript was received only
the abstract of the Copenhagen program has been
reprinted here,

Two papers (by GoLpsmiTH and LavEs and by
KaramaTA) have been included here although they
were not on the Copenhagen program as the original
schedule did not allow an allotment of time for them.
However, as two other papers had been withdrawn,
the Karamata paper could be presented orally. As
the subject of the GoLpsmiTH-LAVES paper fits well
into the theme of the Symposium its inclusion here
appears to be justified.

Owing to lack of time, it was not possible to have
full discussions on a number of points. Some rather
extensive comments (by DierrRICH and by Taves and
GorpsurTm) were prepared later. These are printed
separately as their subject covers several papers.

A list of papers which deal with X-ray work on

feldspar structures with special emphasis on the deter-
mination of exact atomic positions has been kindly pre-
pared by Dr. MEGAW and is printed at the end of this
volume.

Contribution to the discussion which were submit-
ted to the chairman are included. The discussion also
includes various comments which were prepared after
the final texts of the manuscripts became available.
(It was announced at the opening of the Symposium
that microphotographs of the final manuscripts would
be distributed on request.) From the discussion, it
is clear that certain important differences of opinion
occur and it is hoped that these may stimulate and
encourage new researches, especially along experimen-
tal lines.

. Laves.
(Chairman of the Symposium.)

J. M. FGsTER.
(Editor of Instituto “Lucas Mallada”™.)



Instituto «Lucas Mallada», C. S. I. C. (Espafia).
CURSILLOS Y CONFERENCIAS. Fasc. VIII, pp. 1, septiembre 1961.

Project of a new general catalogue of data for the determination
of plagioclases by the universal-stage method

by C. Burri, R. L. ParxEr and E. WENK.
Swiss Federal Institute of Technology and University of Basle.

ABSTRACT (%

As will be generally conceded by all interested in the optical study of plagioclase feldspars by the Fedorow methods,
the stereograms available at the present time for the determination of these minerals are no longer up-to-date. A project
has, therefore, been started by the authors to collect and critically revise all published data on the optical orientation of
plagioclases with a view to construct new stereograms. The optical orientation of a number of plagioclases of known
chemical composition has been newly determined and these include both low- and high-temperature forms. An urgent
appeal is addressed to all interested in this matter to supply the authors with reprints of papers bearing on the subject,
especially when these are contained in periodicals of limited circulation. Any specimens suitable for chemical and opti-

cal study that could be given to the authors would be highly appreciated and would help to make the new stereo-
grams as efficient a tool as possible.

(*) Reprinted from the program, distributed in Copenhagen, August 1960, as no manuscript was received.
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The feldspar lattices as solvents of forelgn ions

by Toum. F. W BarrH.

Mineralogisk-Geologisk Museum, Oslo,

Norway.

ABSTRACT

The crystal lattices of the rock~mak1nrr feldspars are of two slightly different types: the lattice of the plagio-

‘clases, and the lattice of the alkali ieldspars

Whitin a limited range of composition soda is distributed between the
two Iattmes with a rather constant ratio of distribution (at constant temperature)

The change of the coefficient of

distribution with temperature can be expressed by an equation presented in the paper.
This constitutes a geological thermometer of great importance, makmg possible the determination of the tempera-

ture of (re)crystallization of a given rock.
decreasing) temperature,

A series of rocks may in this 'way be arranged according to mcreasmg (or
Such arrangements are highly important, indeed, they form a necessary pre-requisite for the

understanding of certain fundamental crystallo-chemical and geochemical relat1ons of the feldspar minerals.
In addition the distribution of Sr, Ba, Pb, Rb, Cu is also discussed.

I. INTRODUCTION.

The rock-making feldspars are composed -of three
chief molecules, Or, Ab, and An, ie. KAISi;Os,
NaAlSi;Os and CaAl.Os respectively.

However, solid solutions between the large cations

are restrited to Na-Ca feldspars (= plagioclases)
and Na-K feldspars (= alkalifeldspars). Chemically
there are therefore two chief variants of structure:
the structure of the plaglocldses and the structure of
the alkalifeldspars.

In many of the usual rock types these two structure
variants coexist and serve as solid solvents for more
or less the same elements. :

~A major element which enters both mto pIagao—

clases and into alkali feldspars is soda itself. Let x,
be the concentration of Na in alkali feldspar, and x.
the concentration of Na in plagioclase, P = pressure,
T = temperature. At equilibritm any of the varia-

bles can be represented as a function- of -the ‘other:

three, therefore there exists a characteristic relation
that may be expressed as follows:.

TR P g 7

The effect of pressure seems to be of less impor-
tance than is that of temperature and of composition,
and “will therefore, in tl-us first apprommahon be
neglected.

It has been shown (BARTH 1956) that for natural

plagiacldse in the Lompesltion range Ans;— Angs the-

following relation” is approxnnately correct:

mole fraction of Ab in alkali feldspar - x,

e = k'r,r

'mole fracﬁon 'o"f. Ab plagioclaSe Ix,

where ki, the coefficient of distribution, is constant
See fig: 1 At at each temp-~

at constant temperature

erature the tie-lines are parallel (on a loganthmlc
scale).

Fig. 1 B shows how soda is distributed between
alkali feldspar and an aqueous solution of alkali
chloride at 600°. In solutions of less than 50 mol %
Nat/total alkali ions the tie-lines are approximately
parallel, again indicating that, within this composition
range, the coefficient of distribution is constant.

— Na in Plag.
A =
L (¥
A 7 4
== LA
e 247 INainor
smol% 10 20 30 40 50 60 80 100% Na
= e Na in sol.
B of (K,Na) Cl
| so0°C
] Na in:Or_°

Fig. 1.—A. Distribution of Na (in terms of Ab molecules),
between an orthoclase lattice and a coexisting plagioclase
lattice at 400° C. and at 750° C. (Data from Barra, 1956.)

B. Distribution of Na betweén ‘an orthoclase lat‘tlce ‘and-
a Z-molecular solution of NaCi+KCl at 600‘° C. (Data
from ORVI‘[.LE, 1958)

Fig. 1A 'shows furthermore that the coefficient of.
distribution is different at different temperatures..
The theoretical variation of the coeff:ment with abso—;
lute temperature, T, is given by the. equation :

— AE

ke =k, e 3¢

or

T ) T
(5 .

wheré A E s the 'da’f’ferenée"iﬂ. lattice ‘energy. between -



4 TOM. F. W. BARTH

ome mole of albite dissolved in alkali feldspar and
dissolved in plagioclase; ko is the coefficient in a no-
tional standard state.

Plotting this equation as a function of 1/T says that
the result should be a straight line whose slope is
proportional to -A E. How well this is fulfilled is
shown by the curve for Na in fig. 2. This curve
approaches that of a straight line; it gives us the
elation between temperature and the compositions of

Ink
5

1000
0,5 R

-3

L-4

K=1/100

200 400 800 1200 2000
" ——>

Fig. 2—Relation between temperature and the ratio of
distribution of Na, Ca, Sr, and Ba between alkali feldspar
and plagioclase. Abscissa: the inverse of the absolute temp-
erature. Ordinate: natural logarithms to the ratio of dis-
tribution.

the two feldspar phases in a rock; it is a geological
thermometer of great importance. (For further dis-
cussion, see BarTH, 1956.)

A series of rocks may now be arranged according
to increasing (or decreasing) temperatures. Such
arrangements are highly important; indeed, only in
this way is it possible to investigate into certain fun-
damental crystallochemical and geochemical relations
of the natural feldspars.

II. THE CHEMICAL DATA.

In a notable paper on the chemical petrology of
the metamorphic complex north of Lofoten (Northern
Norway), Heter (1960) has given some very interest-
ing chemical data on a number of coexisting feldspar

phases. In addition to K, Na and Ca he has deter-
mined the amounts of Sr, Ba, Li, Rb, Cu and Pb.
Additional pertinent data on several feldspar pairs
have been published by HowIe (1955). See table L.

As explained in the introduction it is possible, on
the basis of the Na-determinations, to calculate the
feldspar crystallization temperatures of the several
rocks. The temperatures thus determined fix the
positions of the rocks on the horizontal axis of fig. 2.
The curves designated Ca, Sr, and Ba are drawn
after HEIER’s data and illustrate the distribution of
these elements between coexisting alkali feldspar and
plagioclase at temperatures ranging from 200° to
700° C. The distribution of the other elements, L,
Rb, Cu, and Pb show no relation to temperature.

1. THE SYSTEMATIC DISTRIBUTION OF
STRONTIUM AND BARIUM, VS. THE
UNSYSTEMATIC DISTRIBUTION OF
LITHIUM, RUBIDIUM, COPPER, AND
LEAD.

Tt is of more than ordinary interest that the curves
for Ca, Sr, and Ba thus constructed approximate
straight lines. This was not be expected, for both
alkali feldspars and plagioclases are mixed crystals
and the lattice geometry changes notably with changing
composition. The significance of these curves is the-
refore absolutely restricted to the limited range of the
chemical composition of the feldspars investigated by
HEER ; viz: Plagioclases in the range 20 An-40 An,
and alkali feldspars with 75-90 K-feldspar. :

Although it must be emphasized that some of the
temperature calculations are rather uncertain, that
the number of chemical determinations are small,
and that the individual plots allow the lines to be
drawn slightly curved in different directions, the trend
of the curves are unmistakable. For Ca, Sr, and Ba
there is a clear and regular increase of the coefficient
of distribution with temperature, and the increase is
less for Ca than for Ba, while Sr lies in between.

For eight pairs of feldspars investigated by OFTEDAL
(1958) the k-values for St and Ba scem to lie syste-
matically lower ; but data published by Howie (1955)
are in qualitative agreement with the curves.

Referring again to the introduction it will be seen
that k, and AE of the several feldspars can be calcu-
lated from these curves. And although the curves
are approximate and idealized, and although much
more chemical and mineralogical data are necessary
for an exact treatment it may be stimulating for
those who prefer an algebraic for a geometrical inter-
pretation to give here the preliminary computations
rather than await additional experimental and analy-

tical information. With these reservations the figures
of the following table 2 should be studied. ko, and
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Table 1.
Porasn rELDSPARs (arTEr HEerer, 1960).

K, Na in per cent, other elements in p.p.m.

Nos. Li Na K Rb Ba Sr Cu Pb
293 8.7 1.81 10-59 350 10000 1200 T 10.9
251 9.0 Gl 10.29 370 10000 1300 8.5 9.9
238 6.0 1.94 10.34 737 2500 650 15.5 I1.4
224 4.7 1.54 10.99 532 10000 1400 0.7 11.4
An 12 55 1.26 11.42 475 10000 1600 8.2 9.6
25 4.3 1.5I T Togi 37 700 6000 1000 2.4 21.1
47 6.4 1513 11.82 518 8000 850 357 14.1
An 1 tr o.80 12.48 306 4300 540 0.6 20.5
1a 0.76 2,71 9.55 344 4.4
b 0.66 I.07 11,83 450 3.4
2 1.00 1.97 10.13 280 1.9
3 — 1.14 11.54 760 2.6
4 0.8 1.82 10.58 825 12.0

Praciocrases (arter HEeler, 1960).
293 17.6 5.52 1.16 24 388 671 15.4 26
251 LT 7 6.14 0.71 10 219 666 21.5 21
238 13.5 5.03 0.53 19 542 640 98.0 32
225 2.8 5.90 0.54 15.3 308 828 7.0 25
An 12 17.5 5.25 1.39 31.5 830 945 9.2 40
25 10.9 5.44 1.32 45 967 770 24.0 37
37 2.8 6.05 0.93 27 686 926 Al 26
An 1 9.1 6.08 o.80 49 452 601 48,6 52
ra=1d 1.6 e 0.58 18 6.
I1b=1c¢c L7 6.53 2.99 110 10
2 5-8 6.38 0.83 I.S . 105
3 4.7 7.57 0.79 40 20
4 6.1 7.76 0.23 41 26
Porase FELDSPARs (arTEr Howig, 1955).
J I ’ l |
2270 tr | G 12.1 I 5000 1000 —
137 — — 11.5 | 3000 1000 45
6436 3 [ 1.38 8 ! 1750 [ 250 ! 20
PraciocLases (arrer Howre, 1955).
2270 6 { 5.1 0.92 | 250 ’ 1700 I 10
137 — a2 — 125 300 30
6436 l 20.7 5.6 I 0.28 30

I 30 250 |
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AFE have been computed from fig. 2. H is the ener-
gy of formation of Na, Ca, Sr, Ba feldspars from the
oxydes estimated by ScHrierorp (1931) and hy

RaueeErG (1953). AE and H are in calories per’

TOM. .F.-W.-BARTH .

in alkali feldspars Semplagioclase. Now it is seen
that the sorting af fhese elements between alkali feld-

spar and plagiockase depends upon temperature: at

temperatures in the ranse of crystallization of igneous

mole. rocks, Ba stronsly peeless alkali feldspar (the coeffi-
cient of distribution lbesme around 100), and so does
Table 2. St, although to a less @esree. At lower temperatures,
however, this relation is rewersed. Below ca. 450° C.
it %, i for Sr, and below ea 250" C. for Ba, plagioclase
e 1‘0:72 AE 1 H(ro3n) | H(1953) s preferred as the hest mimeral. Thus coexisting
orthoclase and plagioclase erystallized from hydro-
s s g s i iF thermal veins (in the ramge 200-300° C.) would take
Ca 2.0 T 6500 || 61000 | 59000 about equal amounts of Ba, whereas the amounts of
Sr. 5.7 300 8200 || 92000 | 78000 Sr would be about ten times as high in plagioclase as
Ba 9.z 10000 10000 J 133000 93000 in orthoclase.
i | It is premature to discuss the reasons for Ba and
Most authors have contended that Ba concentrates St prefering the alkali feldspar lattice at elevated
Ink
. D
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Tig. 3 —Individual values for the ratio of distribution of Li, Rb, Ph, and Cu between alkali feldspar and plagioclase
plotted against temperature, Axes as in fig. 2,
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temperature and the plagicclase lattice at low temper-
atures. . The following suggestions are offered: The
ions of Ba and Sr are closer to K than to Ca in size,
bt chemically they are more similar to Ca. May he
that the size relations become more important at
higher temperatures, while the similarity in chemical
bonds. is more important. at lower temperatures,
Again the simultaneous substitution of Si by Al' may
take place more readily at high temperature. DonNay
and Donway (1952} have called effective radius the
radius increased by thermal motion. The rate of
increase with temperature is different for different
ions, consequently the size relations also change with
temperature, a fact which will affect the ratio of dis-
tribution.

In fig. 3. are plotted the ratios of distribution of
Li, Rb, Cu, and Pb against temperature. Tt is clear
that Rb prefers alkali feldspar, whereas i, Cu, and
Ph prefer plagioclase (*). But otherwise the plots
are scattered quite unsystematically over the area of
projection.

‘Why should there be this difference in the heha-
vior of Sr and Ba on the one hand and Li, Rbh, Cu,
Pb on the other?

Barium and strontium enter the feldspar lattices in
rather large amounts; in terms, of feldspar molecules
the order of magnitude is around one per cent. The
other trace elements are present in much smaller
amounts. TIn several interesting papers DEVore has
indicated that a trace element will not be accepted in
regular lattice sites until its concentration iz large
enough to control the environment of this site. To
explain the presence of small amounts of an element
in a mineral DEVorE (1955) postulates a special kind
of adsorption and surface reaction mechanism: Anions
associated with cations of the trace element in the
disperse phase develop bonds to one of the main
elements near the surface of the mineral. Thus the
trace elements are fixed in positions outside the regu-
lar lattice sites, they do not replace a main element of
similar size but are simply present as imperfections
in the crystal structure. DEVORE’s analyses indicate

(*) Tack of data makes it impossible to postulate any
general rule; for there exist very few determinations of the
trace elements in coexisting feldspars.

that trace elements with large ionic potentials will
adhere to major elements with small ionic potentials,
and vice versa. _

Although this kind of sorting is no apparent in
fig."3, the fact that the minor trace elements are unsys-
tematically distributed between the feldspar phases,
whereas Sr and Ba, which both are present in rather
large amounts, are regularly distributed, supports the
main idea of DeVorE.
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DISCUSSION

(see also the discussion to the paper by WiINKLER)

ScrrrMERHORN (Maquela do Zombo, Angola):

1. In many granites metasomatic alterations may have
changed the composition of the feldspars. — For instance,
a high-temperature K-Na-feldspar may have become homo-
geneous microcline while the oligoclase may have been decal-

cified to albite. In that case the k ratio would indicate a
temperature of formation that would be too low as most
or all sodium would have entered the plagioclase.

2. In other rocks the existence of zoned feldspars renders
difficult the use of the k ratio as a geological thermometer,
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Yoper (Washington):

The new experimental data on the feldspars at various
pressures indicate that the compositions of coexisting feld-
spars are dependent on pressure as well as temperature. Will
it not be necessary to specify the pressure before use can be
made of the compositions of coexisting feldspars as a geologic
thermometer ?

Barru (Oslo), correspondence:
I have repeatedly affirmed that the two-feldspar geologic

thermometer is affected by pressure, as are all other geolo-
gical thermometers known to me. Indeed, temperature, pres-
sure and bulk composition of the rock are all important
factors, but neither is susceptible to a rigorous mathematical
treatment. Therefore an «averages empirical curve relating
temperature with the compositions of coexisting feldspars
in gramites and gneisses has been constructed. It is believed
that the variation in pressure or in composition from one
such rock to another will not seriously affect the position
of this curve.




Instituto «Lucas Mallada», C. S. I. C. (Espafia).
CURSILLOS Y CONFERENCIAS. Fasc. VIII, pp. 9-13, septiembre 1961.

On coexisting feldspars and their temperature of crystallization

by Hrrmur G. F. WINKLER.
Marburg/Lahn (Germany), Mineralogisches Institut der Universitit.

ABSTRACT

Coexisting feldsparq have been formed during experimental metamorphism of rocks.

The ratio of Ab in alkali

feldspar to Ab in plagioclase (k-value) is discussed in relation to (a) temperature of formation and (b) chemical

composition of the polycomponent rock system.

i
Observations on the solvus relations of alkali feldspars in experimentally metamorphosed rocks are dealt with.

A geologic thermometer has been proposed by Tom
F. W. Bartr (1956) on the basis of the k-ratio, i.e.
the ratio of distribution of the mol fraction of ab in
alkali feldspar to the mol fraction of ab in plagioclase.
This ratio is determined from the compositions of
alkalifeldspar and coexisting plagioclase in a rock.
BartE has drawn a curve which gives the direct
relation between the k-ratios and the feldspar crystal-
lization temperatures and he says that this curve gives
temperature indications to == 50° C.

In the course of experiments on the metamorphism
of rocks we had the possibility to test this feldspar
geologic thermometer. I should like to describe brie-
fly the results obtained in two different approaches,
which all took place under 2000 bars of H,O-pressure
and in sealed gold containers:

(1) The k-ratios have been determined in experi-
mentally formed metamorphic mineral assembla-
ges which had been sujected to different temper-
atures. The chemical composition and the pres-
sure remained ‘in each case the same, while only
the temperatures varied.

(2) The k-ratios determined at the same temperature
and pressure but with chemically slightly diffe-
rent metamorphites have been compared, where-
by the influence of the chemical composition can
be demonstrated.

My co-worker H. StevrL (1960) has made an
experimental study of the metamorphism and anatexis
of a paragneiss from the Black Forest: The rock,
consisting of quartz, oligoclase, alkalifeldspar and
biotite, has been powdered and isochemically subjec-
ted to different temperatures under p H.O of
2000 bar; each run lasted for 3-4 weeks, after which
equilibrium has been obtained. In these experiments
metamorphic reactions took place by which —among
others— the amount of alkalifeldspar increased above
600° C. while the amounts of biotite and plagioclase
decreased, and some titanite was formed. At 675° C
the formation of an anatectic melt begins which a.

700° C. has dissolved all the alkalifeldspar together
with the cotectic amount of quartz. Therefore plagio-
clase with coexisting alkalifeldspar are present up to
that temperature only.

The composition of the plagioclase and the coexisting
X-ray perthitic alkali-feldspar have been determined
at different temperatures between 550° and 690° C.
From the refractive index ny the total composition
of the cryptoperthite was obtained according to
TurrLe (1952); accuracy =5 % Ab. In addition.
in two cases (samples 670° and 690°) the alkalifeld-
spars have been seperated and homogenised and the
position of the (201)-line gave compositions very close
to those of the optical determination. The plagiocla-

Table I.

COEXISTING FELDSPARS.

Cryptoperthite

total composition Plogiociase -
°C Rk k-ratio
weight0/y Abjmol ¢/¢ Abjw e]ghl“/DAb:mol /s Ab
gneiss 25 26 71 72 0,36
550 25 26 it 72 0,36
580 25 26 71 ,2 0,36
600 29 30 71 0,42
620 34: |35 71—72 \ 0,49
640 42 [ty 0,60
660 a9 | e e b b
670-680 Formation of paritial melt begins
680 50 51 | 73—70 | 74—72|0,69— 0.71
690 50 51 73—70 | 74—71|0,66—0,72
all alkali feldspar
700 dissolved in
anatectic melt

ses are according to the T value of Swmrrz and Gay
(1958) intermediate in thermal state, but with rising
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temperature they approach more and more the high-
temperature state, which is reached near 840° C.
The composition of the plagioclases have been deter-
mined from the ny value with the graph by J. R.
SMrTH (1958} up to 650° and above that temperature
with the graph by Scuwarzmaxy (19536), in TROGER
(1956). Table I summarizes the compositions of the
feldspars, which coexist in the metamorphic rock at
different temperatures; the resulting k-ratios are
given in the last column.

We note a change of the k-ratio with increasing

temperature, but it is not an even change. This is
900
i
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®.
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750 | ‘\\ T
B ‘~N
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Fig. 1.—Ratio of mol-% Ab in alkalifeldspar to mol-% Ab
in plagioclase versus temperature of crystallization of the
coexisting feldspars. Data from wvarious experiments and
their relation to the curve proposed by Barta (1956).

fully realized, if the k-ratios are plotted against tem-
perature in fig. 1 (right hand side). The variation
of k with temperature in the range from 580° to GG0°
is much more pronounced than that given by the
Barra-curve, while below 580° C. and above 650° C.
it is much less. No part of our curve coincides with
that given by Barrm. Although the chemical com-
position of the gneiss and the pressure remained cons-
tant, the variation of the distribution-coefficient with
temperature can obviously be much more complicated
than it would be if the distribution-law would be valid.

From the diagram we note that in the range from
660° to 690° C. and from 550° to 580° C. there is no
or hardly any change of the k-ratio with temperature
This effect is observed over an even wider temper-
ature range of up to 70° in other experiments, which
already have been published (WINKLER u. v. PLATEN,
1958).

Starting from illitic clays, cordierite-bearing mine-
ral associations of quartz, plagioclase and coexisting
alkali-feldspar with only traces of biotite and some-
times sillimanite formed by mineral reactions ahove
625° and 600° C. respectively during the experimental
metamorphism under constant H,O-pressure of
2000 bar.. The chemical compositions of these meta-
morphites were different only in regard to Na,O;
the proportions of all the other oxides were unaltered,
because only Na had been added in different amounts
to the same illitic clay which had been subjected to
metamorphism. The compositions of the alkali-feld-
spars, which- in all these cases were homogenous and
contained only up to 18 % Ab, have been determined
by X-ray methods. The compositions of the plagio-
clases could only be determined indirectly, from the
knowledge of the bulk chemical composition and from
the facts that all the Ca is located in the An-component
of the plagioclase and that Na is only contained in
the determined amounts of the alkali-feldspar and in
the Ab-component of the coexisting plagioclase, the
amount of which has also been determined. The
compositions of the coexisting feldspars are summa-
rized in Table I1.

It should be noted that equilibrium had heen esta-
blished in all these experiments, for the results are
the same wether obtained by heating up or by cooling
down from the anatectic melt. : '

Table 1T

ALBITE-COMPONENT IN ° COEXISTING FELDSPARS OF
HIGH GRADE METAMORPHITES, DERIVED ' FROM AN
ILLITIC CLAY WITHOUT AND WITH ADDITION OF Na.

Ab-component NasO

weight Oy
(mol o)

k-ratio | temperature

weight %/ resp. (mol 9/,)

alkali feldspar | plagioclase

2,541 (2,50 41 (42) 0,06 + 0,02 | 670,675,700 | 0,43 (0,42)

8,54+1,5(8,5) 67
18 L1 (19)

650, 670, 700
710,720
620, 630, 650
670

(68) |o,13 +- 0,02 1,36 (1,32)

0,25 + 0,02 2,11 (2,07)

74 (75)

It is noted from Table 1T that in each of the three
cases the k-ratio does not show any variation over the
investigated temperature-range: ie. it fémains un-
changed over the temperature range of at least 30°,
70° and 50° respectively. This observation is also
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presented in fig 1 (left side). Here again, as in the
case previously dealt with, we have temperature ran-
ges where the k-ratio of a given rock-composition
does not change at all.

On the other hand, the k-ratios of the feldspars in
the three different mineral-associations are distinctly
different, having values of 0,06; 0,13 and 0,25 respec-
tively. This is not due to different temperatures of
crystallization but solely to the difference in chemicai
bulk composition of the three rock-systems. As sta-
ted previously, it is the content of Na,O only, which
is different in the three systems. If we plot the three
k-ratios for 670° C. and 2000 bar of H.O-pressure
(which each remains unchanged at higher and/or lo-
wer temperature) against the mol-% of Na;O which
is present in the respective metamorphic rock (last
column of Tab. II), we arrive at an aproximatively
linear relationship (see fig. 4 in WINKLER und v. Pra-
TEN, 1958. p. 102). It thus has become obvious, that
the bulk chemical composition influences very greatly
the k-ratio, i.e. the composition of coexisting feldspars.
Tt should be noted, that this is the case, although the
chemical differences are not exceptional but are all
within the range of para-cordierite-gneisses.

From this last observation one would expect that
with increasing Na,O-content the k-ratio would ge-
nerally -increase also. This is certainly not always
the case; other chemical components are also of in-
fluence: Consider the above mentioned rock, which
containg 2 % Na,O and 1,3 % CaO and has a k-ratio
of 0,25, and add to it CaO in the form of 5 or 8 %
of calcite, then no alkalifeldspar at all is formed dur-
ing metamorphism, but only pure potassium-feldspar
and An-rich plagioclase coexist in the highest meta-
morphie facies (ca. 7007 C.), hesides quartz, biotite
and 5 % or no cordierite, respectively. The addi-
tion of CaOQ shifts the k-ratio from 0,25 to zero!

If then the Na,O-content of these Ca-enriched rocks
is increased from 2 to 3 %, the additional Na does not
distribute itself among the fwe feldspars but only the
plagioclase increases its Ab-content while the K-feld-
spar does not take up any Na (WINKLER u. v. Pra-
TEN, 1960). Here, increase in Na-content has no
longer any influence on the composition of the alkali-
feldspar. Tn fact, the presence of the higher amount
of CaO makes the k-ratio zero, despite a high amount
Of Nago.

With the addition of 8 % CaCO; to our Na-enri-
ched illite-quartz clay a para-biotite-gneis without cor-
dierite is produced under high-grade metamorphism
the k-ratio in this rock is zero. On the other hand the
para-hiotite gneiss from the Black-Forest, which has
been dealt with at the beginning, exhibited at 690° C.
a high k-ratio of about 0,7, These two metamorphic
mineral-assemblages are qualitatively the same in so
far as they represent biotite-plagioclase-alkalifeldspar-
quartz-associations; but chemically, and therefore
quantitatively, and concerning the compositions of the

plagioclase and the alkali-feldspar, they diifer from
each other, as do the k-ratios.

As shown in Table III, the main chemical differen-
ces of the rock (2) with the high k-ratio compared
with the other one (1) are a smaller amount of CaO
and AlQO; and a higher amount of SiO; and FeO.
The higher amount of Si0. is reflected by a higher
conten of quartz, and that of FeO by a higher content
of biotite, which has the consequence of less K-feld-
spar acting as a component in the alkalifeldspar.
The smaller amount of CaO and ALO is reflected
in less anorthite, being a component in the plagioclase
(An 29); this, in turn, leaves Si0. uncombined, which
thus increases the amount of quartz. The amount
of the albite-component in the two rocks is the same
due to the same amount of Na,O. All this is well
understood, by why does the Ab-content distribute
itself in such a strikingly different way, giving a
k-ratio of 0,7 in one case and of zero in the other
case of para-piotite-gneiss? The explanation is not

Table II1.

CHEMICAL AND MINERALOGICAL COMPOSTIONS OF TWO
PARA-BIOTITE-GNEISSES MADE BY EXPERIMENTAL
METAMORPHISM, (WEIGHT-%).

i 2 & - 2
Si0, 57,9 | 64,4 | quartz 19 30
AlO, | 20,0 15,3 | biotite 11 20
Fe,0, | 3.4| 2,8| k-feldspar-component 12 5,5
FeO 1,0( 3,01 albite-component 30 30
MgO 2,4 | 2,1 | anorthite-component 27 9
EIZOO 3!175 ;‘2 compositon of alkalifeldspar|Or 100| Or 50
2 ) 1 e o
K,0 3ol 27 composition of plagioclase |An 47| Anz2g
i : oat| o7 at
miscell. 270353 k-ratio %’900 697000

1 Metamorphite at 6go® C. and 2000 at H,O-pressure, from
illitic-quartz-clay with addition of 8 °/, CaCO, and 6 °/, NaCl.

2 Para-biotite-plagioclase-gneiss from the Black-Forest, Ger-
many, treated at 690° and 2000 at H,O-pressure.

known and is not simply given by the higher Na,O:
CaO ratio. This shows that —besides temperature
and, probably to a lesser extent, pressure— chemical
factors govern in a rather complicated manner the
distribution of Na among plagioclase and coexisting
allalifeldspar in a rock system.

Tt must be noted here, that BARTH himself was fully
aware of the influence of the chemical bulk composi-
tion on the distribution of sodium, and he felt that
different curves of temperature versus k-ratio may
be drawn for different bulk compositions as the effect
of the chemical composition becomes better unders-
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tood. But we are far from understanding the com-
plex interrelations of the different variables.

This is, once more, illustrated, if one takes also
into consideration the pairs of feldspars which co-
exist together with liquid and gas in the system
An-Ab-Or-H,O. Yoper and collaborators (1957)
have determined the composition of the plagioclase
and alkalifeldspar coexisting at 720° and 770° C., res-
pectively, and at 5000 bars. From their data a
k-ratio of 0,27 is derived for 720° and of 0,10 for
770° C. These have also been plotted in fig. 1; encir-
cled crosses. Tt is seen that the position of these
points in the graph are unrelated to the other points-
and although they show a temperature-dependence,
this is just contrary to the direction which one should
have supposed and which is given by the BARTH-
curve. 1 feel that the compositions of coexisting feld-
spars should be investigated whenever this is possible
but that their compositions can at present not give
any indications of their temperature of crystallization.
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DISCUSSION

(see alto the discussion to the paper by BARTH)

BartrH (Oslo):

The work of professor WINKLER is a graphical demons-
tration of the complexities of the feldspar problems, the diffi-
culties in the experimental approach, and the uncertainties
in the application of the data. 'We do know that in many
synthetic products, and also in the mineral assemblages of
many natural rocks, there is a lack of equilibrium. In the
treatment of such rocks the tools of physical chemistry are
hard to use. But we also know that during the formation
of many rocks there has been a remarkable approach to
equilibrium ; this applies likewise to metamorphic rocks, and
to rocks containing two feldspar phases.

Tf % and x. are the concentrations of sodium in coexisting
alkali feldspar and in plagioclase respectively, T temperature,
and P pressure, there can be no doubt that the following
relation holds:

Foa(ogg X, T B =10

Tn my paper of 1956 on the two-feldspar geologic thermo-
meter T have shown that within a limited range of composi-
tion the relation approaches:

D (xfxs, T, P)=0

This equation evaluated in its first approximation neglecting
variations in pressure is the two-feldspar geologic thermo-
meter proposed by me.

Tt should always be used with great care. Excerpt loc.

cit. p. 13: «It can be seen graphically that .. A E depends
on the composition, and the distribution law of van 't Horr
and NERNST is not ... valid .... Composition, both indirectly
by inducing structural inversions, and directly, influences
the distribution of soda, and the feldspar geologic thermo-
meter ... should be adjusted for different compositions of the
feldspar phasess.

This thermometer seems to give reasonable and consistent
values for many crystalline schists, gneisses, and granites.
But it may be luseless for certain other types of rock; lavas,
for instance, which have been fumed and altered by vapors,
as were the synthetic products of professor WINKLER, give
unreliable and erratic results. But this does not detract
from the value of the thermometer in other connections.

Tt is quite clear that the quantitative composition of the
two feldspar phases in a rock is an important parameter
that may shed new light on the genetic relations. It is im-
portant, therefore, that in all petrographic work, not only
the composition of the plagioclases but also the composition
of the alkali feldspars is quantitatively determined. Only
in this way is it possible to obtain the exactness and sharpness
of definition required by modern petrology, only in this way
can one determine the temperature of formation, or of recrys-
tallization of a rock.

WinkrER (Marburg). Answer:

1. Equilibrium has been demonstrated, especially well in
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the most important experiments, which show the influence
of the Na-content on the k-ratio at the same temperature.

2. I agree that the k-ratio of lavas means nothing in
this connection, because they have not reached equilibrium
and may even later be altered by vapors. Buat I cannot
see, why this should apply to the feldspars of my experi-
ments, for the vapor is in equilibrium with the solid phases.

3. It was the aim of my paper to convey this meaning,
that the two-feldspar geologic thermometer as proposed by
professor BARTH «should always be used with great cares.

4. T fully agree, that the quantitative composition of the
two feldspar phases should be determined in all petrographic
work. It is very meritorious of professor BARTH to have
pointed out that this may he genetically important.

Harner (Zirich):

The difference between your k-value measured at 500-
600° C. and the one expected by Prof. T. F. W. BartH could
be explained by the assumption that orthoclase gaes into
solution while sanidine crystalizes. The k-value of partly

ordered orthoclase might be different from that of completely
disordered sanidine.

PrutstvcER (Wien):

I would like to add the following remarks to the problem
of co-existing feldspars: H. G. F. WINKLER'S k-values refer
only to feldspars which are not in equilibrium with liquid
and gas whereas H. S. Yoper refers with the term <co-
existing feldspars» to those that are in equilibrium with Ii-
quid and gas.

J. V. Surra (Chicago). Question to PREISINGER:

There is great interest in the applicability of the distribu-
tion ratio proposed by Prof. Barra. Have you taken the
experimental data of Yongr, S1Ewart and J. R. SmitH and
calculated the distribution ratios, and if so do they agree
with the values proposed by Bartu for natural feldspars?

Prersincer (Wien). Answer to SMirm:

I you put in the experimental values of H, S. YODER,
you get quite different values of the distribution ratio.
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Comments on the «Two-feldspar geothermometers
and K-feldspar obliquity ()

by R. V. Digrric.
Department of Geological Sciences, Virginia Polytechnic Institute Blacksburg, Virginia, U. S. A.

INTRODUCTION

It has been requested that I comment on the “two-
feldspar geothermometer”. This note consists of
such comments plus some additional remarks con-
cerning my current investigation which amounts to
an evaluation of the possible uses of K-feldspar obli-
quity determinations as a petrogenic tool.

It seems only prudent to preface these remarks by
noting that they must be considered to be those of a
petrologist !

THE TWO-FELDSPAR
GEOTHERMOMETER

This section consists of a summary of a previously
published discussion (Digrricm, 1960) plus certain
claboration and a brief presentation of subsequently
discovered, pertinent relationships.

The two-feldspar geothermometer suggested by
Barta (1934) and used chiefly hy him and some of
his students (e.g., Barrw, 1956 and Hrier, 1960)
plus other distribution-between-feldspar geothermo-
meters such as those discussed by BARTH at this
symposium have great appeal because of their being
based on these common rock-forming minerals. But,
nunierous contingencies render their validities ques-
tionable (see especially Barra, 1951, p. 148-151 and
1956, p. 12-14 and Dierricw, 1960, p. 41-53). Es-
pecially noteworthy are the following :

1) temperature values have been fixed on the
basis of unproved empirical data;

2) the total amount of sodium in the system
may affect its distribution in the phases;

3) pressure which, as well as temperature,
controls the distribution is not taken into
account ;

4) some two-feldspar rocks may not he sus-
ceptible to two-feldspar geothermometer ana-
lyses;

5) one of the commonly employed methods
tends to yield material with too low Ab:Or ratios

.(";) These comments were not presented orally at the
meeting (received in spring 1961), but distributed to several
persons interested in the problems for comment.

for the “average” K-feldspar of many rocks;
and

6) at hest, only the most recent lowest
temperature at which equilibrium existed bet-
ween the feldspar phases is recorded.

To consider these aspects in the listed order:

1) The fact that this geothermometer has not been
found, to the present, to be susceptible to laboratory
checking accounts for its being hased on empirical
data (some of which may need modification—see 5).
Perhaps future laboratory investigations or, as sug-
gested by MacKenzik at this symposium, crossche-
cking betwen this method and a method involving the
structural state of the plagioclase and/or K-feldspar
will aid to eliminate this difficulty.

2) That the total amount of sodium in the system
may affect its distribution in the two feldspar phases
has been suggested on the basis of theoretical consi-
derations by Bartm (1956, pp. 12-14) and as an
implication of experimental work by WINKLER and
vON PraTen (1958, pp. 99-102). Both appear mainly
to suggest that so far as this is concerned the geother-
mometer should be restrcted to determination of re-
lative temperatures within comparatively small zones
and that rocks with relatively low (< 2.0 per cent) or
high (> 6.5 per cent) Na,O-contents should be deli-
mited from such considerations.

Along this line, there are other aspects that also
need investigation both singly and in combination to
ascertain their individual and interdependent effects
—for examples, the possible effects of : a) the presence
of one versus other types of K-feldspar, ie., as to
structural state and possibly even as to perthitic
variants— especially their possible control over pro-
cess(es) and completeness of sodium distribution bet-
ween and within diverse phases during metamor-
phism; b) the presence of one versus other compo-
sition plagioclase feldspars, including zoned versus
unzoned ones; c¢) the grdin sizes of the rocks d) the
presence versus absence and, if present, the composi-
tion of volatiles; and e) the types of aggregation of
the rocks of which they are constituents. '

3) Possible effects of pressure on distribution of
elements among diverse solvents in systems aré known
incompletely. Perhaps, in the case of two-feldspar
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geothermometer application to individual rocks, pres-
sure effects are essentially negligible —because of the
states in which equilibria are probably established
and because of the rather restricted volumes involved.
Nonetheless, past and present day interpretations
must be considered “pressure dependent”.

4) Some of the reasons why certain two-feldspar
rocks may not be susceptible to two-feldspar geother-
mometric analyses are mentioned in a preceding pa-
ragraph concerned with sodium distribution factors.
The geneses of perthites and zoned plagioclases and
their implications so far as interpretations of geother-
mometers involving them are also of extreme impor-
tance. For example, if the potassium feldspar is
perthitic, to be useable the perthitic quality must have
originated as the result of either exsolution or simul-
taneous crystallization of the phases from an originally
homogeneous alkali feldspar but not as the result of
replacement. The worst part of such contingencies
as these is that most decisions as to ‘which rocks are
and which are not susceptible to use are strictly sub-
jective.

5) One of the methods commonly used to sepa-
rate the K-feldspar from the rock consists of grind-
ing the rock until complete liberation is effected and
then fractionating the ground material on the basis
of specific gravities (using liquids) until a “final”
fraction is collected, checked optically, and found to
be “pure” K-feldspar. Such separation usually re-
sults, in my opinion, in analyses of a K-feldspar frac-
tion with an Ab:Or ratio lower than the average
for the whole grains of the checked specimen for two
reasons: a) grinding for liberation results in break-
ing of the original grains so that individual pieces
have different Ab:Or ratios unless the original whole
grains are homogeneous (commonly a single grain in
a phanerite will be broken into more than 200 pieces
with Ab:Or ratios probably ranging from 1:0 to
0:1) and, b) once so divided, the material can be se-
parated into an almost infinite number of “pure” K-
feldspar fractions with their specific gravities varying
directly with their Ab:Or ratios. (This has been
proved to take place!) Thus, if only a “last” fraction
is used, it is almost bound to have an Ab-content
which is less than the average Ab-content for the
original whole grains. Mrs. B. NiLssex of the Mi-
neralogisk Museum of Oslo has been working on this
and suggests that heating before final grinding to
liberation may be a way to overcome this —operhaps
she will add a few words on this. To me, however,
this brings up an even more basic question— what if
the unequal distribution is of a zoned nature?’

Such zoned alkali feldspars have been reported (e.g.,
SCHERMERHORN, 1956 and DieTricH, 1961). These
reported ones, however, would have led to no difficul-
ties so long as intensive petrographic studies were
made — the inhomogeneities were microscopically vi-
sible and the rock would not have been subjected to

such analyses. But, what of inhomogeneities not mi-
croscopically visible? (If relationships similar to tho-
se reported by SCHERMERHORN and by DIETRICH
swere present submicroscopically, analyses of carefully
“picked” material might even indicate that the central
portions of the K-feldspars were formed at relati-
vely lower temperatures than their marginal por-
tions!)

6) Undoubtedly for those who do employ this
geothermometer in any way, the fact that is of utmost
importance is that for many rocks the true signifi-
cance of the temperature obtained cannot be much
more than guessed unless the thermal history of the
tock is known. ‘This is true because the most recent
lowest temperature at which equilibrium existed bet-
tween the feldspar phases is necessarily what must be
recorded. 'This, of course, means that even if it is as-
sumed (even if correctly so) that the present contents
of the feldspars do reflect simultaneous crystallization
from a magma or former established equilibrium con-
ditions, the temperature which obtained at the time
of last attainment of these conditions —and, thus,
the temperatures “measured”’— could have been much
lower than the highest temperature to which the rock
material was exposed (see Fig. 1). This diagram is
reproduced from my 1960 paper in which the curves
are discussed. Suffice it to repeat here that so far as
this aspect is concerned: a. probably the thermome-
ter is best for rocks formed as the result of relatively
rapid cooling of a magma— the temperature recorded
would be essentially that of consolidation; b. contra-
riwise, probably the most completely misleading tem-
peratures that may be obtained will be those for ex-
posurewise geologically isolated, non- to slightly-me-
tamorphosed, quartz-cemented arkosic sedimentites
that consist chiefly of granule-sized, monmineralic
fragments derived from a relatively rapidly cooled
magmatic rock; and, c. whereas a magmatic tem-
perature can he cited as fairly acceptable evidence for
a magmatic origin, a submagmatic temperature cannot
be cited as evidence against an ultimate magmatic ori-
gin.

All of the aspects mentioned here need further in-
vestigation! Until numerous points are clarifield, I
believe that it is best to use these geothermometers
with the full realization that they have their true va-
lue essentially restricted to determination of relative
temperatures of certain composition rocks with essen-
tially equal grain sizes within comparatively small
zones.

K-FELDSPAR OBLIQUITY

Since the work of MacKenzig (1957) on the struc-
tural state of the Na-feldspars and especially that of
Gorpsmrre and Taves (1954 & 1954a) on the struc-
tural state of the K-feldspars, a number of workers
have determined the obliquity (or ‘triclinicity”) of
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thoresis-in post-highest temperature metamorphism period.
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natural K-feldspars from numerous Lypes of rocks.
Most of those published and many which are unpu-
blished are plotted on Figure Z.

Considering all of the possible variables —see es-
pecially GoLpsMITH and Laves (op. cit.) and the two
papers presented by MacKexzie and SMITH at this
symposium— few of the published data are complete
enotigh to evaluate well.

At present, I am investigating K-feldspars from

DIETRICH

certain volcanics, plutonic masses and series, pegma-
tites, diverse grade metamorphic rocks, and sedimen-
tites (authigenic K-feldspar) to see if any obliquity
value(s) : chemical composition (and later these:di-
verse heat treatments) relationships can be used as
any sort of petrogenic indicators. Obviously, the em-
phasis is petrologic and, therefore, the investigation
is being limited to well studied rocks whose origins
are believed to be rather well known.
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Fig. 2—Distribution of Obliquity values (&) for 315 K-feldspars.

techniques used,
tually have A-values of up to 25. Legend:

lines-metamorphic rocks, A-authigenic K-spar, and O-others.

1

Considering the x-ray setups and measuring

it appears likely that some of the values reported as «0» (and, therefore, plotted as 0-.05) may ac-
irregularly spaced and

oriented lines-plutonic rocks, P-pegmatite, wavy
Data from Emerson (1960), GoLDSMITH and Laves (1954

& 1954a), Gurtarp et ol (1960), Heer (1957 & 1960), Hewrerr (1959), and unpublished data of the writer.
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Already included are rocks from the various phases
of the Oslo Plutonic Series, diverse phases of the com-
posite Boulder Bathylith, the Mount Rogers volca-
nics, the Randesund banded gneisses, numerous Nor-
wegian pegmatites, and a few others. Data are being
plotted as to origins, ages, chemical compositions of
the feldspar, position within porphyroblasts and phe-
nocrysts, etc., etc. If any of you have samples you
would like to see ncluded and would be willing to
contribute them, they will be gratefully veceived.

It is interesting that in plotting the already availa-
ble data a number of relationships have emerged as
possibly obtaining: 1) all K-feldspars that are op-
tically sanidine or orthoclase (in the sense used by
Suite and MacKenzie in their papers presented
here) have obliquities of less than .25 ; 2) most K-feld-
spar with microcline optics have high obliquities but
a few have obliquities as low as .1; and, 3) there is
a marked lack of natural feldspars with intermediate
obliquities — less than 9 per cent of the 315 plotted
have A- values between .3 and .65.

The last aspect raises two related and interesting
questions: a. is the lack of K-feldspars with inter-
mediate obliquity values real (?); and, b. if so, what
is the explanation (7).

If the lack is real (and it appears that it may well
be because several of the K-feldspars reported to have
obliquities within the ca. .3 to .65 range are from rocks
with comparatively uncommon histories, e.g., xeno-
liths, porphyries, and “farsundite”), perhaps disorder-
temperature considerations need to be reéxamined
with the possibility kept in mind that they may be
quite different from those found to obtain for inves-
tigated alloys. ~Perhaps the graphic representation
would be a curve exhibiting flattening in the ca. .3
to .65 A -value region. If such were found to be true,
the spacing of the dashed degree-of-disorder lines on
the Or side of the diagram presented here by Mac-
Kexzie and Surrn (their Figure 3) may also need
to be revised. Is it possible that except under cet-
tain special conditions K-feldspars ordered beyond
where they yield A-values of ca. .3 must, so to speak,
“jump the gap” and become ordered to the point that
they yield A-values of ca. .60 or greater ?

Before information such as that being considered at
this symposium becomes of real value to the petrolo-
gist, it must be accurate and if possible tied to empi-
rical data derived from Rocks.
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DISCUSSION

Laves (Zurich):

Professor DigrrICH’s collection of A-values of K-feldspars
(rather randomly taken) and its use for plotting a curve:
frequency versus A (fig. 2) is of highest interest. Some
comments may be permitted :

1. Professor DIkrrRICH states that he used the words sa-
nidine and orthoclase «in the sense used by Smrrm and Mac-
KEnzie in their papers presenteds at this symposium. He
could have said equally well: in the sense of Laves and
GorpsmiTH in the paper presented at this symposium. Na-
mely, as long as optical symmetry is concerned there is no
difference of opinion between the viewpoints of S. and M.



20 R. V. DIETRICH

on the one side and L. and G. on the other side. The dif-
ferences emerge if it comes to the problem of the structural
meaning of the word <orthoclase» and its phase-relation-
implications.

2. ‘With respect to the sentence just before Proiessor
DieTRICH'S observations suport very well the viewpoints of
GorpsMITH and Layes: He finds «orthoclases» with obliqui-
ties up to 0.25 and <«microclines® with obliquities down to
0.10. This indicates that he found some orthoclases which
have structurally a higher obliquity than some of the K-fel-
dspars which he classified as microcline for optical reasons.

3. Professor DIETRICH raises two questions: (a) is the re-
latively rare occurrence of K-feldspars with intermediate
qblic?luity values real?; and (b), if so, what is the explana-
tion:

As to (a) the writer is convinced that it is real. As to
an explanation of (b) the following suggestions may be
presented (see also the writers discussion of the paper by
MacKenzig and SmitwH, this symposium, especially his points
C, E and F, pages 66 and 67).

a) Regardless of growth temperature most K-feldspars
grow (disordered enough) as a virtually monoclinic phase
(called by us sanidine).

B) At temperatures helow the transformation temperatu-
re monoclinic — triclinic (still unknown but estimated to
lie near 500¢ C) AI-Si ordering sets in to such a degree that
triclinic domains are formed («left» and «right» ones with
equal probability, due to the monoclinic ancestry). As long
as these domains are too small to be recognized optically and
as long as they do not yield X-ray diagrams which would
allow the assignment of an obliquity value we call such ma-
terial «orthoclase». (Thus, it may well be that a material
appears optically as an «orthoclase», but fo X-rays as a micro-
cline; see point 2 above.)

v) 'Within the <orthoclase»-state the triclinic domains

may lack of sharp boundaries, ie. an over-all structure
coherency may well prevail for a considerable amount of
time and counteract (as the consequence of stress-strain re-
lations) the development of increasing Al-Si order, say hig-
her than one corresponding to A =~ 0.2.

3) A next step in reaching the state of equilibrium will
be a cosiderable loss of structure coherency, i.e. incoherent
domain boundaries are formed. After the coherency res-
trictions for further ordering have thus vanished the order-
ing process proceeds with a speed that is (among others) a
function of the difference between the degree of order pre-
sent and the equilibrinm degree of order. If the equilibrium
conditions to be reached require high order (high obliquity)
the stages of intermediate order (intermediate obliquity) will
be passed with a relatively high speed and they are, there-
fore, relatively rare in nature. — These suggestions are
rather well illustrated by the observations presented by Ka-
ramata (this volume, p. 127-130).

4. Considering the above suggestions and the very low
speed of the ordering process at low temperatures the pre-
sent writer does not see right now that it be necessary to
«reéxamine» the «disorder-temperature considerations» hi-
therto developed, at least not as far as the principles are
concerned. He still believes in the strong analogies between
the order-disorder (substitutional) behaviour of alloys and
feldspars, except that many alloy systems investigated untill
now and published on responded to temperature changes
during laboratory times rather well whereas the K-felds-
pars are very reluctant to do so. They need, apparently,
geological times for approaching the equilibrium state of
such low temperatures at which microcline of high obli-
quity is the stable modification. (Experiments under pres-
sures exceeding those of natural conditions may help in
speeding up the ordering process to such a degree that the
kinetics of it may be studied eventually).
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Lower temperature terminations of the three-phase
region plagioclase-alkalifeldspar-liquid

by D. B. Stewarr and E. H. RosEsooM, Jr.
U. S. Geological Survey, Washington 25, D. C.

ABSTRACT (%)

Experimental and geological evidence indicates that in the system Or-Ab-An the three-phase field, plagioclase-alkali
feldspars-liquid, terminates in several different ways under different conditions. The likely terminations have been de-
veloped from Schreinemaker’s rules governing the disappearance of three-phase fields. Some terminations are transitio-
nal into each other as the conditions of crystallization change.

In nature the important variables are the relative amounts of additional components, total pressure, and feldspar

phase transitions.

It may be possible to identify the type of termination involved in the crystallization of some rocks. The necessary
data are the amounts and compositions of both kinds of coexisting feldspar and of the feldspar components of the coe-
xisting liquid at one or more stages of the crystallization process. Mantling of alkali feldspar by plagioclase and
vice versa can be explained by some terminations. With all of the types of termination, extensive fractionation yields

a liguid rich in Or and Ab.

DISCUSSION.

Rosexgvist (Oslo):

Do vou regard the considerations given as also valid for
triclinic K-feldspars with decreasing temperature?

RosxBoom C\Vashing‘tonj. Answer:

‘We have considered the symmetry of the feldspars to he
that of the high temperature forms because these appear to
be common in natural and synthetic magma. Change of
feldspar symmetry may he accompanied by change in feld-
spar composition, and the phase relations will of course be

changed, but the direction and amount of such changes are
not well known at present.

StEwarT (Washington). Answer to Yoder:
The question 'was mot received :

It should also be noted that the effect of additional com-
ponents on the temperature of the liquidus is similar to that
of higher H.O pressure, so that it may be difficult to separate
these effects in the field

Study of extrusive rocks rich in Ab will indeed be espe-
cially informative about the position of the critical point
on the solvus, and we await the results eagerly.

(*) Reprinted from the program, distributed in Copenhagen, August 1960, as no manuscript 'was received,
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Echange des atomes dans les feldspaths. Action de l'eau

par J. Wyart et G. SABATIER.
Laboratoire de Minéralogie-Cristallographie de la Sorbonne, Paris.

RESUME

Par I'étude des différentes phases solides que l'on obtient dans l'échange des cations dans les feldspaths alcalins
et dans les plagioclases, soit par vole hydrothermale, soit par voie séche A température élevée au contact de sels fon-

dus, on essaie d’interpréter le mécanisme de l'action de 'eau.

On met en évidence que la mobilité des ions alcalins, quand l'eau est présente, entraine celle des ions Si et Al; et
les formes basse et haute température des feldspaths alcalins se différencient bien par larrangement des ions Si et AL

Il est bien connu que la synthése des feldspaths
alcalins et des feldspaths calco-sodiques est trés facile
dans un large domaine de température dés que l'eau
agit sous pression.

Dans ces conditions hydrothermales, nous avons
montré (Wyart, SaBarier, 1956-a) qu'au dessus
de 400° et a des pressions d’eau de quelques centaines
de hars, les feldspaths donnent liew 4 des échanges
d’ions et se comportent, & ce point de vue, comme des
zéolites.

MOBILITE DES ATOMES
DANS LES FELDSPATHS ALCALINS

Par exemple, en présence d’une solution de Na Cl
a 10 g. par litre, la sanidine, en poudre fine, est com-
plétement transformée en analbite en 24 heures
a 500° C. sous une pression de 650 bars.

Dans ces réactions, le role de I'eau apparait d'une
maniére éclatante. si Uon considére les transformations
mutuelles des feldspaths alcalins (WYART, SABATIER,
1956-b).

Ainsi, T'albite (*) et I'analbite chauffées en présence
d'une solution de chlorure de potassium, entre 400
et 700° C., sont transformées complétement en
K AlSi;0s, et le diagramme de poudre du produit
obtenu est celui de la sanidine. Mais il n’en est pas de
méme si, au lieu de se placer dans des conditions
hydrothermales, on opére par voie séche.

En chauffant I'albite (forme B. T.), a 600°, dans
le mélange eutectique de fluorure et de hromure de
potassium ou bien a 900° dans le chlorure de potas-
sium fondu, on obtient la forme basse température
du feldspath potassique, le microcline, comme avait
déja obtenu Laves a 1060° C. (1951, p. 511-2). En

(*) Dans la suite de cet exposé, nous désignerons sous les
noms d’albite et d’analbite les formes basse (B. T.) et haute-
temperature (H. T)) de NaAlSi;Os et sous les noms de mi-
crocline et de sanidine les formes basse et haute-temperature
CIE K[\lSigOg,

partant de l'analbite on aboutit, dans ces conditions, a
la sanidine.

De méme, entre 400° et 700°, en présence de solu-
tions de chlorure de sodium, on transforme la sanidine
ou le microcline en analbite ; tandis que, par voie séche,
soit a 680° avec le mélange eutectique bromure et fluo-
rure de sodium, ou a 900° avec la chlorure de soditm
fondu, on obtient I'analbite si on part de la sanidine,
'albite si on part du microcline.

Tableau I.

REACTIONS D’ECHANGE D’IONS DES FELDSPATIIS
ALCALINS.

Température Aw contact des sels fondus

600°C et 900°C Albite -+ K ——- Microcline 4+ Na
600°C et 900°C Analbite -+ K — Sanidine - Na
680°C et 900°C Microcline 4 Na —» Albite + K
680°C et 900°C Sanidine -+ Na——» Analbite -+ K

Température En présence d'eau

Albite
Analbite

+ K — Sanidine + Na

400°C  700°C + K —- Sanidine 4+ Na
Microcline 4+ Na — Analbite + K

Sanidine -+ Na —s Analbite + K

Ces résultats, groupés dans le tableau I, s’expli-
quent clairement si I'on admet qu'un méme squelette
aluminosilicique AlSizOs que nous avons désigné
“trame B. T.”, est présent dans le microcline et I'al-
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bite, formes de basse température, et qu'un méme
squelette AlSizOy, dit “trame H. T.”, est présent dans"
Panalbite et la sanidine, formes de haute température."

Par voie séche la trame, c'est-a-dire I'arrangement
des ions Al, Si, O, se conserve quand les ions alcalins
s’échangent; au contraire, en présence d’eau, il n’en
est plus de méme, car dans tous les cas, on obtient la
trame H. T.

Ces résultats soulignent bien l'action profonde de
eaun; dés que celle-ci est présente, méme 4 une tem-
pérature aussi basse que 400° on obtient toujours,
aprés échange des ions Nat et K+, les formes répu-
tées stables & haute température ; au contraire, par voie
seche, on peut obtenir, & température élevée, 900°, et
méme 1060° dans l'expérience de LavEes concernant
le microcline, les formes basse température que sont
’albite et le microcline.

Tl est intéressant de confronter ces résultats avec
Ihypothése d'un arrangement différent des Al et des
Si dans les formes haute et basse température, et
avec les structures atomiques fournies par TAYLOR et
Barey (1955); Frrcuson, Trarii et TAviORr
(1958). Dans les formes H. T. sanidine et analbite, les
Si et les Al se remplaceraient d’une maniere désor-
donnée, tandis que leur arrangement serait ordonné
dans les formes B. T. que sont l'albite et le microcline.
11 faut alors, dans le cadre de cette hypotheése, admet-
tre que, méme a une température aussi hasse que
4000 C., l'eau pénétre dans le milieu cristallin, en
méme temps que les ions Nat ou KT, cest ce que
nous voulons maintenant démontrer.

MOBILITE DES ATOMES
DANS UN PLAGIOCLASE

Nous avons utilisé un plagioclase dont la composi-
tion chimique répond 2 la formule Ko.0 Nao-ae Cap.ss
(Al, Si)4Os; clest celle d'un labrador; nous avons
utilisé ce labrador, soit réduit en poudre de 20 mi-
crons, soit sous forme de cristaux uniques pour réali-
ser les expériences suivantes.

a) Action de KCl fondu sur la poudre.

Ta poudre placée dans K Cl fondu, a 900° C., donne
lieu 3 un phénoméne d’échange de Nat et de KT, la
teneur en calcium n’est pas modifiée car un ion Ca**
ne peut étre remplacé par deux ions K+. La vitesse
de diffusion est lente, mais au bout de cent heures,
on obtient une phase solide homogene de composition :
Kn.ggNa.n.13C3.m59 (A,l, Si)40g.

Te cliché de poudre (fig. 1), voisin de celui du
fabrador initial (fig. 1a), caractérise un plagioclase,
riche en potassium, que 'on ne trouve pas dans la na-
ture. Ce n'est pas un minéral.

J. WYAR ET G. SABATIER

b) Action d'une solution de KCl sur la poudre.

Avec la méme poudre, chauifée en autoclave, en
présence d'une solution de KCI a 20 gr./lit., a 500° C.
sous une pression de 600 bars, 'échange des ions K
et Nat est beaucoup plus rapide, I'analyse chimique
montre qu’il est total au bout de 24 heures et la poudre
a une composition chimique répondant a la formule:

Ko .41630.59 (Al, Si).é‘Os .

Les rayons X montrent qu'elle est constituée par
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Fig. 1—Difiractogramme entre 10 et 16° de l'angle g de
Brage (rayonnement KqCu) du labrador: a) naturel; b) aprés
traitement dans KCI fondu: ¢} aprés traitement dans KCl
fondu, puis dans Feaw & 500°C; d) aprés traitement par une
solution de KIC1 4 500°C. Les raies de la sanidine sont mar-
quées d'une croix,

6°8
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deux phases solides (fig. 1d); l'une est la sanidine,
l'autre un plagioclase voisin de I'anorthite.

Deux mécanismes peuvent étre envisagés, pour
expliquer cette réaction.

1) Au contact de la solution, chaque grain se
dissout et recristallise en donnant les deux phases sa-
nidine et anorthite.

2) La réaction s'effectue sans destruction de la
phase solide; la diffusion des jons Nat et K+
s'accompagne d'une diffusion des Si et des Al, de
sorte que dans les régions riches en potassium on ait
une “trame” AlSi;O; et que dans les régions riches
en Ca, prédomine la trame Al,Si,Os.

Tl est facile de montrer que c’est ce second méca-
nisme qui a lieu grice a 'expérience qui suit.

r&}. g

placent dans le réseau cristallin en méme temps que
se produit I’échange des ions Nat et K+.

Mais ce mouvement des Si et des Al peut se pro-
duire sans échange des ions alcalins, comme le montre
clairement Iexpérience suivante.

d) Action de U'eau pure sur le “labrador potassique”.

Le feldspath en poudre obtenu dans I’expérience
(a) qui est homogéne, avec la composition Kg.2sNag.15
Cao.so (Al, Si)4Os est chauffé, a 500° C., dans un auto-
clave avec de T'eau pure sous une pression de 600
bars, pendant 24 heures.

On constate, avec les rayons X, la séparation en

Fig. 2—Diffractogramme de cristal tournant du labrador autour de [100] aprés traitement par une solution de KCl

a 5000 (KqCu).

c) Action d’'une solution de KCI sur un monocristal
de labrador.

On a opéré avec la méme solution, toujours a
500° C., sous une pression de 600 bars, sur des cris-
taux de quelques dixiémes de millimétre, limités par
les clivages (001) et (010), assez petits pour que
I'échange des ions Nat par les ions K+ soit total au
bout d’un temps assez court (72 heures) et assez
grands pour effectuer avec eux des diagrammes de
cristal tournant. Les cristaux ont conservé la méme
forme et les clichés obtenus en faisant osciller le cristal
autour de la rangée [100] révélent deux systémes
de strates paralléles (fig. 2). Le cristal est donc hété-
rogene et il est constitué de deux feldspaths, orientés
Pun par rapport a lautre, avec en commun la ran-
gée [100]: nour l'un le paramétre a a pour valeur
8,61 KX, c'est celui de la sanidine, pour Tautre
a = 8,20 KX, il caractérise I'anorthite.

Dans cette expérience les jons Sitt et APt se dé-

deux phases, I'une sanidine, 'autre plagioclase riche
en anorthite (fig. 1¢c).

En résumé, on peut provoquer un déplacement des
ions Si** et AI*t dans le réseau cristallin du labra-
dor, a2 500° C. sous quelques centaines de bars de
pression d’eau. D’autres expériences effectuées a 600°
ont donné le méme résultat. Par contre a 900°, mais
a sec nous n'avons pu mettre en évidence une mobhilité
de ce genre.

A 500° ou 600° C., le mouvement des Si et Al
est considérablement accéléré par la présence de I'eau
sous pression. A ces températures, et en l'absence
d’eau, aucun déplacement des Si et Al n’a pu en
effet étre mis en évidence.

e) Chauffage d sec du “labrador potassique”.

Ainsi, le “labrador potassique’” homogéne de com-
POSitiOH Ko.26Nag.12Cag.se (AI, 51)405 chauffé une se-
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maine a la pression atmosphérique & 500° ou 600°
reste homogéne.

Il en est de méme si on le chauffe 72 heures a 600°
sotts une pression de 560 bars d'azote. Nous avons
vu que dans ces conditions, mais en remplagent 'azote
par leau, les rales de la sanidine apparaissent au bout
de 24 heures, témoignant du déplacement des Si et Al

11 est difficile de concevoir que I'eau puisse accélérer
ces transformations sans pénétrer dans le réseau cris-
tallin. Pourtant elle n’y laisse aucune trace car l'ana-
lyse chimique montre que le produit final des réac-
tions, centient moins de 0,1 % d’eau (le dosage étant
effectué sur le produit séché a I'air). L’article suivant
suggere par quel mécanisme I'ean pourrait intervenir,

CONCLUSION

Ces expériences montrent que l'on peut préparer
au lahoratoire, en opérant par voie séche, et par
échange des ions NaT et KT, T'albite, le microcline
et des plagioclases riches en potassium. Si 'on réalise
les mémes expériences sous pression d’eau, on aboutit
aux formes H. T. des feldspaths alcalins, analbite et
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homogéne en obtient un mélange de sanidine et d’anor-
thite.

L’analyse de cette derniére réaction montre qu’elle
résulte d'une diffusion des ions Si* T et Al*+ a T'état
solide, et qu'a des températures de 500 et 600° cette
diffusion ne se produit qu'én présence d’eau sous pres-
sion. Ceci suggére que dans les réactions d’échanges
sous pression d’eau, qui conduisent des feldspaths al-
calins B. T. aux formes H. T., 'eau agit sur la “tra-
me” AlSi;Os; de ces minéraux, et que ces formes
B. T. et H. T. différent par 'arrangement des atomes
Si et Al, ce qui est en hon accord avec les détermi-
nations structurales.
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DISCUSSION

D. S. Korzminsky (Moscow):

As geological evidence shows, in metamorphic processes
water may percolate through feldspar crystals playing a
decisive role in the transformation of feldspars, in agreement
with Prof. Wyarrs considerations. As T tried to show in
my paper of 1940 (Liguid inclusions as the cause of imaginary
pelitization of feldspars. Comptes Rendus (Doklady) de
PAcad. de TURRS. V. XXIX N2) dusty feldspars, erro-
neously described as ¢pelitics or <«pelitizeds have mostly
no pelitic particles, but are overfilled with minute fluid
inclusions, sometimes smaller than 0,5 micron in diameter.
Such dusty feldspars, especially orthoclases, are formed when
they grow unstable and therefore more soluble, but the con-
ditions - are. unfavorable for. their complete transformation
to a stable form.

Wyart (Paris). Answer:

Cette observation du Prof. KorzuHINSKY confirme Iimpor-
tance de l'eau dans la genése des feldspaths.

J. V. Smrrr (Chicago):

Tudali, a student of Prof. TurrLe at Pennsylvania State
University, has heated feldspars in alkali chloride solutions
in hydrothermal bombs. Single crystal X-ray studies sho-
wed partial conversion to a sodalite-type phase. Has Prof.
Wryarr observed sodalite in his work?

"Wvart (Paris). Answer:

Nous n'avons jamais observé la formation de sodalite au
cours de nos expériences; ces derniéres ont été répétées par
P. M. OrvitLe au Geophysical Laboratory of the Carnegie
Intitution of Washington (Annual report of the director
of the Geophysical Laboratory, 1958-1959, p. 118-121) qui
ne parait pas non plus avoir observé la formation de ce
minéral et qui retrouve, en les complétant, nos résultats.
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Echanges isotopiques des atomes d’oxygene dans les silicates
‘ et mécanisme d’interaction eau-silicate

par J. WyarT, H. CUuriEN et G. SABATIER.
Laboratoire de Mineralogie et Cristallographie de la Sorbonne, Paris.

RESUME

L’échange isotopique d'oxygéne entre des échantillons de silicates ou de granite et de Ieau fortement enrichie en
180 a été étudié expérimentalement en autoclave dans un domaine de température de 360° C 4 800° C et sous une pres-
sion allant de 150 a 1800 bar. Dans le cas le plus défavorable (quartz & 360°, 170 bar), Péchange atteint un taux de
10 9% en 24 heures. La fusion de P'échantillon facilite considérablement Iéchange. Les résultats de ces experiences s’inter-
préten aisément dans I’hypothése d'un mécanisme de réaction de I'ean sur les tectosilicates dans lequel les ions H* et H™

viennént rompre les liaisons Si-O-Si et AI-O-SI.

1.  Introduction.

L’influence de I'eau sur le comportement thermo-
dynamique des silicates, et des feldspaths en particu-
lier, a été mise en évidence par de nombreuses expé-
riences : le point de fusion du quartz et des feldspaths
peut étre considérablement abaissé par lintervention
d’une forte pression de vapeur d’eau, les verres peu-
vent étre recristallisés et les transformations polymor-
phiques des feldspaths réalisées i des températures
anormalement basses. :

11 serait intéressant de connaitre le mécanisme élé-
mentaire qui, a ’échelle atomique, justifie l'interven-
tion I'eau dans ces diverses modifications estructu-
rales.

Dans ce but nous nous sommes proposés de suivre
le comportement des atomes d’oxygéne en réalisant les
transformations structurales des silicates en présence
d’eau fortement enrichie en **O. Une série d’expé-
riences a déja été réalisée (WyarT et alt., 1959);
d’autres sont en cours. Nous donnerons ci-dessous
comme exemple les résultats obtenus dans deux types
d’expériences simples: chauffage sans fusion, en pré-
sence d’eau, d'un minéral pur; fusion d’un granite
sous pression de vapeur d’eau.

2.

Ces expériences sont réalisées dans des auto-
claves du modeéle décrit par J. WyarT et G. Sasa-
TIER (1957). Aprés stabilisation, la température est
maintenue constante pendant 24 heures. Aprés re-
froidissement, I'eau condensée peut étre prélevée. Soit :

nombre de noyaux 4’80

b = nombre total de noyaux d’oxvgéne
le titre en **O de 1'eau introduite dans 'autoclave, t
son titre aprés opération. Les valeurs de t, et t sont
mesurées par spectrographie de masse au Service des
Tsotopes stables du Centre d'Etudes Nucléaires de
Saclay [l'eau enrichie en 280 a été également préparée
dans ce Service]. La valeur t; du titre wnitial en O

du minéral est prise égale 4 0.0020. Connaissant la
composition du minéral et les masses d’eau et de mi-
néral mises en présence, il est d’autre part immédiat
de calculer to, titre d’équilibre auquel conduirait un
équilibre isotopique parfait dans le systéme eau + mi-
néral. La valeur du titre t de 'eau recueillie aprés
lopération doit donc étre comprise entre t, et t.
L’importance de la réaction d’échange isotopique entre
les deux constituants du systéme peut étre représentée
par la valeur du rapport

ot

to — te

K=

que nous appellerons tauxr d’échange. Ce taux serait
nul §’il n’y avait pas d’échange; il vaudrait 1 si 'équi-
libre isotopique complet était réalisé.

3

Echange isotopique de loxygéne entre lean et
une poudre de microcline @ 690°. Le remplissage en
eau de l'autoclave est calculé de fagon & ce que la
pression s'établisse a 400 bars. Les résultats obtenus
sont indiqués dans le tableau I. On voit que, en 24 heu-

Tableaw I.
Echantillon T T;s?ll:;l 2. TO2) £ 7ot | 4 102 R
Microcline......l 6go 400 ! 1.32 | 1.15 [ 0.86| 0.37
. sans
Granite ) fusion.| Soo soo | 1.30 | 1.17 | 0.80| 0.26
(501) :
fusion.] 800 | 1800 | 1.41 1.04 | 0.89 | 072
Controle (sans
silicate) ...... 8oo 350. I T50. [ 10

[ représente 1'échange isotopique en 24 heures; t, estle taux
isotopique en '80 de I'eau initiale, t le taux de I'eau aprés 'expé-
rience, t, le taux qu’on obtiendrait si I’échange avait été com-
plet (équilibre isotopique).
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res, le taux d’échange isotopique atteint la va-
feur 0,37. Une forte proportion des atomes d’oxygéne
dans la masse du silicate a donc été échangée, les
liaisons Si-O-Si et Al-O-Si, en forte proportion, se
sont donc temporairement brisées puis reformeées.
Pour évaluer Peffet des contaminations qu'auraient
pu introduire les diverses manipulations subies par
’eau, nous avons réalisé un essai de controle, & 800°,
avec un remplissage conduisant a une pression de
850 bars. On voit (tableau I) que la valeur t du titre
final de Peau (t= 147) différe peu du titre initial
(t, — 1,50) et que les contaminations sont négligeables
3 la précision de nos expériences.

4.  Fusion d’un granmite.

Le granite utilisé est essentiellement constitué par
du quartz, du feldspath alcalin et un peu d’amphibole
sodique. Tl est broyé en grains de 50 microns environ.

Dans une premiére expérience, le remplissage de
Iautoclave est tel que, & 800° C., la pression s’établisse
4 500 bars. Dans ces conditions, le granite ne fond
pas. Le taux de I'échange isotopique ainsi obtenu en
24 heures est de 0,26, c’est-a-dire du méme ordre de
grandeur que dans P'expérience précédente sur le mi-
cracline (§ 3).

Dans une deuxiéme expérience, le remplissage de
P"autoclave est calculé de maniére & ce que, & 800° C.,
Ja pression s'établisse & 1800 bars. Dans ces conditions,
le granite fond. On constate alors que le taux d’échan-
ge isotopique prend la valeur 0,72 (Tableau I). A
température donnée et a durée cgale, Péchange est
donc considérablement augmenté du fait de la fusion.
Tes conditions physiques de contact entre les deux
phases sont pourtant heaucoup moins favorables
lorsque le granite est sous forme de masse fondue et
non plus de grains trés fins. On peut donc conclure
que le mécanisme atomique de la fusion du granite
sous pression de vapeur d’eau, & température anor-
malement basse, fait intervenir un échange effectil
d’atomes d’oxygéne entre le silicate et Ieau.

5.

Tl est facile d’imaginer un tel mécanisme d’échan-
ge Celul qui parait le plus vraisemblable peut
étre représenté par un schéma de réactions réversibles
du type:

= §i-0—Si — -+ H,0 = — Si—O0H 4 OH—Si =

1 —

o — Si—OH + OH—Al =

— Si—0—Al — 4 H0

Dans le sens (2), 'élimination de I'eau se fait aux
dépens de l'oxygéne original du silicate ou de celut
qui avait été apporté par I'eau dans le sens (1), ce qui
constitie un mécanisme d’échange isotopique d’oxy-
géne trés efficace.

Dans le sens (1), les réactions conduisent & 'ouver-
ture des tétraédres structuraux, permettant ainsi les
réarrangements ordre-désordre des ions Al et Si, pro-
voquant la fusion & température anormalement hasse,
facilitant la recristallisation des verres.

Le mécanisme proposé attribue donc un role éga-
fement important aux ions Ht et OH—. Le compor-
tement des ions H+ pourrait étre d’ailleurs indépen-
damment étudié par des méthodes isotopiques utilisant
la radioactivité du tritium. La mise en oeuvre de ces
méthodes est cependant plus délicate.

6.

Antérieurement & notre travail, des expériences
d’échanges isotopiques dans les silicates avaient éte
réalisées par Doxtzova (1956), qui avait étudié en
particulier les échanges isotopiques avec CO,: dans
ce cas, il nous semble probable que les échanges d’ions
oxygéne entre CO, et le silicate sont limités & Ia
surface de contact, les atomes échangés pénétrant en-
suite dans I’échantillon par diffusion. Des expériences
récentes de WyrLie et Turtie (1959) ont d’ailleurs
montré qu’une forte pression de CO, sec n'abaisse pas .
(ou pratiquement pas) le point de fusion du granite
et des feldspaths, et n’exerce aucune action favorable
sur la cristallisation des verres.
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DISCUSSION

Prersivcer (Wien):

How large was the OH—-content in the crystals after the
experiment and does this content depend upon pressure?

CurieN (Paris). Answer:

Le contenu en eau des échantillons aprés les expériences

est inférienr 2 02 %. Nous n'avons pas de données sur sa
variation en fonction de Ta pression.

Rosengvist (Oslo):

As the unmolten samples in your experiment are apparen-
tly unchanged, there may be a solution and redeposition
from the gas phase. Independent of 'whether this mecha-
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nism or the mechanism suggested by you, there is a problem
of the diffusion rate and activation energy. Have you any
indications as to the actual values of these parameters?

Curien (Paris). Answer:

Nous n'avons pas, jusqu'a

maintenant, d’argument expé-

rimental définitif pour éliminer ’hypothése de V'échange par
solution et redéposition, suivies de diffusion dans I'échantillon
solide. Nous réalisons actuellement des expériences en vue
de prouver la diffusion simultanée de I'hydrogéne et de
l'oxygéne.

En vue d’obtenir des données quantitatives sur la cinétique
nous nous proposons d'étudier I’échange dans des conditions
physiques et géométriques bien définies, sur des monocristaux,
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Les cavités des feldspaths

par GEORGES A. DEICHA.
C. N. R. 8. Faculté des Sciences, Sorbonne, Paris (¥)

RESUME

Répartition, morphologie et remplissage des lacunes

de cristallisation des feldspaths, en rapport avec leur genése.

Existence et signification des figures de corrosion naturelles dans les clivages des feldspaths constituants des roches.

Comme la plupart des minéraux les feldspaths ne
sont que rarement exempts de lacunes de cristallisa-
tion. Pourtant, paradoxalement, méme lorsqu’il s’agit
d’exemplaires aussi faciles 4 étudier que les minéraux
des trop classiques fentes alpines, la présence de ces
cavités reste parfois systématiquement ignorée. Ies
descriptions par ailleurs minutieuses n’en font que ra-
rement mention. Ainsi, j'ai eu I'occasion de le signaler
Pannée derniére a la suite de la conférence rapport de
R. L. ParxEr lors de la réunion de I'l. M. A a
Zirich. Pour illustrer I'importance que peuvent pren-
dre les lacunes de cristallisation dans de tels échan-
tillons on peut prende pour exemple les “albites” dy
glacier de Tré-la-Téte (Val Montjoie, Massif du
Mont Blane, France). Le noyau initial de chaque
cristal, olt s'est en particulier effectuée I'amorce des
macles et des groupements A axes paralléles, présen-
te un aspect laiteux df 3 I'abondance des inclusions
aqueuses, alors que les régions marginales sont par-
faitement limpides, et n’offrent, presque pas de lacu-
nes de cristallisation. Le remplissage liquide de ces
cavités permet d’observer des bulles de retrait cor-
respondant 4 un degré de remplissage assez cons-
tant. De telles inclusions se prétent parfaitement a des
determinations thermométriques par la méthode de
SorBY (SMITH, 1954). Je pense que ceux qui s'inté-
tressent & l'architecture des feldspaths alpidiques se
devraient de considérer également la répartition, la
morphologie et le remplissage de telles inclusions.
J’estime en particulier que la récente étude de T, U.
Bampausr et F. Laves, sur "“adulaire” du Val Ca-
saccia (Suisse) gagnerait a étre complétée dans ce
sens. J’ai d’ailleurs présenté une observation sur ce
sujet lors de la derniére réunion de la Société alleman-
de de Minéralogie 2 Wetzlar.

Des phénomenes cristallogénétiques comparables i
ceux qui se sont produits lors de la croissance des
albites et des adulaires hydrothermales sont également
intervenus dans la genése des feldspaths d’origine
magmatique. Les beaux cristaux de “Sanidine” de

(*) Dr. G. Dercma, Maitre de Recherches, 30 rue de
Mareil, Saint-Germain-en-Laye (Seine et Oise). France.

la grande cascade du Mont-Dore (Massif Central
francais) me serviront d’exemple dans la présente
communication. Comme il s’agit d’un matériel classi-
que, il sera loisible pour chacun de développer mes
quelques observations présentes. On sait que I'altéra-
tion de la roche encaissante permet de dégager facile-
ment ces phénocristaux, de la péte, aussi est-on surpris
de constater sous le microscope qu'ils recélent encore
des reliquats magmatiques vitreux. Les cavités conte-
nant ces reliquats ne mesurent guére qu’une vingtaine
de microns; le remplissage de celles qui sont plus gran-
des est géneralment dévitrifié.

Si c'est la fraicheur du verre remplissant les lacunes
de cristallisation qui attire de prime abord l'attention,
celle-ci est ensuite fixée sur leur morphologie assez
caractéristique : elles se présentent, sous un angle d’ob-
servation convenable, avec des contours grossiérement
quadrangulaires. Les redents nombreux de ces con-
tours se rapprochent de ceux des cristaux alpins dont
il a été question plus haut. A premiére vue le contraste
est assez marqué avec les reliquats magmatiques des
quartz rhyolotiques (Dziciia, 1955). Par contre la
répartition et la fréquence sont assez semblables dans
les deux cas; on constate en particulier I'ahondance
des reliquats magmatiques dans les fantémes d’accrois-
sement. Le trouble qui caractérise ces derniers est
di, en partie, a la présence d’inclusions solides. Ces
particules minérales étrangéres sont presque toujours
imparfaitement moulées par le feldspath hote et il
subsiste, au contact, des reliquats vitreux mineurs.

La disposition de ces reliquats mineurs est particu-
licrement spectaculaire sur les éléments cristallins aci-
culaires microscopiques: on observe de fines “goutte-
lettes” de verre fixées sur les aiguilles minérales qui
les traversent parfois de part en part. Sur les éléments
solides plus gros les reliquats vitreux occupent des
positions souvent excentriques. En faisant ces obser-
vations on ne manque pas d’étre frappé du fait qu’il
existe généralement dans la sanidine des fissures liées
a la présence d’inclusions. Ce sont les éléments cris-
tallins étrangers les plus gros qui fournissent les plus
grosses fissures. Il est tentant de les interpréter par
des différences de coefficients de dilatation, voire par
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une éventuelle contraction brusque du feldspath hote
au cours du refroidissement. Cette derniére possibilité
est encore étayée par le comportement des reliquats
magmatiques vitreux: ceux-ci présentent tous une
bulle trés nette et relativement développée et pourtant
presque tous sont auréolés par une fissure du minéral
hote. Ce phénomeéne est peut-étre en relation avec des
transformations structurales au sein du feldspath, on
sait que la transformation @ — B du quartz donne lieu
4 des phénoménes semblades (BarRraBE et DEICHA,
1956).

Dans la sanidine du Mont-Dore il existe, & coté des

reliquats magmatiques primaires, des inclusions vi-.

treuses secondaires. La relation entre ces deux types
de cavités est souvent évidente: le magma des reliquats
originels s'injectant partiellement dans les fissures y
détermine des figures de corrosion, plus ou moins
parfaitement isolées les unes des autres par des recris-
tallisations. C'est d’ailleurs cette injection qui expli-
que le développment insolite de la bulle dans la
lacune de cristallisation maitresse.

Si dans les deux exemples précédents les inclusions
secondaires ne jouent qu'on role subordonné, il n’en
est plus de méme des feldspaths des roches plutoni-
ques et métamorphiques. Dans les granites et les
gneiss en particulier il n’est pas rare que le nombre
de ces cavités doive se chiffrer en dizaines, voire en
centaines de milliers au mm?®. Leur présence avait été
explicitement niée par certains pétrographes sur la
foi d’études de lames minces ordinaires. Dans ces pré-
parations microscopiques classiques il est en effet
souvent vain de vouloir observer des cavités ayant
gardé leur remplissage fluide originel alors que
celui-ci est souvent inmédiatement trahi par le mouve-
ment brownien de ses bulles, lorsque I'observation se

fait dans une esquille n'ayant subi aucun traifement
thermique et un minimum d’actions mécaniques.

Faute de temps je me m’attarderai pas sur ce der-
nier et plus impoertant type d’inclusions. Pour autant
cependant que U'étude des feldspaths doive servir a
une meilleure connaissance de lhistoire naturelle des
roches cristallines, il serait téméraire d’ignorer que
bien souvent aucunme portion de ces minéraux essen-
tiels ne s’est trouvée a plus de quelques dizaines de
microns de solutions agueuses ayant imbibé la roche.
11 serait vain de tirer des conclusions pétrogénétiques
de la considération des structures cristallines en négli-
geant les observations microscopiques fines. Ces re-
cherches aux forts grossissements constituent précisé-
ment le pont entre les technigues roentgenographiques
et 'étude pétrographique telle gu'elle se pratique au
microscope polarisant depuis un siécle.
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DISCUSSION.

Wyart (Paris) :

11 serait intéressant de connaitre la composition chimique
des inclusions liguides dans les différents feldspaths. — Cela
fournirait des renseignements précieux pour la compréhen-
sion de leur gendse. — A-t-on des renseignements précis
i ce sujet?

Dricua (Paris). Answer:

I/importante question posée par mon Maitre, M. J. WYART
me donne Poccasion de citer ici, en premier lieu la thése
fondamentale soutenue ici méme A Copenhague, il y aura
bientét 20 ans, par un confrére danois, F. TasEr (1941):
«On the salt solutions in microscopic cavities in granites.
Danmarks geologiske Undersogelse. II, Roekke 67. A coté
de cet ouvrage j’ai donné, a 1a suite de la communication
No. 1 'de la section 1 du présent Congrés géologique, une
courte bibliographie. Parmi les recherches de plus en plus

nombreuses portant sur l'analyse chimique des fluides inclus,
on peut distinguer deux groupes de travaux: ceux qui portent
sur des gquantités importantes de matiére (parfois plusieurs
kilogrammes) et ceux qui ne concernent que de petits grou-
pes d'inclusions microscopiques, voire méme des inclusions
isolées. Ces derniéres recherches offrent de grandes perspec-
tives: ainsi la méthode simple pour Tidentification et Ie
dosage approximatif du CO: libre vient de faire T'objet
d’'une communication de J. RasumMny au présent Congrés
géologique; cette communication a dailleurs été illustrée
par la projection d'un film réalisé grice a J. PAINLEVE.
I1 faut espérer que les moyens matériels mis a la disposition
de telles études seront renforcés. Il suffira de lire les commu-
nications présentées au Congrés géologique en collaboration
avec P. CorroMB (section 14) et D. BouLANGER (section 17)
pour voir la portée des résultats que des techniques micro-
chimiques modernes pourraient fournir. A la suite de ces
communications et de celles de mes confréres F. RoEDDER
(section 16) et N. Ermaxrov (section 17), nous avons décidé
la formation d'une association pour Pétude des inclusions
fluides. T.e developpement des méthodes d’analyse en est l'an
des buts.
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ABSTRACT
| )
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A mnew structural study of orthoclase has confirmed that this feldspar shows a partially ordered Si, Al distribution.
No final decision is reacned on the true symmetry of orthoclase — whether monoclinic or an intimate intergrowth of tri-
clinic units, but any departure from monoclinic symmetry is probably very small. The details of the structure are discus-
sed in relation to those of sanidine and microcline, with special reference to the configuration of the tetrahedral groups, the
environment of the potassium atom, and the application of the charge-balance hypothesis concerning the stability of the alkali

feldspars.

This paper is an account of a redetermination of the
structure of orthoclase by very careful two-dimensio-
nal work. The unfortunate clash of this meeting with
the congress of the International Union of Crystal-
lography in Cambridge has prevented Dr. Tavror
from coming himself, and Dr. JoNEs is in Australia.
Obviously T cannot speak with the same authority
about the work, but I will do what I can.

The material is the same SpeNcEr C which was
previously studied by Cmao, HARGREAVES and

Tavror (1940). Photographs about the [100],

[010], [001] and [110] axes were used (many -of
them taken by Prof. J. V. SmitH). Intensities were
measured visually; careful corrections were made for
absorption and extinction. Refinement was done by
Fourier methods, using difference maps. The final
R-factor was 7.2 %.

Very careful attention was paid to the question of
whether the symmetry might be truly triclinic, but no
evidence for this was found, either in the cell dimen-

Table T.
(a) INTERATOMIC DISTANCES IN A.

Sin—0OA; 1.651 Si.— 0A. 1639 K—0A, 2898
OB 1.650 OB 1624 0OA: 2.698
OC 1.654 Oc - 1sad OB  3.029
OD 1.651 0D 1633 OE 5155

_ eD 3111
Mean 1.652 Mean 1.633
Tetrahedron 1 Tetrahedron 2
OA —OB 2.639 2.674
0OA—0C 2.781 2.588
OA —0OD 2.645 2.661
OB-<=0C 2710 2.690
OB — OD 2.726 2.689
oC—0b 2.692 2.690

(b) INTERATOMIC ANGLES.

Si: Si2
OA —Si— OB 106° 6’ 1109 7
OA —S5i—0C 114° 38’ 104° 32’ Si—O0A, — Siy 144 12¢
OA — 51— 0D 106° 9’ 1082 43’ Si:— OA. — Si. 1382 50’
OB —Si—0C 11025127 1112 207 Sii— OB — Si. Do 3% 8y
OB —5i— 0D 1100510+ LI B Si: — OC — Sie 130% 54°
OC—8i— 0D 108° 45’ 110° 497 Sii— OD — Si, 141° 44’
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very weak streaks, much weaker than the weakest
intensities ; they were ignored. There was no reason
for handling the work with any other symmetry than
the conventional space group CZ/m.

The bond lengths and bond angles are given in
Table I. Notice the difference in size hetween the
two tetrahedra. It is important to know if it is real.
Calculation of the standard deviation by the method
of Lipson and Cochran, depending on the evaluation
of the background over the whole area of the map,
gave a value of 0.014 A for the S. D. of a bond. This
would not class the difference as significant. But
there are several reasons for considering this unduly
pessimistic. (1) Inclusion of the background close to
the atoms tends to an overestimate. (2) In fact the
difference between the tetrahedral means remained
constant during refinement, while the scatter of indi-
vidual values was decreasing. (3) Comparison of the
structure, bond by bond, with sanidine shows all the
details faithfully reproduced, including the irregula-
rities of the tetrahedra. (4) Estimation of the S. D.
from the scatter of bonds within the tetrahedra gives
a much smaller value, about 0.0014 A.

Hence it seems clear that the “Si,” positions are
more Al-rich than the “Si,” positions. I come back
to this point later.

The point about the irregularity of the tetrahedra
is worth noting. It has generally been assumed that
Si tetrahedra are regular or, if irregular, that the
differences are small and random. But here are some
very large differences. Notice in particular the bond
OA-OC, where the difference is 0.2 A. A similar
difference is found in microcline, sanidine and even
celsian, as shown in Table II. The effect in celsian
(where one of the long edges is in a tetrahedron predo-
minantly Si, the other predominantly Al) shows that

Table I1.

.
OA—OCBOND LENGTHSIN A
N Difference

tetrakedron I\tetrahedron 2
Orthoclase.... .... 2.781 2.588 0.193
2.744 2.552 0.1g2
Microclifie ..o ve s =i
2.834 2.577 0.257
Sanidinesi.veveivs 2.743 2.600 0.143
B, (0), B, (z) 2.786 2.638 0.148
Celsian
By (0), By (z)]  2.011 2.554 0.357

it does not depend on the Si/Al distribution, but must
be due to the general balance of forces in the feldspar
structure between the tetrahedral cation and O on the
one hand, the large cation and O on the other.

The next point concerns the temperature factors
(Table I1I). Those for Si/Al and O would not be

considered abnormal for a structure with site disorder ;
they are evactly the same as those for the average
structure in celsian. But the K atom needs further
consideration. It had an average temperature factor
of 1.4, intermediate between sanidine and microcline,
but difference maps showed that it was anisotropic,
with the shortest axis along a*. Re-examination of
sanidine and microcline showed that there too the
atom was anisotropic in the same way. The actual
values of the anisotropy were not measured.

The peak heights at ‘Si’ differed for ‘Si,” and ‘Siy’,
which had values of 51.2 and 54.1 eA—2 respectively,
the difference being more than three times the S. D,
which is 0.6 eA—2.  This difference was unexpectedly
large. Again the data for sanidine and microcline
were re-examined, and it was seen that in sanidine
the difference is zero and in microcline it is like that
in orthoclase, but not quite self-consistent, suggesting
the need of further study before conclusions can be
drawn.

Coming back to the very important question of
Si/Al distribution, and using SMITH’s end-values for

Table 111,
“TEMPERATURE” FACTORS.
(T) Isotropic walues of B (A?):
Orthoclase Microcline Sanidine
K 14 1.0 1.9
Si/Al 0.6 Bragg and West ]
(8] 1.2 curves used
(I1) Anisotropy of K in orthoclase:
, =10 A along a*
B, =18 along b
B, =15 along c

Si and Al, we find for 'Siy” and ‘Si,’ contents of 0.30
Al and 0.19 Al respectively, as compared with the
predictions of FErGusoN, TRAILL and TAvLOR (1959)
of 0.36 Al 0.14 Al for the material which they call
‘ideal orthoclase’, but which I should prefer to dis-
tinguish by some other name —perhaps ‘optimum or-
thoclase’— keeping the adjective ‘ideal’ for what is
ideal geometrically rather than electrostatically or ther-
modynamically. Geometrically ideal orthoclase would
have 0.50 Al and 0,00 Al; the observed values for
sanidine are 0.25 Al, 0.25 Al, and for microcline 0.25,
0.56 Al in *Si,” (0) and *Si,’ (m), 0.07 and 0.08 Al
in *Si;’ (0) and ‘Si;’ (m) respectively.

The deviations from charge balance are as follows:

Microcline ... 0.32
SOTHAMIE. e i Sl S Al S 079
Orthoclase studied here ... ... ... 0.10

Optimum orthoclase
(F'. T. T’ ‘ideal orthoclase’) ... 0
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An interesting point arises if we consider the length
of the K-O bonds. If we average the (0) and (m)
atoms of microcline, to make the structures compara-
ble, we find that from sanidine to microcline the
increase in the Al content of the ‘Siy’ site is accompa-
nied by a decrease in the length of K-OA, (OA being
linked to *Siy’) and an increase in the length of K-OA,
(OA: being linked to the Si-rich ‘Si,’). This implies
an increasing strength of K-OA, as Biy-0OA,
weakens, with the converse effect for K-OA,. The
change in K-OA, is the greater of the two, which may
perhaps be attributed to the fact that OA, has only
one K neighbour and so the whole difference has to
be borne by one bond, while for OA, it is shared
hetween two.

One final very interesting point may be mentioned.
On the final difference maps, near many of the atoms,
there were regions with crosses or quatrefoils of posi-
tive and negative regions, corresponding to small
clongations of Fourier peaks, probably too small to
be noticed on the F map.

These did not seem to be due to absorption errors,
and they could not be cured by assigning anisotropic
temperature factors. On the other hand they were
wiped out in the [010] projection by abolishing the
plane of symmetry and allowing the two superposed
atoms to move separately, and in the other two projec-
tions by abolishing the diad axis. But it did not seem
reasonable to have atoms with triclinic symmetry in
a monoclinic cell. In any case, the removal of the
symmetry was not the only way to effect this cure;
any model which gave two half atoms for every pre-
viously single atom would do it. It seems more rea-
sonable to assume that what we see is an average

structure. What is the ordered structure from which
it is derived by the averaging process is an interesting
question which cannot yet be answered.

One obvious thing to try was to take an average
of two microcline unit cells in twin orientation: but
no way could be found of getting the atomic positions
to fit the crosses. Another is to suppose that the
true cell is doubled, and there are antiphase domains
small enough to wipe out the extra reflections by the
effect of diffraction broadening; this could well
happen if the true ordered structure were like that of
celsian, where the difference reflections are extremely
weak to start with. This remains a possibility, but
there is no definite evidence for it.

I will quote Dr. TAYLOR’s concluding paragraph:

“We finally conclude that our analysis falls short
of the accuracy and resolution which migh permit a
definite decision on the nature of the presumed
‘average’ or disordered structure represented by the
orthoclase parameters [found in this work]. Such
evidence as we have inclines us to the view that an
attempt to discuss our orthoclase structure as though
it were made up from multiply-twinned units with
a well-defined microcline structure is unlikely to be
physically realistic, but it leaves unsettled the possi-
bility that orthoclase represents a faulted 14 A
structure”.
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DISCUSSION

Laves (Zurich):

The point should be stressed that the data given for «micro-
cliney are those of ome intermediate specimen of the conti-
nuous sanidine-microcline series.

Mecaw (Cambridge), answer :

The microcline mentioned here is that studied by Bailey
and Taylor, which is now known not to be a maximum mi-
crocline. I believe that there is work in progress on a ma-
ximun microcline by Prof. Bailey at "Wisconsin University.
Dr. Taylor would also wish me to stress that the structural
work _on orthoclase reported here is on one particular mate-
rial, Spencer’s IC, and that it cannot be assumed automatically
that the results apply also to other orthoclases.

Laves (Zurich) and Gorpsmitre (Chicago), written
comment:

As it 'was shown by us (see our paper on «Polymorphism,
order, disorder, diffusion and confusion in the feldsparsy, this
volume), all evidence points to the fact that the sanidine-
microcline transformation passes through states which are
composed of submicroscopically twinned domains which are

triclinic due to an Al/Si-order incompatible with monoclinic
symmetry. On the other hand, it is known that the lattice
geometry of small feldspar domains can be strongly modified
by their environment. Thus, an average monoclinic symme-
try produced by fine scale twinning of the microcline cross-
hatched type may well conceal  the triclinic lattice geometry,
which the small twinned domains would have if they could
be investigated as separate units. Thus Dr. Tavror’s final
conclusion, that such a model «is unlikely to be physically
realistics appears rather questionable. It may be pointed
out that a conventional structure determination cannot give an
unequivocal answer to the problem for the following reason:
All the hkl (k£ 0) intensities measured and treated as mo-
noclinic ones may actually be the sum of hkl and hEl inten-
sities of finely twinned triclinic material, which coincide on
the film. To use the average of two different intensities for
a structure determination as if it were representative of one
intensity, must lead to wrong results as a matter of principle.
A similar mistake would be made if one would try to deter-
mine the structure of low-quartz using the intensities of a
sample finely twinned after the Dauphiné-law.

In the paper by Jonks and Tavror it is stated that the
material used showed weak streaks. Thus it seems probable
that these streaks are of the kind which Laves (J. Geology
58 [1950] 567) showed to be indicative of the existence of
finely twinned domaing of microcline character. As a matter
of principle, any structure determination using such twinned
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material without discussing the hkl/hkl-intensity ratio of the

measured hkl intensities cannot represent the true atomic

structure, but only an <average» structure. How nearly the
true structure can be approached by such a procedure de-
pends on the size of the domains and on their deviation from
monoclinic symmetry as far as the Al/Si distribution is
concerned, ;

In her remarks to our paper (this volume, p. 79) Dr. Mz-
GAW states that her experiences with celsian appear to make
it justifiable to ignore the «weaks streaks, as their inclusion
in constructing the electron density maps would not bring
about any modification of the results. We agree with
Dr. Megaw that the infensity of the weak streaks may be
ignored but not their existence, i.e. it is not a question of
ignoring some few weak intensities, but of misusing all the
intensities hkl with k=£0. For further discussion of the
problems here involved, sce the paper by Laves and Goip-
sMITH (Polymorphism, order, disorder, diffusion and confu-
sion in the feldspars, this volume p. 71).

Mgzcaw (Cambridge), reply:

Refinement of a structure by successive approximations,
in which average intensities or average coordinates are used
in the early stages, is not «wrong... as a matter of principley
but a recognized, tried, and useful method, if used properly.
It is not the method, but the experimental accuracy of the
measured intensities, which sets limits to the accuracy of
the final structure. Neither does the final accuracy depend
on the domain size or the AIl/Si distribution. I think it
might be possible, with proper care, to determine the struc-
ture of low-quartz from a twinned specimen.

If, for Seexcer C orthoclase, the best available approxi-
mation to the structure does not show any experimental evi-
dence of difference from a monoclinic structure but does
show differences from any combination hitherto tried of su-
perpositions of known microcline twins, how can it legitima-
tely be said that #his <evidence points to the fact thats
SPENCER C orthoclase is «composed of submicroscopically
twinned domains which are triclinicy ?
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ABSTRAT (#*)

New relationships among the alkali feldspars have been proposed by FERcUsoN. Trainy and Tavior (Acta Crystal-
lographica, 1958, 11, 331) to account for the observed ALS; distributions in the two low-temperature feldspars whose
structures have been refined, low albite and intermediate microcline. Consideration of these structures and those of the
two high-temperature forms which have also been refined, high albite and sanidine, leads to the conclusion that the
atoms in these minerals behave as ions, and that the most stable low-temperature alkali feldspars are in general, those
that have the most satisfactory electrostatic charge balances. For slowly cooled pure Na and pure K feldspars respec-
tively, these prove to be largely (but not fully) ordered low albite (triclinic) and slightly ordered orthoclase (monocli-
nic). On this view, the AI-Si ions which are disordered in the high-temperature forms presumably because of thermal
motion, migrate in such a way as to offset the charges given to certain oxygen ions by the Na* or K+ ions.

When appreciable amounts of hoth Na and K are present in a slowly cooling alkali feldspar, microcline is thought,
from the following considerations, to result. Crystal-chemical considerations, heating experiments by E. SpeNcir on
microperthites, and recent alkali-ion exchange experiments on alkali feldspars all suggest that, in a cooling alkali feld-
spar, Al-Si migration (ordering) will take place at a much higher temperature than K-Na segregation (perthitization).
Since the Al-Si ions migrate in a manner that is determined by the type of alkali ion present and since the alkali ions
will likely be disordered at the high temperatures at which the AI-Si ions migrate, the resultant Al-Si framework will
reflect the K:Na ratio at the high temperatures: for predominant K it will be similar to slightly ordered monoclinic
orthoclase, and for predominant Na it will be similar to largely ordered triclinic low albite, If sufficient Na is
present, the framework will have a triclinic A1-Si distribution, and when K-Na segregation takes place at some lower
temperature, triclinic microcline with an appreciable charge unbalance will result. Thus this theory indicates that there
is a series of low-temperature K feldspars, varying from slightly ordered orthoclase formed in the presence of little
or no Na, through intermediate microcline, to largely ordered maximum microcline formed in the presence of consi
derable excess of Na over K. This origin for microcline accounts in a guantitative way for the AI-Si distribution
found by Bariey and Tavror (Acta Crystallographica, 1955, 8, 621) for an intermediate microcline, and it suggests
that the monoclinic-to-triclinic change in low-temperature K feldspars occurs at an original alkali feldspar compo-
sition of about 20 % NaAlSi;O. Since some petrologists have concluded that the process of K-Na segregation may
extend beyond the perthite stage to give a fairly pure K feldspar and a high Na plagioclase exinting side-by-side in
the rock, no correlation is to he expected for at least some orthoclases and microclines between their monoclinic or
triclinic character and the Na-content of the actual specimen. ‘These relationships are much different from those proposed
by Gorpsmrrr and Laves who assume that the most stable low-temperature alkali feldspars are those most fully ordered
with respect to Al-Si.  Some of the many implications of the present theory will be discussed. (Appears as «The low
temperature phases of the alkali feldspars and their origin® in Canadian Mineralogist, 1960.)

(*) As the speaker was not able to attend the meeting the paper was read by tittle only.
(*¥) Reprinted from the program, distributed in Copenhagen, August 1960, as no manuscript ‘was received.



Instituto «Lucas Malladas, C. S. 1. C. (Espafa).
CURSILLOS Y CONFERENCIAS. Fasc. VIII, pp. 39-52, septiembre 1961,

Atomic, chemical and physical factors that control the stability
of alkali feldspars

by J. V. Surrm (2).

Department of Mineralogy, Pentisylvania State University,

University Park, Pennsylvania, U. S, A

and W. S. MacKenzrs.
Department of Geology, University of Manchester, Manchester, England.

ABSTRACT

At constant temperature, pressure and composition the
(G) is a minimum. In the expression G = U + PV — T§,
temperature. The internal energy () of the ordered phase can
gement will lead to juxtapositions of Al atoms that unbalance the
dered form will have the highest entropy because of the contribution from ti
Si, Al arrangements and the extra vibrational modes of the lattices. At I
be the ordered one, while at high temperatures the stable state may or
whether the difference between the internal energies is less than the en
of Al:Si the internal energies of the extreme states should b i

of Al atoms in the disordered state. In celsian and anorthite the internal energies should differ considerably hecause

disordered state. This qualitative argument agrees ‘with the

The relative importance of local order (3), distant order and twin
inning is an ordering mistake repeated consistentl
order which occurs randomly. In maximum microcline there probably is
only at albite and pericline twin boundaries. Intermediate microclines o
reflections. For the latter there is probably partial distant order aver 1
daries. For the former, two extremes are possible: close twin houndar
remote twin boundaries with variable order in each domain.

Solid solution between Na and K jons wwill probably lead to
and disordered phases, resulting in disorder occurring at lower temperatures for
amounts of divalent jons should play important roles in ordering of alkali

cline is discussed.

of Si:Al ratio will disturb the ordering sequence.

INTRODUCTION

In this paper, and the following one “Structural
variations in alkali feldspars” by MacKenzIE and
SMITH, thermodynamic, crystal-structural, controlled-
synthesis and petrologic considerations are reviewed
and integrated with the aim of producing a phase
diagram for the alkali feldspars. In addition, kinetic
factors are evaluated so that an interpretation can he
given of the common growth and persistence of me-
tastable varieties. The thermodynamic and crystal-
structural approaches will be adopted in this paper,
with particular emphasis on the details of Al-Si disor-

(1) Contribution Number 60-10, College of Mineral In-
dustries, Penn. State Univ. ;

(2) Now at Department of Geology, University of Chica-
go, Chicago, Illinois.

(3 In accordance with the suggestion of Dr. H. D. Mx-
caw, the terms local and distant order have been used here
in preference to the descriptions short-range and long-range
order used verbally at the Copenhagen symposium.

most stable form will be that in ‘which the GiBBs free energy
U will predominate at low temperatures and TS at high

ionic forces (Pauring's second rule). The disor-
1e permutations of the different possible
0w temperatures the most stable state will
may not he the disordered state depending on
tropy term. In alkali feldspar with a 1:3 ratio
e fairly similar because there will be few juxtapositions

Ii feldspar at high temperature, anorthite

boundaries in governing the nature of micro-
y along the twin boundary in contrast to dis-
complete distant order with ordering mistakes
ccur either with diffuse or fairly sharp X-ray
arge domains that are separated by twin boun-
ies with complete order in each domain: and

an extra difference in the free energy of the ordered
intermediate compositions. Small
feldspars, because the consequent change

I : Consequently authigenic microcline should be able to form at a
higher temperature than its igneous equivalent which will contain Am and Ab in solid s

olution,

der and the consequent effects on the thermodynamic
funtions. In the second paper, which should be read
in sequence, data obtained from controlled-synthesis
experiments and from petrologic investigations are
considered, and a final conclusion reached on the basis
of all four types of evidence.

Primarily these two papers are review articles
based on the cumulated publications of many workers,
but for brevity, no attempt has been made to trace in
detail the development of ideas from the simple
beginnings to the present, more sophisticated states.
Some further extensions, not hitherto published, are
given: the more important of these involve the possi-
ble effects of local order, and the nature of the truly
stable phase diagram. In writing these articles, con-
siderable help has been gained from informal dis-
cussions with workers at Cambridge, Ziirich and
Chicago, to whom we wish to acknowledge our
thanks,
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GENERAL THERMODYNAMIC
CONSIDERATIONS

At constant temperature, pressure and composi-
tion, the truly stable form will have the minimum
Gibbs free energy (G). The presence of the PV term
in the expression G=TU -+ PV—TS will favour
the stability of the denser, ordered form with respect
to the disordered forms when the pressure is increa-
sed: this effect will be small because of the close
similarity of the volumes. The internal energy ()
of the ordered form of feldspar can be expected to
be lower than that for the Si-Al disordered equiva-
lents, because only one arrangement can have the
Jowest internal energy, and this arrangement will be
repeated to give the ordered structure. Consequently
at absolute zero, where the entropy term, TS, disap-
pears, the most stable form will be ordered. Disor-
dered forms will have higher entropies than the
ordered form because of the contributions from the
permutations of the different possible Si-Al arrange-
ments and from the extra vibrational modes of the
lattice. Consequently the TS term in the above equa-
tion will increasingly favour the stability of the disor-
dered form as the temperature is raised. Working
in the opposite direction will be the U term, hecause
the disordered form can be expected to have a higher
internal energy than the ordered form, as a result of
the disturhance of the chemical forces produced by
disorder. Consequently, the high-temperature form
may or may not he disordered depending on whether
AU is greater or less than TA S, Unfortunately in
the present rudimentary state of knowledee of che-
mical forces in crystals, it is not possible to make
quantitative calculations of either U or S, and qualita-
tive arguments must be used.

Sybstitutional disorder of K and Na should lead
to relatively small changes of U between the ordered
and disordered forms because the Na-O and K-O
polyhedra are large and often irregular. Thus disor-
der should be attained at relatively low temperatures.
Positional disorder of Si and Al should have much
larger effects on U hecause of the high strencth of
the bonds and the large percentage change of bond
length and ionic charge. This difference in U should
grow rapidly as the Al/Si ratio increases up to unity
because of the larger number of oxygen atoms joined
to two aluminiums. The experimental observations
that AI-Si disordered forms of KAISi;O. and
NaAlSi:O: exist in the solid state while anorthite,
CaAlSi,Os, is certainly ordered up to 1400°C., and
possibly up to the melting point, are consistent with
this idea.

So far substitutiona! disorder of Na-K and positio-
nal disorder of Si-Al have been treated as separate
phenomena, but in all alkali feldspars except the very
pure, authigenic specimens they will occur together.
It is expected that the two types of disorder will

cooperate so that at any particular temperature Al-Si
disorder will be achieved more easily in mixed Na-K
specimens than in the pure end menbers. Two fac-
tors should bring about this result: first there will be
contributions to the entropy term from both the Na-K
and Si-Al disorders, and secondly the difference in
the U terms of the Si-Al ordered and disordered
forms of a particular Na-K mixed feldspar should be
less than for the equivalent endmembers because irre-
gularities in the chemical forces caused by one form
of disorder should promote irregularities in the pat-
tern of the other atoms. This argument is consistent
with the ohservation that microcline-low albite per-
thites are harder to homogenize than sanidine-anor-
thoclase perthites (TUTTLE and BoweN, 1938) (4),
and with the evidence that the two phases of the na-
tural sanidine, orthoclase and microcline series of
perthites approach progressively, on the average, the
compositions of the pure end-members.

CRYSTAL-STRUCTURE DATA
AND RELATED OBSERVATIONS

At the time of writing, the following structural
determinations have been completed : high-sanidine by
Core, S6rum and Kexnarp (1949), an intermediate
microcline by BatLEY and Tavror (1955), high albite
and low albite by Fercuson, Trarr and Tavrior
(1958). Data for orthoclase will be presented at this
symposium by Jones and Tavror. All these struc-
tures have been determined at room temperature and
atmospheric pressure and it should be borne in mind
that, while the Al-Si distribution will be unaffected
by quenching, the details of the atomic positions and
vibrations, especially for Na and K atoms, will vary
considerably with temperature: for example, the cell
angles of high albite change by several degrees when
heated up to its melting point. Probably the major
change will be increased vibration of the Na and K
atoms, especially for the former, with vibration be-
coming more isotropic than that found by FERGUSON
et al. in the room-temperature determinations.

The diffraction studies give evidence on the distant
order of Si-Al (but not on the local order), and the

(4) Since this was written, Prof. F. T,avés has described
to the writers, experiments in which he and Prof. J. R. Gorp-
sMITH found easy homogenization of microcline-low albite
perthites. Tf a single crystal of microcline with a hand of
perthitic vein alhite which originally shows clear domains of
albite twin relations is heated, the following can be observed:
those albite domains of which the Al/Si-distribution is in
phase with one of the microcline single crystal orientation
vanish. The other set homogenizes too but stays visible as
a row of separate microcline domains with extinction angles
symmetrical to the other set which became indistinguishable
from the remaining microcline single crystal due to the ho-
mogenization process. Consequently there is some doubt as
to the significance of the interpretation here proposed by the
writers.
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relative occupancy of any site is based on the measu-
red Si, Al-O distances and their interpretation in terms
of a linear relation between standard values for Si-O
and Al-O. Recently SmitH (to be published) on the
basis of much better data has revised standard values
from Si-O 1.60 =+ 0.0l and AI-O 1.78 & 0.02 (SmrrH,
1954) to 1.603 == 0.003 and 1.77 == 0.01. Measure-
ments on high sanidine and intermediate microcline
were made by very accurate three-dimensional syn-
theses with ¢ (Si-O) = 0.008 A while the others were
made by less accurate two-dimensional syntheses with
o (Si-O) = 0.02A. Averaging of the four Si-O
values for each tetrahedron reduces the error of the
mean by about one-half. Because of the possibility
that mean Si, AI-O values do not depend solely on
the Si, Al ratio, it is not possible to calculate the pre-
cision of an estimate of Si, Al content from the obser-
ved Si, AlI-O distances. However, the consistency
of the values of Si, Al-O for the different tetrahedra
in the disordered structures suggests that this uncer-
tainty is not more than the equivalent of 0.005 A. Con-
sequently it is suggested that estimates of S1, Al content
for the 3D determinations are accurate to 0.05 and
for the 2D determinations to 0.09. The former one
will be too pessimistic if Si, Al-O values depend only
on Si, Al ratio, while the latter will be too optimistic
if overlapping of peaks in projections causes syste-
matic errors.

High sanidine and high albite gave distances con-
sistent with complete distant disorder. The inter-
mediate microcline gave values indicating Al contents
of 0.25, 0.58, 0.05 and 0.07 (total 0.95) in the four
independent tetrahedra, whereas low albite gave
—0.08, 0.83, 0.08 and 0.20 (total 1.03). FEagerly
awaited are determinations of maximum microcline
by Bamey and a more accurate three-dimensional
refinement of low-albite by FERGUSON.

Additional evidence.on Si, Al ordering has heen
obtained from infra-red absorption patterns (LAVES
and Harner, 1956: HarFNER and Laves, 1957), nu-
clear magnetic resonance (Brun, HAFNER, HARTMANN,
Laves and Staug, 1960) and in a rather less direct
manner from optic axial angle measurements (SPEN-
CER, 1937; Turrie, 1952 a, etc.), and studies of cell
dimensions and powder patterns (MacKenzie, 1952:
etc.).

Si-Al ORDER IN K-FELDSPAR.

From these measurements it seems reasonable to
deduce that maximum microcline, as defined by
MacKexnzie (1954), is more ordered than BArLEY’s
intermediate microcline, and indeed may be completely
ordered. Scattered reports of isomicrocline and iso-
orthoclase (BartH, 1933; Tsusor, 1936; Kazaxov,
1956) with optic axial angles even more extreme than
maximum microcline require confirmation by other
techniques before thay can be accepted. Such a con-

firmation would probably require a redefinition ot
maximum microcline, but because of the difficulty of
measuring optic axial angles of microcline, and the
possibility of unusual chemical compositions, there
is no need at the present time to believe that the present
maximum microcline is not the most ordered form of
K-feldspar.

Harner and Laves (1957), followed by BArRTH
(1959), have suggested that there are different ways
of passing from high sanidine to maximum microcline,
ranging between the extremes of (a) a one-step pro-
cess in which three of the tetrahedra lose their Al
atoms at an equal rate to the other tetrahedron, and
(b) a two-stage process in which two of the tetrahedra
lose .their Al equally to the other two which gain
equally, followed by loss of all the Al from one of
the latter two tetrahedra to the other one. LAVEs
(1960) has amplified these views and extended them
to albite (5). The present authors agree with this
theory of multiple paths, and indeed had a paper on
this subject in preparation at the time of publication
of the Harner and Laves paper. From this unpu-
blished paper, some optical evidence that supports the
theory will be quoted.

In the one-step process, the feldspar becomes tri-
clinic as soon as any ordering occurs, whereas in the
second one, the feldspar remains monoclinic through-
out the first stage and only goes triclinic during the
second step. There is good reason to helieve that
the optic axial angle (2V) is a function, not necessa-
rily linear, of the development of order, while the
rotation of the optic axial plane from the positions
with monoclinic symmetry is a measure of the un-
balance of order hetween the pairs of tetrahedra rela-
ted by symmetry in the monoclinic feldspars. If this
is correct, all specimens should give optic properties
lying between the “triangle” formed by the extreme
values for high-sanidine, maximum microcline and
the intermediate product of the two-step trend. This
is shown schematically in Fig. 1.

Tgneous specimens give optic nroperties that lie on
a two-stage trend (SpENCER, 1937: Turrre, 1952 a,
etc.) with these lying between high sanidine and ortho-
clase having monoclinic symmetry and those from
arthoclase to maximum microcline triclinic geometry.
From this, orthoclase is deduced to be the intermediate
product of the two-stage process. (Most of these
feldspars contain considerable sodium in substitutional
disorder but this does not invalidate the deduction).

(5) McConneLL and McKie (1960) have shown from an
analysis of the synthesis data on albite obtained by Mac-
Kenzig (1957) that the activation energy of the formation
of intermediate albites from high albite depends on tempe-
rature. McKig (personal comunication) pointed out to us
that he and McCoNNELL though that this could he explained
by a change in the coordination of the sodium atom. He
agreed twith us that it could also be explained by a two-stage
Al-Si ordering process and that it 'was possible that both
processes might occur together.
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K-feldspars with the adularia habit, obtained charac-
teristically from low-temperature environments, give

i igneous

specimens

orthoclase

Vo
low [

sanidine 4

ﬁ#arias

microcline
heated at |O075°C,

intermadiate
\ microciine

_mah,
microcline

high ;
sanidine ©

Fig. 1—Schematic diagram showing different paths bet-
ween the three extreme varieties of K-feldspar; high sani-
dine, orthoclase and maximum microcline. See text for de-
tailed explanation. This diagram is similar to Fig. 2 of
Barra (1959), but the present authors, in agreement with
Harner and Laves (1957), believe that orthoclase does not
have the extreme values of Al/Al + Si for the four tetra-
hedra, 0.5, 0.5, 0.0 and 0.0, listed in Barre’s Fig. 2.

optic properties lying in-between the three end-mem-
bers (Crarsson, 1950) and it is reasonable to suppose

r
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Fig. 2—Suggested variations of Al-Si order in K-feldspars.
stage trend for specimens cooled down in igneous rocks,

microcline to high sanidine at 1075°C. The distant order function (8) is defined as

tant order, A1/Al 4 8i, in the four different types of tetrahedra,

that they crystallized as sanidine and took a variety
of paths to maximum microcline, with the majority
left in intermediate states (Fig. 1). Upon heating at
1075°C, microcline transforms directly to high sanidine,
giving optical properties consistent with the one-step
trend (MAcKENzIE, 1953, und unpublished).

In Fig. 2 are shown possible variations of the Al-
content in the four tetrahedra that are consistent with
these optical observations. Tetrahedra a; and a., b,
and b are respectively related by monoclinic or pseudo-
monoclinic symmetry. In the two-stage trend Fig.
Za), a; and a» lose Al to by and b. as the feldspar
changes from high sanidine through low sanidine to
orthoclase. After this b, begins to lose Al as the
feldspar passes through intermediate microcline to ma-
ximum microcline. The curves are adjusted to pass
through the values given by BarLey and Tavror for
their particular intermediate microcline. Orthoclase
has been assumed to have about 0.15 Al and 0.35 Al
in the two independent types of tetrahedra, but so-
mewhat different values would be possible (6). Tn
Fig. 2 b, the variation of order for maximum micro-
cline heated at 1075°C. is shown, and in the ahsence

(6) Jowes and Tavror found values of Si, Al-O 1.652 and
1.633 A for the two independent tetrahedra which correspond
to Al values of 0.29 and 0.18.

maximum high
microcling sanidine

1o

b|~ a~ a,

o o8 o6 04 o2 oo
long range Si— Al order(s)

Diagram (a) shows the possible variation in the two-

while (b) is for the non-equilibrium conversion of maximum

i—4
[0.25 — S,

150 where S; is the dis-

i=1
The value of 1.50 corresponds to perfect order in

maximum microcline. The four curves labelled ai, as biy, and b, show the amounts of Al in the four tetrahedra
labelled S (001), Si. (mOi), Si: (mOi) and Si; (001) by MEcaw (1956). These diagrams are similar to Figs. 15 and 16
in the paper by Harner and Laves (1957). The positions of the curves in {a) are arbitrary and based on the values

obtained by BaiLgy and Tavror for an intermediate microcline.

Theoretically, it is possible to have ordering in ortho-

clase of 0.0, 0.0, 0.5 and 0.5 for as, a., b and b, respectively, but this would mean that in going from orthoclase to

intermediate microcline tetrahedra a, and a. would have to gain Al again.

The particular curves assumed here assume

that orthoclase has an Al-distribution of 0.15, 0.15, 0.35 and 0.35, but considerable deviation from these* values could

occur, as given for example by the dotted curves.
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of any direct measurements of the Si-Al order, the
ideal one-stage trend is shown. Adularias would be
expected to follow paths intermediate between the
two-stage and the one-stage (reversed) trends shown
in Fig. 2.

Most X-ray photographs of K-feldspar show one
or two types of diffuse reflections. As the observa-
tions have been summarized by Smrta and Mac-
Kenzie (1959, p. 1180-1185), only the more impor-
tant of the results will be given here. Some speci-
mens of K-feldspar, especially of the adularia type,
show diffuse X-ray reflections centered on positions
with (h + k) odd. These reflections have been in-
dependently interpreted by LAves and Smite (to be
published in a joint paper) as the result of movement
of Si and Al atoms occurring without the coherence
required to maintain the C face-centering. No ig-
neous specimens examined by SMitr and MAcKENZIE,
except for some pegmatitic specimens from the Spen-
CER series, show these primitive reflections and from
this it may be deduced that there is correlation bet-
ween movement of atoms related by the C fase-center-
ing. Adularia specimens characteristically show this
type of reflection, but whether all adularias give them
is not known. It is reasonable to suppose that the
presence of these reflections is an indication of non-
equilibrium movement of Si-Al atoms, which confirms
the belief that adularia, because of its low temperature
of formation, undergoes non-equilibritm movements
of Si and Al atoms, whereas the igneous specimens
follow an equilibrium or near-equilibrium path. The
variation of Si, Al pattern in adularia must, of course,
be more complicated than that given earlier: actually
eight, not four, independent tetrahedra need to be con-
sidered.

All K-feldspars except maximum microcline and
high sanidine show very weak diffuse reflections, elon-
gated along b *, and centered on the main reflections
with C face-centered symmetry. These reflections
are probably stronger in orthoclase than in low sani-
dine, hut accurate intensity measurements are needed
before this statement is proved. The cause of these
reflections will be discussed later in the section dealing
with the variation of order with distance.

Si-Al ORDER IN Na-FELDSPAR

As most the evidence concerning the transitions
between the different forms of albite comes from stu-
dies of naturally-occurring feldspars, and particularly
from heating and synthesis studies, it is appropriate
to discuss most of the aspects of the polymorphism of
NaAlSi;Os in the next paper. However, it is con-
venient to make here a few suggestions concerning
the Al-Si order.

The details of the Al-Si order in Na-feldspar are
more uncertain than those for XK-feldspar., The

measurements of FErRGUsON, TrATLL and TAILOR on
low-alhite are tantalizing in that they are consistent
with incomplete order, but have a random error so
large that the deviation from complete order is only
on the verge of significance. On the basis of these
observations, FERGUSON et al. have proposed that
electrostatic charge balance controls the Si-Al order
ing of feldspars, and have proposed that orthoclase,
and not microcline, is the stable form of K-feldspar
at low temperature. MacKenzie and Swmrre (1959)
have criticized both the theoretical basis and the prac-
tical conclusions of theory, to which Fercuson,
TRAILL, and TAYLOR (1959) made a reply. A further
paper on this theory of charge balance has been sub-
mitted by FErGUsON to this symposium, and due to
his kindness in submitting and advance copy fo us,
we will be able to comment later in these two papers
on this hypothesis.

Although there is no conclusive evidence concern-
ing the possibility of different ordering paths from
high albite to low albite, it seems reasonable to sup-
pose that these will occur. The majority of high-
temperature sodium-rich feldspars contain so much
calcitm that considerable variation of Al/Si ratio
occurs during inversion. Consequently it is not pos-
sible to use these natural specimens to give informa-
tion on the ordering of pure NaAlISi;Os. Indeed the
available evidence of natural feldspars suggests that
some, and perhaps most, of the igneous specimens
change discontinuously from a disordered anorthoclase
or sodium-rich sanidine perthite to an ordered albite
(or oligoclase) perthite, whereas synthetic z}lbites,
when equilibrium is established, show a continuous
transition from high albite near 1000°C. to low albite
near 450°C. (MacKewnzie, 1957). Analogous to
adularia is pericline, the variety of albite found in
low-temperature environments. Pericline specimens
are extremely pure and show variable optics that
might well result from intermediate states and paths
of order analogous to those previously described for
adularia. TFurther investigations of these specimens
is desirable.

The role of monalbite is rather uncertain. In the
next paper reasons are given for doubting whether
the type of monalbite that is monoclinic at room tem-
perature after quenching has a temperature range of
stability. Whether or not this is so, it appears that
monalbite is formed at higher temperatures than the
high albite formed at 900-1000°C. by MAacKENZIE,
and the high albite whose crystal structure was accu-
rately measured by FErRGUSoN, TraLL and TAYLOR.
The higher temperature for formation of monalbite
would suggest a structure more disordered than that
of high albite, and if high albite has complete distant
order, as suggested hy FErGUSON et al. it is hard to
suggest an ordering scheme for monalbite, LavEes
(1960, Fig. 7) however, has suggested that high
albite is not fully disordered and that conversion to



44 ; J. V. SMITH AND W, S. MACKENZIE

monalbite involves further disordering, a possibility
that is within the range of experimental error of
FerGuson et al. s data. A more accurate three-di-
mensional synthesis of high albite and a structural
analysis of monalbite would permit a test of this idea.
A new alternative hypothesis is that while both high
albite and monalbite have complete distant disorder,
high albite has local order in contrast to the local
disorder in monalbite. This suggestion could be tes-
ted by three-dimensional syntheses of high albite and
monalbite, followed by an analysis of the regions
between the sharp X-ray reflections to give informa-
tion on the local order.

Until the status of monalbite is established by fur-
ther experiments the authors prefer not to use the
complex nomenclature for albite proposed by Laves,
and interested readers are referred to his 1960 paper
for full details.

VARIATIONS WITH DISTANCE OF Al-Si
ORDER. KINETICS OF ORDERING

1. General considerations.

Much attention has been paid by metallurgists to
order-disorder phenomena in alloys, and considerable
observational and theoretical progress has been made
(see, for example, the review by GurrMman (1957)).
Similar studies of feldspars are in a much more rudi-
mentary state, partly because of the greater comple-
xity of the feldspar structure, and partly because it
has been necessary to establish the broader pattern of
the phenomena before going into fine details. Con-
sequently it is necessary to treat the details of order
mainly in a theoretical manner using the ideas deve-
loped for the alloy systems as a guide. Such use of
analogy must be treated with circumspection because
of the major difference in the chemical forces; and
only after a long series of detailed experimental stu-
dies, which, it is hoped, will appear during the next
decade, will it be possible to give a definitive analysis
of order in feldspar. The following treatment owes
much to the papers of GorLpsMiTE and LAVES
(1954 a, b) and Mecaw (1959) among many others,
but hecause of some differences of outlook, it is re-
commended that these papers be read if it is wished
to ascertain the detailed views of these authors.

Ordering of Si and Al atoms in feldspars is not
merely a matter of arranging different atoms on a
fixed set of lattice positions. Each movement of Si
and Al atoms involves distortion of the framework
and movements of the Na and K atoms. Such dis-
placements affect neighbouring parts of the structure
with an amplitude that decreases with distance. In
an ordered structure the displacements will cooperate
so that a structure with maximum geometrical distor-
tion from that for the disordered forms will be pro-

duced. In disordered structures the pattern of Si-Al
atoms will vary and the potential distortions will act
in different directions and not cooperate to give ma-
Ximum distortions. Furthermore the atomic coordi-
nates, chemical forces and thermodynamic functions
of a disordered structure will not be the average of
those for the different possible ordered structures into
which the ordered structure could be broken. Tt is
for this reason that it is important to consider the va-
riation of order with distance, for only when ordering
is maintained over fairly large volumes will the forces
in these volumes be able to cooperate to give large
geometrical distortions. The following detailed sug-
gestions concerning the order in alkali feldspars are
almost completely speculative and designed more to

free
energy

temperoture

Fig. 3—Suggested relation between the free-emergy cur-
ves for the different states of Si-Al order: A complete order,
B about three-quarters ordered, C about half ordered, D
about one-quarter ordered and E completely disordered.
These five curves are just a few out of the infinite number
possible between the two extreme curves for complete order
and complete disorder. Each curve will have a free ener-
gy less than all the other curves at one particular tempe-
rature resulting in a continuous transition from the ordered
state at low temperatures to the disordered one at high tem-
peratures. In this diagram, strain energy from anti-phase
domain boundaries is ignored: if the strain energy becomes
significant some modification is required along the lines sug-
gested by UsseLompr (1957).

stimulate further research than to give answers to
certain important problems. Nevertheless it is hoped
that the plausibility of the ideas will give a reasonable
chance that they are, in fact, not too far from the
truth.

It will be assumed here that the ordering process is
not of the first-order and that the free energy curves
have the form shown in Fig. 3 giving a continuous
transformation. (This type is thought to be more
plausible than those given by Emrenrest (1933) and
UeBeLOHDE (1957) and will be discussed by Swmirm
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in another publication). There are both theoretical
and experimental reasons for this: first, the experi-
ments of MACKENzIE (1957) suggest that the equili-
brium form of albite varies continuously with tempe-
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consequently a transition will propagate more easily.
In feldspars the Si and Al atoms are linked through
oxygen atoms and therefore a continuous transition
can be expected.
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Fig, 4 (a).—Long-range order coefficient (5) versus temperature for CusAu after Krating and Warren (1951), an

example of a first-order transition.

Note the continuous forewarning before the discontinuity.

(b) Long-range order coefficient (S) versus temperature for CuZn (fB-brass) after CrreMan and 'Warrex (1950),

an example of the continuous transition.

(c) Variation of order with temperature for synthetic NaA1SixOs (MacKenzig, 1957).

The function 2 #§ (131)

—2¢ (131) is taken to be a measure of the Si-Al order with a value of 1.07 for low albite and 2.03 for high albite. The
values for 2§ (131)-2§ (131) are extrapolated to infinite time from the values obtained for synthesis over various

periods.

rature (7) and secondly, study of alloys suggests that
when the order-related atoms share first neighbours
a first-order transition occurs while those that do not
share first neighbours are related by a continuous
transition (Fig. 4). (Many first-order transitions
appear to begin with a continuous change (a “fore-
warning’”) and then become discontinuous). The
fundamental reason for the effect of coordination
would seem to be that in the first-coordination type,
exchange of atoms will affect neighbours to a greater
degree than in the second-coordination type and

(7y McConnerr and McKig (1960) have shown from an
interesting kinetic analysis of MacKgnzie's data that there
is a break in the plot of the rate constant against tempera-
ture. However the equilibrium product has cell dimensions
that appear to vary continuously with temperature.

Unlike alloys where the order tends asymptotically
to perfect order with a critical temperature for com-
plete disorder, MacKenzie’s work on high albite
suggests that the opposite occurs with an asymptotic
approach to the completely disordered state (Fig. 4).
However it is possible that there is neither a sharp
beginning nor a sharp ending of order and that the
plot of distant order versus temperature has a sigmoid
shape. As there is no experimental data on the low-
temperature side of the Al-Si transitions in feldspars
it is not possible to decide wich alternative is correct,
and in the absence of such data a sharp beginning of
disorder will be assumed, as shown by the extrapola-
tion in Fig. 4. Another possibility is that there is
considerable hysteresis in the transition, as a result of
the surface energy between domains, and that this
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leads to a reversed sigmoid transition for the upward
transition. LAves (1960, Figs. 3 and 7) has assu-
med the alloy type of variation for both K-feldspar
and Na-feldspar, so that his diagrams have discon-
tinuities in the order at the upper end of the range of
transition temperatures in contrast to our diagrams
that have the break at the lower end.

In the high sanidine-high albite series the X-ray
data show that there is distant disorder of Al-Si in
high sanidine and probably also in high albite. It
seems possible, however, that there is some local order
in which the arrangement of Al and Si atoms follows
the pattern of maximum microcline with a probability
of correct atomic placing near one for the next unit
cell, rapidly falling to a random value of one-quarter
within a few unit cells. The resulting ordered volu-
mes would be too small for the potential geometry of
microcline to be developed and the actual geometry
would be monoclinic.  When ordering begins as a
result of the lowering of temperature, it may be ex-
pected (a) that the order will extend to greater
distances, and (b) the order at any given distance will
improve. Because of fluctuations certain places in
the structure will have better order around them than
elsewhere, and these will serve as nuclei from which
a wave of increasing order will move outwards. In
this way domains will form, but it should be emphasi-
zed that in the early stages these domains will not
have clear-cut boundaries and will merge almost im-
perceptibly, through transition regions of low order.
When the waves of ordering meet, the patterns of
ordering may or may not be in phase. If they are,
two domains will coalesce to form one, and if not, an
“antiphase domain boundary” will be produced.
Such boundaries will be very irregular at first but will
gradually become more regular so as to satisfy the
thermodynamic need to lessen the strain energy at the
domain boundaries. When the surfaces become re-
gular, and the domains are wider than the resolution
of the microscope, they will be recognized as compo-
sition planes of albite and pericline twins. The
common observation of the regularity of the twin
boundaries with the two twin types adopting the (010)
plane and rhombic section as composition planes
shows that the need for the strain energy at the boun-
dary to be minimized is quite important.

The minimum strain energy of a domain occurs,
of course, in a single crystal, but once domain boun-
daries have been formed it will be hard for them to
disappear because this involves reversal of ordering
in all out-of-phase domains. Two factors should help
to increase domain size: the first, stress (TUTTLE,
1952 h) is probably the most potent because the for-
mation of cracks and dislocations across domain boun-
daries should help to provide activation energy. Evi-
dence for the efficacy of stress is available from the
petrologic studies of PmEMIsSTER and BUDDINGTON,
quoted by TurteeE (p. 121). The second, presence

of divalent Ca and Ba ions, should have an effect
because movement of these ions during the formation
of perthites ought to aid corresponding exchanges of
Si and Al atoms.

Development of ordering is probably complicated
by substitutional disorder of Na, K and especially of
Ca and Ba atoms. As explained earlier, position
disorder of Si-Al and substitution disorder of Na,
K, Ca and Ba should work hand in hand. When
the Si-Al order increases, so should the purity of
the components of the perthites. Because of the
greater ease of movement of the large ions, the
greatest possible difference of composition between
the two perthitic components should be obtained
on cooling, and this will be determined by the par-
ticular state of Si-Al order achieved by the feld-
spar. Upon heating, the composition of the perthites
should again depend on the Si-Al arrangement. ‘This
explains why Turtie and Bowen (1958), and other
workers have determined different solvuses for diffe-
rent types of feldspars. Each solvus corresponds to
a particular state of Si, Al order and will be metas-
table at all temperatures except the one at which it
crosses the true solvus. If this temperature could be
recognized, it would be possible to map out the unmix-
ing solvus by combining together the data obtained
from these various solvuses.

As the Si-Al order increases, so does the purity of
the perthitic components, and this will involve migra-
tion of Na and K ions. It seems likely that the purity
will decrease from the centre of the ordered domains
to the domain surfaces and that migration of Na and
K ions will take place predominantly along these
boundarties.

Calcium atoms probably have major effects on the
Si-Al ordering because of the necessary upset of the
Si-Al order when extra Al atoms, charge-linked to
the Ca atoms, occur in the structure. In natural al-
hites, the ordering process is quite different from that
of the pure synthetic material. MacKENzZIE's syn-
theses of albite, though not conclusive, are consistent
with a continuous inversion, whereas the natural spe-
cimens show a sharp break from anorthoclase (about
Ory (Ab -+ An)s,) to albite-oligoclase (about Oros
(Ab 4 An)ige-ss)). Probably the large change in the
Ca content encourages a more discontinuous transi-
tion in the natural specimens. In microclines there
must be considerable variation in the details of the
ordering for the relation between the sharpness of
the reflections, which depends on the domain size, and
the geometry, which depends mainly on the distant
order is not single-valued (SmiTE and MacKEeNzIE,
1959). Thus it seems clear that there is no direct
relation between the domain size and the perfection
of order. Tt is here suggested that variation in the
content of Ca and Ba atoms may well be responsible
for this variability. Micro-probe X-ray excitation
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analysis if selected specimens, planned for the near fu-
ture, should provide a crucial test of this suggestion.

The presence of strain between the components of
perthites has been shown dramatically from obser-

vations that the (201) spacings of some perthites give
values outside the limits set by pure K- and Na feld-
spar (Laves (1952), Coomss (1954), etc). Smrirm
(to be published) has shown that in perthites associa-

ted along composition planes near (801), those cell
dimensions of the two components that lie in this
plane are identical or nearly identical and that the cell

dimensions normal to (801) differ more than they
would in the unassociated state. He suggests that
to a first approximation the volumes of the compo-
nents of a perthite depend only on the chemical com-
position and that extra distortions of the crystal struc-
ture occur to give a good fit along the composition
plane and an even bigger difference perpendicular to
this plane. The resultant strain will introduce an ex-
ra term into the expression for the free energy, and
will lead to the persistence of metastable forms such as
anorthoclase in microcline- and orthoclase-perthites
(MacKenziE and Smrrm, 1955; Smite and Mac-
Kenzie, 1959).

The occurrence of albite and pericline twin-type
superstructure (LAvEs, 1952 ; MacKeNZIE and SMITH,
1955, etc.) is analogous to the occurrence of ordered
alloys with large periods (GurTMman, 1957). The ex-
planation given by Laves (1952) in terms of regular
polysynthetic twinning repeated regularly every few
unit cell is identical with the explanation given for
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alloys though expressed here in different terms. In
actual practice most feldspar specimens that have this
superstructural are not strictly regular and many gra-
dations between simple twinning and perfect super-
structure have been observed. Laves has explained
that this structural irregularity can result from varia-
tion in the spacing of the twin planes.

2. Ordering in K-feldspars.

Although there is considerable agreement about
the most important aspects of ordering in K-feldspars,
there are still some major differences of opinion that
require detailed consideration. After various modi-
fications of opinion, it seems to be generally agreed,
with one notable exception, that a continuous inver-
sion links high-sanidine, the disordered form stable at
high temperatures, with maximum microcline, the or-
dered form stable at low temperatures. The other
view, expressed by FErGusoN, TRAILL and TAYLOR
(1958, 1959) says that orthoclase is the stable form at
low temperature because it has the best long-range
balance of charge. MacKenzie and SmiTm (1959)
criticized this view, and wish here only to add the
opinion that free energy considerations, as described
earlier in this paper, are more important in determining
the form stable at low temperature than the long-range
balance of charge (8).

(8) Now that Jowes and Tavior have presented evidence
that orthoclase has considerable long-range disorder, we can
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Fig. 5—Suggested equilibrium variation with temperature of the distant Si, Al-O order of KAISi,Os. Diagram

3(a) is taken directly from Laves (1960) and 5(b) is the variation suggested by the present authors.

The main dif-

ferences between the two diagrams concern the nomenclature and the positions of the critical temperatures at which

the ordering undergoes a discontinuity. The reasons for choosing the particular temperatures shown in 5 (b) are gi-
ven in the adjacent paper by MacKEnzik and SMmitH. The meaning of ai, as, by, and b, is explained in the legend to
Fig. 2.
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After some changes of view, and of nomenclature,
there is now good agreement between Laves, Gorp-
SMITH and us on the role of orthoclase (or sanidine
(low) in Laves’ nomenclature). It is regarded as
having a field of stability at intermediate temperatures,
and the observation that it does not give the “primi-
tive” type of X-ray reflections is consistent with this
view. The common occurrence of orthoclase perthites
in slowly-cooled rocks suggests thaat there little dif-
ference in the free energy of orthoclase and microcline
perthites and that it is difficult to overcome the energy
barrier involved in the transformation between the
two.

In the associated paper a possible phase diagram
for alkali feldspars will be shown in the usual manner
with temperature as ordinate and composition as ahs-
cissae. As four tetrahedra are involved the pattern
of Al-Si ordering will be complex and Laves (1960)
has produced a useful diagram in which the ordering
of a particular composition is plotted as a function of
temperature. His diagram for K-feldspar is repro-
duced as Figure 5 a, and alongside it, our own version
is reproduced as 5b. These diagrams differ mainly
in that LAVES assumes a critical temperature for com-
pletion of disorder whereas we put the critical tempe-
rature at the beginning of disorder. The reasons for
using particular temperatures in our diagram are given
in the adjacent paper. BAILEY’s values of Al/Al -
Si for his intermediate microcline are used, and ortho-
clase in conformity with Fig. 1 is assumed to have va-
lues of 0.15 and 0.35 for its two types of tetrahedra.
Another difference between the two diagrams is in the
nomenclature. The term orthoclase is so well esta-
blished in the literature that we see no reason for
not retaining it, because we believe that it is a stable
phase. LavEs believing that it is used for too many
types of feldspars prefers to call this intermediate pro-
duct of the two-stage trend sanidine (low), a term that
we, following TurrLe (1952), use in a different sense
for K-feldspar intermediate between high-sanidine and
orthoclase. Laves (1960) has also given a diagram
for NaAlSi;Os but in the ahsence of detailed X-ray
structural analyses of intermediate albites, and be-
cause of the uncertainty about the stability of monal-
bite, we prefer not to propose a detailed diagram at
this stage.

CONCLUSIONS

Although there seems to be general agreement that
the Al-Si ordering of alkali feldspars is a continuous
process, there is disagreement about the details of the

point out that orthoclase cannot be the form of K-feldspar
stable at absolute zero because disorder cannot occur at
absolute zero. As described earlier, all evidence suggests
that maximum microcline is either fully ordered or nearly
fully-ordered and consequently from a thermodynamic view-
point could be the form stable at low temperatures.

process. McCoNNELL and McKre (1960), using the
terminology of UsprLombpr (1957), have suggested
that the ordering of NaAlISi,Os is a “smeared trans-
formation”, implying that there is “stable coexistence
of two or more closely related structural modifications
over a range of temperature, and that “in the tempe-
rature range of the smeared transformation the free
energy must include terms arising from the strain and
internal surface energy associated with domain boun-
daries” (9). While we agree that domains will be
formed and that the free energy will contain terms
arising from the strain and internal surface energy we
believe that the situation is more complex and that it
is an over-simplification to think of two different struc-
tural modifications. At any stage in the synthesis of
albite the X-ray patterns are consistent with the pre-
sence of only one phase which varies in geometry as
the synthesis proceeds. In the initial stages of orde-
ring it seems best to regard the domains as fluctuations
of order in a single lattice. But once these fluctuations
have grown to produce anti-phase domains, the process
of ordering will involve merely an increase of the per-
fection of order in the domains — and only one type
of structural modification will be involved (of course,
there will still be fluctuations of order). A process
that does appear to be a smeared transformation is
the non-equilibrium transformation of low albite to
high albite by heating at 1050°C., and the similar trans-
formation of microcline to sanidine (GorpsmiTH and
Laves, 1954 b) in which the X-ray patterns show two
sets of reflections, one for the low-temperature form
and one for the disordered high-temperature modifi-
cation.

It is reasonable to suppose that in the equilibrium
two-stage process of the conversion of high-sanidine
to maximum microcline, the driving force for the reac-
tion will be less for the second stage than the first,
otherwise the one-stage process, adopted as a non-
equilibrium process in many adularias, would be the
equilibrium process found in igneous and metamorphic
rocks. This is probably the reason why orthoclase
perthites occur so commonly in igneous rocks and in
metamorphic rocks of the granulite facies. It is pos-
sible that orthoclase differs so little in stability from
microcline that once formed it would persist indefini-
tely unless other factors, the most likelv one being
stress, provide additional activation energy for the
conversion to microcline. If the suggestion made
earlier in this paper is true that Na-K disorder en-
courages Al-Si disorder, it should be easier for Na-
free K-feldspars to convert into microcline than ig-
neous ones which would have to start from an ortho-
clase or a sanidine containing at least 10-20 per cent

(9) Quotations are from UBBELOEDE'S paper.
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of Na in substitutional disorder. Consequently authi-
genic microclines should be able to form at a higher
temperature than igneous equivalents, or to put it
another way, should be able to form more easily at a
given temperature than their igneous equivalents.

The domain structure in microclines, when deve-
loped on a coarse enough scale, reveals itself as albite
and pericline twinning. Domain structure produced
during the formation of orthoclase from high sanidine
cannot reveal itself optically as twinning because of
the lattice constraints enforced by the monoclinic sym-
metry. Consequently a study of this domain struc-
ture must be made by X-ray methods. The presence
of diffuse reflections mentioned earlier, shows that
such domains exist, but our knowledge of them must
remain incomplete until these diffuse reflections have
been accurately measured and interpreted.

Although a large body of optical evidence on the
perthitic structure has been gathered (for example,
ANDERSEN, 1928, SPENCER, 1937, among many other
papers) it seems probable that the situation is much
more complex than has been described. For as the
Si and Al atoms become more ordered, the twa com-
ponents of the perthite will become purer and move-
ment of Na and K atoms will take place. It is not
necessary that the released atoms move through the
lattice to join up with a feldspar component that is
primarily composed of similar atoms: they may form
new perthite units. SPENCER has described the pre-
sence of both shadow perthite and microperthite in a
number of feldspars and this may result from two dif-
ferent periods of exsolution. Further careful study
of perthites using several techniques such as light-
optics, electron optics and micro-probe analysis should
reveal much information bearing on the history of the
feldspars and of the containing rocks.

In this review article, we have deliberately laid
stress on the uncertainties and ambiguities remaining
in our knowledge of the structures of the feldspars,
and consequently we wish to point out that the key-
stones of our knowledge appear to be well and truly
laid as the result of the efforts of those mentioned in
the list of references. To future investigators, we
commend the importance of clearing up the remaining

uncertainties, such as the role of local order and the

variation of order with temperature, and hope that
in the harsh light of hindsight they will not think that
the ideas presented here are too naive!
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DISCUSSION

Mrcaw (Cambridge) :

1.. T agree with Dr. SMiTH in distinguishing between the
effects of what he calls «long-ranges and <«short-range» or-
der, but I would like to ask him to use different names,
for example «extensive orders or «average ordery and <«local
orders. The <long-range order parameters, as defined by
Bragg for the alloys, is zero if there are antiphase bounda-
ries, and I do not think this is a useful definition for silicates.
Similarly the «short-range order parametery, defined from
the work of Bethe on alloys, depends on interchanges bet-
ween neighbouring atoms, and cannot be transferred to the
silicates without making confusion.

2. 1 think that there are in fact three kinds of disorder
to be considered: (a) antiphase boundaries extending as infi-
nite sheets (perhaps intersecting ane another), (b) closed-
circuit interchanges, (¢) random replacement. Which hap-
pens in which feldspar we do not yet know, but this kind
of distinction will be needed to discuss details as new work
appears.

3. To the kinds of phase trasition I would add mention
of the displacive transitions distinguished by Buerger. These
involve no interchange of atoms, but a distortion of straigh-
tening out of the framework, and happen reversibly in a
single crystal. There are increasing numbers being reported,
including many in ferroelectric materials; but conventional
thermodynamics has not taken account of them., T believe
that such transitions occur in feldspars, and underlie all
the ordering processes. I shall be developing this idea in
my final paper.

J. V. Surrm (Chicago):

Answer to (1): This is a good suggestion and we have
no objection to wusing terms such as «local» and <«distant»
order. — Answer to (3): We are well aware of the elegant
work of Buerger on displacive and reconstructive transfor-
mations. Also we are aware of work going on at the
present time on these transitions that show they are more
complex than Buerger described; in particular, displacive
inversions such as the high-low quartz change have been
found to show a forewarning,

Laves (Zurich), comments on Megaw’s discussion :

To 1. As to the question of the desirability of introducing
new words in addition to «long-ranges and «short-range» or-
der (Fern- und Nah-Ordnung) I doubt the necessity at this
stage as long as not discriminating definitions are given. It
is true, Bethe's original definition for short range order ap-
plies to a relatively simple model in which only one short
range order parameter is needed. RBethe's concept could be
amended, however, to fit more complex systems by using more
parameters, be it to treat alloys or silicates (ie. in the alkali
feldspars three parameters would he needed to characterize
the Al/Si distribution; whereas Rethe considers interchanges
between neihghouring atoms, interchanges hetween Al and Sj
in neighbouring (Al, Si) O.-tetrahedra have to be considered
in feldspars). There appears to be no basic difference bet-
ween alloys and silicates in the description of order/disorder
relations from a geometrical point of view. However, it
might be desirable and very valuable to introduce a new term
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like «local» order if domains are meant which developed either
as nuclei or as relics and which have a higher (or less)
degree of short range order than the surrounding material, i.e.
if there are fluctuations which are considered as exceeding
those to be expected under equilibrium conditions and which
appear as domains that have a degree of short range order
different from the degree of short range order of the sur-
rounding matrix.

To 3. 1952 (J. Geology 60 p. 436-450) the importance of
the concept of the displacive transformation 'was discussed in
interpreting the analbite-monalbite (at that time called barbie-
rite) transition. Tt is now no longer a matter of belief but
of fact, that displacive transformations and diffusive transfor-
mations (the latter term introduced in 1952) play an impor-
tant role in the understanding of the feldspar relations. The
reader is referred to a further discussion on this peoint by
Laves and Gorpsmrra (this volume) in their «Comments on
the anorthite papers by Megaw and coworkersy,

Laves (Zirich):

1. The present writer disagrees somewhat with the con-
cept that the K/Na ratio has such a great influence on
the Al/Si-distribution in the feldspars as proposed by the
authors. Reasons for this disagreement are given in the
Jiscussion on the following paper by MacKenzig and SMItH
(point A, 2; E and F).

2. To clear up differences of opinion on the use of the
word <¢orthoclasey (having ¢monoclinic symmetrys on page
41 of the paper, but showing indications of triclinic domain-
twinning on page 49 of the paper) the reader is referred to
discussions on the following paper (point C). It is interest-
ing, however, to note here that the <«orthoclases concept
developed by Laves (1950, 1952), GorpsmitTe and Laves
(1954), Laves (1960) and by Laves and GorpsMmiTH (this
symposium) is very nicely summarized by SmMIiTH and Mac-
KENzZIE on page 46. At least, it is now agreed that such
material must exist. However, no name is proposed hy
SuriTE and MacKENZzIE to distinguish such material from
that which is called orthoclase in the preceding paper and
in the following one by MacKenzIg and Smrrw.

3. With respect to «pericliney mentioned by the authors
on p. 43, the present writer doubts in part the proposed
analogy to adularia, because evidence was given by Laves
and ScENEIDER (1956) that «pericliney is a product of
replacement in crystals originally grown as plagioclase with
some oligoclase composition. This viewpoint could be sup-
ported by additional observations (a paper on this problem
is in preparation), which clearly show that this replacement
is a discontinuous process leading to oligoclase and albite
in close coexistence (not necessarily considered to be a
stable one).

4, It is gratifying to note that SmireE and MacKenzIie
agree (p. 46) with the point of view taken by the writer
since 1952 (p. 558, 5. and p. 567, 4.), that the difference of
the compositions between two perthitic components will be
determined by the particular state of Si-Al order achieved
by the feldspar. (Compare in this connection the remark
by the present writer on the following paper by MacKenzig
and Smira, Comment D, p. 66.)

5. On page 46 Smrra and MacKENZIE propose disconti-
naeots transitions for K and Ca containing Na-rich feldspars.
The writer did not and does not believe in discontinuities
unless unmixing processes are meant to produce coexisting
feldspars of different composition (for example peristerite-
type unmixing).

6. On page 48 SmitH and MacKENZIE mention an «un-
certainty about the stability of monalbitey, on the other hand
MacKenzig and Smite (this volume) admit the stable exis-
tence of a truly monoclinic modification of NaAlSi:Os, above
approximately 950° C. The writer is somewhat confu-
sed! — Since the heating experiments of Basxin (1956) and
ScuNEIDER (1957) who produced ideal microcline-twinning
of acid plogioclases there should be no doubt any more about
the fact that monoclinie NaAlSi0s has a stability field at
temperatures near the melting point. It is true, MAcKENZIE
(1952) published data for powders X-rayed at high temper-
atures indicating strongly the existence of monoclinic sym-
metry at high temperature. On the other hand, the writer
has some doubts (discussed 1960, p. 283, 285) on the validity
of those extrapolations which led MacKrnzie (1952) to
propose that there are «albites» which should convert to
monoclinic symmetry at temperatures higher than the melt-
ing point on superheating (non-equilibrium conditions).

7. In connection with the remarks on perthites on the end
of the paper it may be permitted to add here some observa-
tions (to be published soon jointly with K. Soldatos). Many
microcline perthites have been investigated by X-ray methods
to reveal the orientation relations which exist between the
microcline and the albite. Several modes of orientation re-
lations have been found which indicate that most of the
NaAlSi;Os has been exsolved when the morphological units
were still «monoclinic». This holds for the coarse «vein-
perthites and those micro-perthites which may correspond
to ANDERSEN's (1928) «film»- and «strings-perthites (plus
crypto-perthite in many cases), indicating predominantly two
generations due to unmixing from truly monoclinic sanidine
on the one hand and from states which are considered to be
<orthoclase» [in the sense defined by ILaves (1952) and by
Gorpsmrra and Laves (1954)] or very finely twinned micro-
cline on the other hand. In addition a third generation of
cryptoperthites was found that has been exsolved after a
considerable enlargement of the microcline twin-domains
took place due to a process of <«secondary recrystalliza-
tion». In microcline units that might be considered to have
progressed very far in recrystallization (nearly and virtually
¢single crystals») one more kind of perthitic intergrowth was
found. It is developed as a <microperthitey distinguished
from the types mentioned before by the following features:
The albite is oriented by a characteristic albite/microcline
orientation relation in such a way that «coherency» between
the microcline and albite structures exists as far the topologi-
cal Al/Si-distribution in the two AlSi;Os-frameworks is con-
cerned.

J. V. Smrre (Chicago) and MacKgnzix (Manchester).
Answer:

1. See reply to 4.

2. Laves implies that there is something imcompatible
with orthoclase having monoclinic optical symmetry on
page 41 and showing indications of triclinic domain twinning
on page 49. Actually these are compatible because the do-
main structure that is revealed by X-rays can be on too
fine a scale to be resolved by optical methods and conse-
quently the optical symmetry is monoclinic. To the best of
our knowledge there has never been disagreement that or-
thoclase is partly ordered (for example, CHAo, HARGREAVES
and Tavror proposed this in 1940 and obtained some expe-
rimental evidence in support of the idea). Laves has focused
attention onto the domain structure and we have emphasized
the overall monoclinic geometry. Actually both concepts are
compatible because the local symmetry in a domain will be
triclinic but the overall statistical symmetry will be mono-
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clinic. Consequently, there neither has been nor is disa-
greement on the nature of orthoclase but there has been a
difference in emphasis. T,AvEs says that we propose no name
to distinguish this material from that described in the pre-
ceding and the following paper by MacKenzig and SMITH
(this volume). Presumably this latter material is natural or-
thoclase. If so, we do not propose a new name for we use
orthoclase both for the natural specimens and for the theoreti-
cal partly-ordered K-feldspar. The reason is that we believe
that the natural specimens have essentially the same Al-Si or-
der as the theoretical feldspar, and because we rely on the con-
text of the term to indicate whether we are talking about the
natural specimens or the theoretical structure type. Conse-
quently Laves’ theoretical sanidine (low) is the same as our
orthoclase used in a theoretical context.

3. This is a good point. However we wonder if all
albites of the pericline or authigenic type have formed by
ion exchange from oligoclase. We suspect that some have
formed directly as pure albite, and have followed a non-
equilibritm path such as that of adularia. Further inves-
tigation of these types of specimens would be desirable.

4. TIn equilibrium we believe that the composition and
Al-Si order are interrelated so that they are interdependent.
We believe it is an over-simplification to consider that one
controls the other, though they will affect each other. Dis-
order in one set of atoms should encourage disorder in the
other set.

5. We are forced to propose a discontinuous transition
in Ca-bearing alkali feldspars because TurrLe and Kerrm
(1954) and Emgrevus and Smrra (1959) have observed per-
thites from granites and porphyries that contained both
anorthoclase [about Ors (Ab - An)s.] and albite-oligoclase
(about Ans-Ans) together with a K-feldspar. Whether the
sharp change in composition occurs under equilibrium condi-
tions is not known. In pyroxenes a discontinuous composi-
tion change (PoLpErRvaarT and IHess, 1951) has been pro-

SMITH AND W. S. MACKENZIE

posed between augite-pigeonite and augite-hypersthene inter-
growths, We see no theoretical reason why a discontinuous
change should not occur in these Ca-bearing feldspars. It
should be noted that we have not proposed a discontinuous
change in Ca-free alkali feldspars.

6. We are seriously concerned about the extent of the
stability field of monalbite. A common criterion of stability
is reversibility of reaction, though this is not a sufficient
condition. Until the reactions obtained in albite by heating
just under the melting point are reversed by heating at lower
temperatures, we think that the onus is on Laves to demon-
strate the stability of the types of albite made by him and
his co-workers. Furthermore we think that the formation
of a glass shell on the crystal used by BRrowN suggests
partial melting or loss of material by volatilization. Again,
we would like to see experiments in which no glass was
produced.

’_7. These new data are welcomed in providing yet further
evidence of the complexities of the order-disorder and un-
mixing processes.
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ABSTRACT.

The experimental evidence for establishing the relative stabilities of the various forms of the alkali feldspars is

as yet incomplete.

The observations of geological occurrence taken together with the results of hydrothermal and dry-

heating studies of natural and synthetic feldspars make it possible to construct a phase diagram showing the probable

equilibrium relations.

Since petrological theories are frequently based on the type of potassium feldspar present in a rock, the question
of the relative stabilities of orthoclase and microcline is discussed in detail.

INTRODUCTION

The relationships between the various forms of
potassium feldspar have been the object of researches
by petrologists, mineralogists and crystallographers
for many years and may be said to date back to the
publication of MALLARD’s hypothesis in 1876. Tn
the case of sodium feldspar, however, it was not until
the publication of the Feldspar Issue of the Journal
of Geology in 1950 that it was clearly established by
TurrLe and BowEN that more than one form of albite
exists, although a number of previous studies had in-
dicated that there might he a form other than the
common form found in pegmatites and granites. In
the same issue of that Journal an accompanying paper
by Bowex and Turrie described the experimental
determination of the alkali feldspar solvus and Laves
(1950) published the results of an X-ray study of the
lattice and twinning of potassium feldspars. The
great mterest in the feldspars which has been apparent
in the last decade undoubtedly stems from these publi-
cations.

Most petrologists have assumed that the form of
potassium feldspar stable at low temperatures is mi-
crocline and that orthoclase is stable at somewhat
higher temperatures. There have been two notewor-
thy exceptions, however, one of them based on ohser-
vations of natural occurrences of the minerals (Fs-
KorA, 1951), and the other based on a hypothesis that
charge balance controls the stability of the feldspars
(FErcusoN, TrArLL, and Tavior, 1958: FERGUSON,
1960). Another completely different view is that of

(1) Contribution Number 60-9, College of Mineral Indus-
tries, Penn. State Univ. ]
(2) Now at Department of Geology, University of Chicago.

Laves (1952) who has considered orthoclase to be
a metastable form of potassium feldspar.

Since much of the theory on which the science of
petrology is founded is based on a knowledge of the
relative stabilities of minerals it is important that the
information available on the common rock-forming
minerals should be as accurate as possible. It is the-
refore with no apology that we survey again some of
the available evidence as to the relative stabilities of
the feldspars and the possible applications of the in-
formation to the study of natural rocks.

Since neither low temperature albite nor microcline
has yet been synthesised from a mixture of oxides or
from a glass of the required composition, most of the
information available on the stability of the low-tem-
perature forms is based on the results of studv of the
natural occurrences of the minerals and the effect of
heating the minerals under a variety of conditions.
In the study of natural minerals the likelihood of a
close approach to equilibrium conditions in geological
time is outweighed by the great disadvantage that
the interpretation of the conditions of formation may
be liable to many uncertainties. Fxperimental stu-
dies have the advantage of controlled conditions of
synthesis and a relatively easy interpretation of the
results but, certainly in the case of the feldspars, it
appears that the approach to equilibrium is a very
slow process and may not be achieved in the short time
available in the lahoratory.

SODIUM FELDSPAR

Turrie and Bowex (1950) from a study of syn-
thetic feldspars of albite composition and the effect of
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prolonged heat-treatment of low temperature albites,
established conclusively the existence of a high-tem-
perature form of NaAlSi;Os: no intermediate forms
were found and they concluded that the inversion
temperature from the low to the high form was pro-
bably not above 700°C. MacKenzie (1957) showed
that albites with lattice parameters intermediate bet-
ween those of high- and low-albite could be synthesi-
sed in the presence of water vapour under pressure in
experiments of long duration: since the lattice para-
meters of the albites, crystallized for long periods at
constant temperature, tended to equilibrium values it
was suggested that for each temperature there was
a stable form of NaAlSi;Os, low-albite being stable
only below about 450°C. McConyeL and MacKie
(1960) made a kinetic analysis of MACKENZIE’s ex-
perimental data and from this have postulated the exis-
tence at 575°C. == 25°C. of a “smeared thermal trans-
formation”. .

MacKenzie (19521b) showed that a monoclinic
form of NaAilSi;Os could exist at high temperatures
when a synthetic albite crystallized above about 950°C.
was heated: on cooling the symmetry reverted to tri-
clinic. Feldspars of albite composition when crystal-
lized below about 950°C. do not acquire monoclinic
symmetry on heating up to the melting point. In 1957
MacKeNzIE assumed that since only specimens crys-
tallized above about 950°C. acquire monoclinic sym-
metry it is likely that the materials used in 1952 were
the stable forms for the temperature of crystallization
so that a monoclinic form of NaAlSi;Os is only stable
above about 950°C. and cannot be expected to occur
in rocks because the monoclinic-triclinic inversion is
non-quenchable. Browx (1960) has, however, shown
by prolonged heating of a natural albite at a tempe-
rature close to the melting point, and subsequent rapid
cooling, that the temperature of the monoclinic-triclinic
inversion is gradually lowered by continued heat
treatment until a stage is reached when a monoclinic
form of NaAlSi;Os may exist at room temperature.
The specimen of natural albite investigated by Brown
(1960) had been previously heated by SCHNEIDER
(1957) for 70 days at 1000°C. by which time it had
acquired lattice parameters appropriate for high-albite,
ViZ:

ok —86° 15°; y* = 88° 06’ and a* = 0.1370 (& —7);

compare the values for high-albite given by Smrrm,

J. V. (1956):
o =86° O ; y* = 88° 0 and a* = 0.1368 (A ).

Thereafter Brown heated the specimen for 20 days
at 1050°C. and its parameters changed significantly;
after a total of 35 days at 1050°C. it remained mono-
clinic in symmetry when observed at room tempe-
rature,

Basgmn (1956b) heated specimens of authigenic
albite at about 1120°C. for up to 29 days and measured
the lattice constants at frequent intervals. After
10 days at 1120°C. the transformation to high albite
was completed and the additional 19 days produced
no significant changes in any of the lattice dimensions.
BaskIN reported that after a month at about 1120°C.
the authigenic albite crystal melted. There is some
discrepancy between these results and those obtained
by BrowN since the higher temperature used by Bas-
KIN would be expected to promote further changes in
the high albite more readily than heating at 1050°C.

J. R. Smrrm (1958) heated a specimen of the albite
from Ramona, California (Ori.2Abgs.cAng.. wt. %)
for 24 ¥4 days at 1080°C. and by measurement from
an X-ray powder diffraction pattern (CuKe) obtained
a value for 20 (131) — 26 (131) of 1.98° wich is con-
sistent with that of high temperature albite. Although
both Brown and SmrrH (J. R.) mention the presence
of some glass in heated feldspar samples, SMITHE states
that the glass he saw is related to the presence of inclu-
sions and in the specimen of Ramona albite, which
contained very few inclusions, there was “very little
glass after heating”. BrowN states that a film glass
“develops on albite crystals when heated for long
periods of time at 1050°C.”.

It would be invalid to make a direct comparison
between these three studies since different materials
were used and the temperatures of heating were diffe-
rent. However, since BRown used the lowest tem-
perature it is rather surprising that he obtained a film
of glass on his crystals and that after only 20 days at
1050°C. the lattice parameters had changed from those
of high-albite. Tt would be most instructive to deter-
mine whether the change discovered by BrowN can
be reversed. At the present stage we prefer to reser-
ve judgement on the stability of a form of albite which
is monoclinic at room ftemperature although there
would appear to be general agreement that above
about 950°C. albite may exist in a monoclinic form.

Laves (1960) has recently discussed the stabilities
of the forms of NaAlSi;O; and considers that there
are two stable forms, viz: monalbite which is truly
monoclinic and albite which is truly triclinic. Each
of these he considers may be divided into high, inter-
mediate and low forms depending on the degree of
Al/Si order present. The form which he has called
analbite he considers to be metastable and is defined
as a form characterized by triclinic symmetry with
an Al/Si distribution which allows it to become mo-
noclinic on heating without noticeable change in the
Al/Si distribution. Albite on the other hand tends
towards monoclinic symmetry with rising temperature
with a change in the Al/Si distribution. The expe-
rimental study of MacKenz1r (1957) on the synthesis
of NaAlSi;Og at different temperatures and times is
relevant to this discussion. Tt was noted hy Mac-
Kxnzig that from a glass of albite composition a great
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variety of different forms of NaAl1SiOs could be pro-
duced. Using the value of 20,, — 26,,, measured
from powder diffraction patterns to characterize the
forms of albite, it was found that a number of different
forms having the same value of 26,,, — 26,;, could be
synthesised : these findings may be related to the pro-
posals put forward by Laves. Thus the high, inter-
mediate and low forms of albite which MacKenzig
considered to be stable forms may be equated with the
albite (high), albite (intermediate) and albite (low) of
Laves and the forms which MacKENzIE considered
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A number of workers have conducted experiments
on prolonged heating of low temperature albites at
temperatures close to the melting point and have
obtained different results by using different specimens
of albite. TurtLE and Bowex (1950) noted that
whereas Amelia albite could be converted to the high-
temperature form on heating at 1050°C. for 10 days,
Varutrask albite was only partially changed to the
high form in three weeks and an albite from Avon-
dale, Pennsylvania, was changed very little in that time.
J. R. Smitu (personal comunication) made a study

1243 20
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Fig. 1—Diagram showing the rate of change in 24131-2¢131 (CuKa) of three
1080°C. Unpublished data of Dr. J. R. Smrrm reproduced with his permission.

specimens of low-albite heated at

metastable may correspond to those which T,avEs has
now designated analbites (1).

There are still large gaps in our knowledge of the
varieties of forms of NaAlISi;Og as can be seen from
the foregoing discussion and it may be argued that
the natural minerals, when nearly pure NaAlSi,Os,
are generally in the Jow temperature form so that
further detailed study of the possible varietics of so-
dium feldspar is of very limited value for the geologist.
However, this may not be entirely true as will be
shown helow.

(1) In this recent paper Laves (1960) has redefined his
usage of the term analbite so that it no longer corresponds
to the form described by TurrLe and Bowgn (1950) as high-
albite,

of the rates of transformation to the high-temperature
form of three analysed samples of low-albite and
Fig. 1 is reproduced with Dr. J. R. Smrre’s kind
permission. These differences in response to heat
treatment might be attributed to slight differences in
chemical composition of the materials but it is much
more likely to be due to different crystallization histo-
ries. This conclusion is sipported by the results of
both hydrothermal and dry heat treatment of synthetic
albites crystallized at different temperatures (Mac-
Kenzig, 1957).

If the differences between the high and low forms
of albite are mainly due to the Al/Si distribution there
must be a number of paths by which the fully ordered
low form is reached, as GorpsmITE and LAVES
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(1954 b) have proposed for the potassium feldspars.

1f the nature of the differences between different spe-
cimens of low albite can be related to crystallization
temperature a significant contribution to petrology
would result.

Very little information regarding the stabilities of
the different forms of albite has been obtained from
the study of natural ocurrences chiefly because of che-
mical variations in the high forms. The coexistence
of two sodium-rich phases in some microperthites
- (MacKexyzie and Smrrm, 1956) is in conflict with the
evidence for a complete gradation of intermediate
forms in pure sodium feldspar (MacKeNzIE, 1957).
The fact that one sodium-rich phase contains calcium
and the other contains potassium may account for the
apparent discrepancy between the hehaviour of the
natural mineral and the pure synthetic sodium feldspar.

Two types of natural ocurrence of pure sodium feld-
spars are particularly interesting and these are (a) vein
albites of pericline type, and (b) authigenic albites.
Both of these types of occurrence are considered 1o
be of very low temperature parageneses and yet crys-
tallographic and optical evidence in some cases indi-
cates the presence of forms of albite intermediate
between high- and low-albite (BASKIN, 1956 a; LavEes
and ScHNEIDER, 1956). Transitional varieties are
characteristically absent from slightly higher tempera-
ture occurrences such as pegmatites, albite schists and
granites. This will be discussed more fully in the
section on potassium feldspars.

POTASSIUM FELDSPARS

Since the varieties of potassium feldspar are distin-
ouished optically, with relative ease, petrologists have
long been aware of the existence of at least three
“polymorphic” forms of potassium feldspar and have
attempted to determine their relative stabilities both
from their geological occurrence and from studies of
the effects of heat treatment on the natural minerals.
Experimental studies have heen hindered by the fai-
Jure to synthesise directly, from a mixture of oxides
or from a glass, any form other than the highest tem-
perature form, viz: high sanidine. A brief review of
some of the more recent experimental studies of the
potassium feldspars follows.

Tt has been generally recognized that heat treatment
of all forms of potassium feldspar at a temperature
fairly near to the incongruent melting temperature pro-
duces a form which was designated by TurTLE (1952)
as high-sanidine, i.e. a monoclinic feldspar with the
optic plane parallel to (010) and having an optic angle
of about 50-60° (the size of the optic angle depending
on the composition of the feldspar). Some feldspars

are much more difficult to convert to the high sanidine
form than others. In 1950 Laves made a significant
contribution to our knowledge of the potassium feld-
spars by showing that microclines, which have the
characteristic cross-hatched twinning, undoubtedly
crystallized with monoclinic symmetry and subsequen-
tly inverted to triclinic symmetry. Although the first
measurements (Taves, 1950) showed two sets of ang-
les for triclinic K-feldspars, it was soon established by
both MacKunzie (1952a, 1954) and by Laves and
Gorpsmita (Laves, 1952; GorpsmitH and LavEs,
1954a, 1) that triclinic K-feldspars cover a whole ran-
ge from material with only slight departure from mo-
noclinic symmetry to what has since been described as
maximum microcline i.e. microcline with the largest
deviation from monoclinic symmetry yet found.

GorpsmrtH and Laves (1954 a and b) carried out
hydrothermal experiments using natural microclines
as the starting materials and established that the lowest
temperature at which a microcline recrystallized to a
monoclinic potassium feldspar was about 525°C. and
this temperature has been frequently quoted as the
temperature of inversion from monoclinic to triclinic
symmetry in potassium feldspars just as 700°C. has
been quoted as the inversion temperature between low-
and high-temperature albite. In the case of albite it
has been emphasised that if there are an infinite num-
ber of forms of NaAl1Si,O; between the low- and high-
forms then no particular significance should be attached
to this temperature of 700°C. and the same is true of
the temperature of 525°C. with regard to the potassium
feldspars. The exact significance of these temperatu-
res is not vet known. It may be possible to demons-
trate in the laboratory the decrease in obliquity of a
maximum microcline under equilibrium conditions
with increasing temperature if experiments of suffi-
ciently long duration could be made with a suitable
catalyst such as water vapour under pressure: if it can
be shown that a microcline with small obliquity acqui-
res monoclinic symmetry at just above 500°C. and the
process can be reversed just helow 500°C. then it can
be stated that the temperature of the symmetry change
is 500°C.

Tt is clear from the heating experiments on micro-
clines carried out by many workers that the obliquity
of a microcline may be independent of the chemical
composition of the crystal. This does not exclude the
possible role of the sodium content and perhaps even
the small calcium content of a microcline in having
some influence on the obliquity. It is undeniable that
distribution; but only in the case of a pure potasium
the main factor in controlling the obliquity is the Si/Al
distribution ; but only in the casc of a pure potassium
feldspar can this be completely divorced from the
%\T«;/K ordering process: this is discussed more fully
helaw,
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Although it is suggested that the different forms of
potassium feldspar, as defined by TUTTLE's curves of
optic axial angle against chemical composition, each
have a range of temperature of stability, it is not vet
possible to assign with any degree of certainty tempe-
rature ranges to these forms. TUTTLE and Bowex
(1958) have tentatively placed the change from low to
hieh sanidine at 800°C. on the basis of SPENCER’s
(1937) heating experiments, and the change from or-
thoclase to :amdme they have placed at about 650°C.
The occurrence of a monoclinic feldspar and a micro-
cline of high obliquity in the same crystal (MacKz~-
z1E, 1954) and the frequent occurrence of microclines
with large variations in obliquity 'within a single crys-
tal indicate that the equilibrium form of potassium feld-
spar may not be formed even under conditions which
are generally considered favourable for the attainment
of equilibrium. The variation in optic axial angle of
sanidine crystals within the same rock and the one
recorded occurrence of zoning from high sanidine to
low sanidine within a single crystal (MacKenzie and
SmrrH, 1956), may be cited as evidence that even at
high temperatures the equilibrium form of potassium
feldspar may not be established. However, it must
be horne in mind that an inversion which is to have
any value as a geological thermometer must not be too
rapid otherwise all evidence of the previous existence
of the high-temperature form may be destroyed: in
general we may assume that the highest temperature
form persisting will give a lower limit to the tempe-
rature of crystallization of the mineral.

In the case of very low crystallization temperature
the above statement will not apply since adularias
give evidence of high-temperature optical properties
(Crmarsson, 1950) and authigenic potassium feldspars
may be either microclines W1th triclinic morphology
or may have adularia habit and be monoclinic (Bas-
kiN, 1956a). T.aves (1952) has suggested that the
rate of growth of adularia may be suffiently high that
the ordering forces are overwhelmed during crystal-
lization, producing a more or less disordered frame-
work., GorpsmiTH (1953) has discussed the strong
tendency for potassium feldspars to crystallize metas-
tably as the disordered modification and hydrothermal
syntheses of both the sodium and potassium feldspars
point to the same conclusion. Those authigenic feld-
spars which have triclinic morphology presumably
have crystallized much more slowly than adularias and
it may be assumed that those which are maximum
microclines have crystallized more slowly than those
which are intermediate microclines. The alternative
possibility is that both the maximum and intermediate
microclines crystallized as the stable forms, the inter-
mediate microclines crystallizing at a higher tempera-
ture than the maximum microclines: this requires that
the upper stability limit of maximum microcline should
be at a temperature of perhaps 200°C. or even less.

Bartr (1959) has recently proposed that disorder
becomes apparent in potassium feldspar above about
300°C. The concept of metastable formation of high
temperature forms at low temperatures introduces a
further complexity in the interpretation of the stahility
of the feldspar from natural occurrences.

One ohservation which is of interest in a considera-
tion of the stability of potassium feldspars is the occur-
rence of microclines with tabular habit after {010}, a
habit which is characteristic of sanidines. TILLEY
(1956) has noted this feature in a foyaite from the
Pilansherg and again in the permatitic facies of a
mariupolite dyke from Koedoeslaagte, Transvaal (T1r-
LEY, 1960). One of us (W. S. M.) has also noted
that the feldspars from many nepheline syenites arc
Carlshad twinned crystals, tabular parallel to {010}
although they are microcline-microperthites. The
feature common to these occurrences of microcline
having the habit usually associated with sanidine is
that the magma is of nepheline syenite composition ;
from laboratory studies it is known that the compo-
sition of a liquid may affect the habit of the crystals
formed. In both of the occurrences described by Trr-
1EY, he has noted that the microcline is almost pure
potassium feldspar and occurs along with an almost
pure sodium feldspar and this association requires
rather a low temperature of crystallization, perhaps
as low as 500°C. It may be that the feldspars have
crystallized metastably at low temperatures as sani-
dines and thug have sanidine habit. The problem of
the position of the solvus will be discussed in the next
section.

Most petrologists and mineralogists have aceepted
the view that there is a complete series of potassium
feldspars from the Jowest temperature form maximum
microcline, through intermediate microclines, ortho-
clase and sanidine to high sanidine, the highest tempe-
rature form, although the nomenclature used may vary
somewhat. Fercuson, TratLr and Tavror (1958),
however, have proposed a new hypothesis that elec-
trostatic neutrality of a feldspar can be equated with
stability and have concluded that the stable form of
potassium feldspar is monoclinic in symmetry and
they have described this form as “ideal orthoclase™.
In order to explain the common occurrence of micro-
cline instead of orthoclase these authors have proposed
an exsolution theory for the origin of microcline in
which it is suggested that the nature of the Al/Si
framework of the low temperature mineral is control-
led by the proportion of Na to K in the high temper-
ature form which crystallized originally, This theory
has recently been expanded by Frrauson (1960) who
has suggested that the intermediate microcline whose
structure was accurately determined by BarLey and
Tamor (1955) was derived by unmixing from a
crystal of composition near OrspAbs, although the
actual microcline-cryptoperthite studied has a compo-
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sition of Org;.0Abe.rAn,., (weight %). Frercuson
(1960) points out that no correlation is necessarily
to be expected between the sodium content of a par-
ticular mineral and its lattice geometry since some of
the sodium may have migrated outside the boundaries
of the original crystal (see TuTTLE, 1952). However,
there should be a correlation hetween the total sodium
feldspar content of a rock and the type of potassium
feldspar and no such correlation can be found on
examining descriptions of such rocks as mariupolites
compared with juvet-type nepheline syenites or des-
criptions of sodium-rich granites compared with
potassium-rich granites.

At the other extreme is the viewpoint of I,AvES who
has several times cast doubt on the stability of natural
orthoclase, because of the slightly variable X-ray pro-
perties. MacKenzir and Surre have been more op-
timistic in thinking that the orthoclase from many
granites —defined on the 2V versus composition of
Turree (1952)— is a stable form at some intermediate
temperature, or at least is quite close in structure to
a stable intermediate form. Believing that orthoclase
differs somewhat from the stable intermediate forms,
Laves (1960) uses the term sanidine for all monoclinic
K-feldspars, and microcline for all triclinic varieties,
He subdivides sanidine into sanidine (high), sanidine
(intermediate) and sanidine (low) and he has given
these terms a theoretical explanation in terms of Al-
Si ordering. For naturally- occurring feldspars he
uses the terms sanidine, adularia and common ortho-
clase, the latter of which he regards as beeing rather
imprecise, covering a variety of different states. Be-
cause MacKENzIE and Smrrm believe that the natural
orthoclase from igneous rocks, that has the optical
properties defined by Turrrs’s 1952 data, corresponds
closely to a stable intermediate K-feldspar, they use
the term orthoclase (1) both for naturall 7-occurring
specimens and for the theoretical concept of sanidine
(low) created by T.aves. This practice ought not to
lead to confusion because the context shows in 'which
sense the word orthoclase is used. Furthermore, it is
thought that this makes it easier for non-specialists to
follow the development of current feldspar research.

The observation that diffuse streaks oceur in X-ray
patterns of orthoclase (L aves, 1950) is not regarded
as satisfactory evidence that orthoclase cannot be sta-
ble at any intermediate temperature. The diffuse
streaks are thought to arise from fluctuations of Al-
Si order that will occur in all feldspars with partial
ordering whether stable or metastable.

(1) Homogeneous orthoclases near to pure potassium
feldspar in composition are comparatively rare as also are
nearly pure potassium-sanidines ; the liquids from which they
crystallize probably have considerable amounts of sodium
present and thus control the composition of the crystals.

THE ALKALI FELDSPAR SOLVUS

Since it has been suggested that the ordering of the
Na and K atoms and the ordering of the Al and Si
atoms are closely related, a consideration of the expe-
rimental studies of the alkali feldspar solvus may pro-
vide information about the relationship between these
two processes.

Turrie and Bowen (1958) published data on three
solvi, one determined using synthetic feldspars, one
using natural sanidine-cryptoperthites and one using
natural orthoclase-microperthites: their diagram is
reproduced as figure 2.  The crest of the solvus for
natural sanidine-cryptoperthites is about 100°C. lower
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Fig. 2—Three alkali feldspar solvi determined by using :
(a) orthoclase-microperthites, (b) synthetic feldspars, (c) ‘sa-
nidine- and anorthoclase-cryptoperthites, (A fter Turre and
Bowen, 1958)

than that for the synthetic feldspars. It has heen
shown experimentally that the effect of calcium is to
raise the solvus until it eventually intersects the liqui-
dus surface: it must then be explained why the solvus
for the natural high-temperature feldspars, all of which
contain some calcium, is lower than that for the cal-,
cium-free synthetic feldspars. TurrLe and Bowen
(1958) established by three separate methods that they
had determined the equilibrium solvus for the synthe-
tic feldspars but this does not necessarily mean that
the synthetic feldspars were the stable forms in the
temperature range in which they were working. It
is believed that the differences in the three solvi are
due to the different degrees of Al/Si ordering in the
three types of feldspars and having decided which is
the stable solvus something can be said ahout the degree
of Al/Si ordering at the crest of the solvus.

It was suggested by Smir and MacKexzie (1958)
that natural sanidine-cryptoperthites were more likely
to have the appropriate amount of Al/Si ordering in
the temperature range of the top of the solvus than
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were the rapidly crystallized synthetic feldspars. This
view we have now revised since a redetermination of
the sodium-rich limb of the solvus by Surrm and Mac-
KENZIE using a sanidine-cryptoperthite showed about
25 % of potassium feldspar in solid solution in albite at
450°C. and MacKenzi's (1957) study of the forms
of NaAlSi;,Os indicated that low temperature albite
was stable about this temperature. Although low al-
bite is assumed to be completely ordered at 450°C. a
sodium-rich feldspar containing 25 % of potassitm
feldspar may be much more disordered at this temper-
ature ; nevertheless it secems likely that the part of the
solvus of Smrtm and MACKENZIE is metastable cer-
tainly below 500°C.

If it is assumed that the synthetic feldspar solvus
is the stable solvus at 660°C. it seemns likely that the
stable feldspar of composition OrsoAbsy is almost
completely disordered even at this relatively low tem-
perature. The greater degree of Al/Si order in the
sanidine-cryptoperthites may account for the crest of
this solvus being lower but it is somewhat surprising
then to find that the orthoclase-microperthite solvus
is so much higher than either of the other two solvi.
In the orthoclase-microperthites the fact that sani-
dizing is apparently necessary before the crystals can
be homogenized implies that in nature the unmixing
must have occurred in a feldspar with a more disor-
dered distribution of Al and Si than it now has. In
other words for a fairly high degree of Al-Si order to
be present the Na and K atoms must have already
been ordered at a higher temperature.

On the limbs of the solvus the situation is somewhat
different. TUTTLE and BOWEN (1958) found that
potassium-rich microperthites were homogenized and
unmixed again relatively casily and in a much shorter
tfime than the high-temperature feldspars of the same
composition. A possible reason for this is that the
limbs of the solvus are in the temperature range in
which the stable forms of feldspar are orthoclase and
low albite and so unmixing and rehomogenization is
accomplished readily.

Tt appears that when unmixing of Na and K begins
at the top of the solvus the feldspars may be completely
disordered with respect to Al and Si or some slight
order may be present. Both types of ordering will
continue together, the Na/K ordering possibly assis-
ting the Al/Si ordering. This view is in direct
opposition to that of TFrreuson (1960) who has stated
that ... the nature of the framework of the alkali
feldspar with appreciable amounts of both Na and K
should be determined by the relative amounts of these
two atoms present in the structure at the time of Al-Si
ordering. Presently some point in the cooling pro-
cess must be reached where the Al-Si atoms can 1no
longer migrate, and presumably later at some still
lower temperature and for some reason not yet un-
derstood, perthitization talkes place with the segrega-
tion of the K atoms into one part of the framework

and of the Na atoms into another part”. Part of the
reasoning used by FERGUSON (1960) in support of this
argument is based on the results of heating experi-
ments on pure sodium- and potassium-feldspars and
also unmixed feldspars, carried out by a number of
workers. TFrom these experiments it appears that
the Na and K atoms are moved relatively easily at
comparatively low temperatures (500-600°C.) but the
Si and Al atoms are only moved by prolonged heating
at much higher temperatures (> 1000°C.). It must
be remembered, however, that the process of sanidi-
nizing a microcline is not an equilibrium process when
carried out at about 1050°C. and it may bear little
relation to the same process occurring under equili-
brium conditions (see accompanying paper by SMmITH
and MacKenzie, 1960). Perhaps the strongest ar-
gument against the suggestion of FERGUSON (1960) is
the fact that no natural low-temperature feldspar (ie.
orthoclase or microcline) with approximately equal
amounts of sodium and potassium has bheen found in
a homogeneous, of €ven a nearly homogeneous, state.

The differences which exist between the three solvi
shown by TurTie and BOWEN (1958) may be used
as a very approximate measure of the degree of Al/Si
order in the different forms of feldspar. The indi-
cations are that the degree of Al/Si order in the
sanidine-cryptoperthites is comparable with that of the
synthetic feldspars although it has already been sug-
gested that the natural feldspars show some Al/Si
order whereas the synthetic materials are probably
almost completely disordered. The orthoclase-micro-
perthites on the other hand give a metastable solvus
which is very different from ‘he other two solvi and
this is probably due to a VeIy high degree of Al/St
order in the sodium phase and a certain amount of
order in the potassium phase.

One further consideration leads us to believe that
the synthetic feldspar solvus is more stable than that
determined using the natural high-temperature feld-
spar. A synthetic feldspar held at 600°C., ie. 60°C
helow the crest of the solvus, will unmix to two
phases: over a period of time some ordering of Al and
Si in each phase will take place and it seems extremely
unlikely that the feldspar will become homogeneous
again as a result of this Al and Si ordering although
this would be the consequence if the solvus for the
natural high-temperature feldspars was the more
stable of the two solvi. Tt may be noted here that
Samama (1960) has recently drawn attention to the
considerable difference in femperature (200°C.) bet-
ween the crest of the experimentally determined solvus
in the system NaAlSiO-KAISiO, (TUTTLE and
Syrra, 1958) and that obtained from a study of the
unmixing and rehomogenization of natural crystals of
the appropriate compositior.

Yoper, STEWART and J. R. SMITH (1957) have
determined experimentally the position of the alkali
feldspar solvus at 5,000 bars pressure of water in
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experiments of one month's duration and they have
concluded that the solvus is raised by about 14°C. per
1,000 bars pressure. If pressure has a significant
effect on the position of the solvus this may account
for part of the discrepancy between the synthetic feld-
spar solvus and that obtained by TuTrTLE and Bowen
using the natural feldspars since their heating experi-
ments on the natural feldspars were all conducted at a
pressure of one bar whereas the synthetic feldspar
solvus was obtained from experiments conducted at
1000 bars.

a minimum of temperature for compositions containing
about equal amounts of sodium and potassium feld-
spar. This is based on the belief that substitution of
Na and K promotes disorder of the Al and Si atoms,
a question which has been mentioned in the preceding
section and discussed in some detail in the accompa-
nying paper. This method of denoting degree of
order has been adopted because of the existence in
the feldspars of phase changes of order higher than
the first: it is important to distinguish these from
classical phase changes for which a two phase region
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Fig. 3.—The alkali feldspar phase diagram. The dashed
centage of Al/Si ordering and the dotted line extending from

curves numbered in tens from 0 to 50 and 100 indicate per-
950°C. for albite composition to meet the solvus indicates the

relation between composition and temperature for the monoclinic-triclinic inversion in sodium-rich feldspars.

THE ALKALI FELDSPAR PHASE
DIAGRAM

A number of authors have constructed phase dia-
grams for the alkali feldspars and have shown either
stable or metastable equilibrium relations depending
on the cooling conditions. Only one diagram is given
here (figure 3) and it is considered to represent the
stable phase relations in the sub-solidus region.

A series of curved dashed lines in the diagram are
numbered in tens from O to 50 and 100 and these
represent percentages of long-range Al/Si order,
100 indicating full ordering and 0 complete disorder.
The lines representing a high deeree of disorder are
shown curving down from the end members reaching

depicting the compositions of the coexisting phase can
be drawn and no such phase changes exist in the
alkali feldspars.

The temperatures for the percentages of Al/Si long-
range order for pure sodium feldspar are derived
from the data of MacKexzie (1957): as a first appro-
ximation the assumption is made that the X-ray
parameter measured by MAcKeNzIE is linearly related
to long-range order. 1In the case of potassium feld-
spar the only measure of order which can be used
throughout the whole temperature range is the value
of the optic axial angle. If it is assumed that the
value of optic axial angle is linearly related to degree
of long-range order, orthoclase appears to be ahout 2/3
ordered. From the detailed discussion in the accom-
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panying paper it is concluded that a much more likely
value for the amount of long-range order in orthoclase
is about 1/4. These two values could be reconciled
if the value of the optic axial angle depends on short-
range order which would be expected to be better
than the long-range order.

The criterion which has been used to determine the
degree of Al/Si long-range order in the potassitm
feldspars is given by the expresion

i-=—1
E ; | 0.25 — S; |
1:4

1.5

> 100.

This gives the percentage of Al/Si order for a sample
Al

if the ratios of in the four sites Si, S,, S,
Al 4+ Si

and S, are known: thus the microcline studied by

BarLey and Tavior (1955) is 50 % ordered. The

percentages of order for different temperatures have

been obtained from figure 5b of the accompanying

paper (SmiTH and MacKenzig).

The crest of the solvus is placed at 650°C. and the
equilibrium feldspar of composition OrsAbs, at this
temperature is indicated as having almost complete
disorder. The limbs of the solvus are drawn through
the limits of solid solution as determined approxi-
mately by the compositions of homogeneous sanidines
(Abg) and anorthoclases (Abr;) and homogeneous
orthoclases (Aby;) (MACKENZIE and Smrrm, 1956).
By comparison with figure 2 it can be seen that the
solvus in figure 3 may be considered as made up of
the synthetic feldspar solvus above about 550°C. and
the orthoclase-cryptoperthite solvus below this temper-
ature. It seems quite likely that most natural sani-
dines and anorthoclases have heen quenched at a
temperature above 660°C. and the unmixing detected
in such feldspars has occurred metastable at very low
temperature; SMiTH and MacKenzie (1958) have
given crystallographic evidence of very low temper-
atures of unmixing in volcanic feldspars.

The dotted line drawn from about 950°C. for pure
albite and intersecting the solvus at about 600°C. re-
presents the monoclinic-triclinic inversion in sodium-
rich feldspars and this is undoubtedly a high-order
inversion also. Above 950°C. the form of albite is
described as monoclinic albite and it is only stable at
the high temperature. It has not been designated
monalbite hecause it is uncertain whether this material
corresponds exactly to the form of NaAlSi;Os which
Laves (1960) has described as monalbite.

Since the temperature scale on this diagram can
only be approximate no account has been taken of the
possible effects of pressure either on the position of
the solvus or on the curves of equal long-range Al/Si
order.

EVIDENCE OF STABILITIES
OF POTASSTUM FELDSPARS
FROM NATURAIL. OCCURRENCES

A number of investigators have used the feldspars
as geological thermameters since Bartm (1934) first
proposed the use of the compositions of coexisting
feldspars for geological thermometry. We are at
present concerned with the reverse process, viz.
attempting to obtain more information about the phase
relations of the alkali feldspars from observations of
their geological occurrence particularly at low temper-
atures. It does not seem out of place, however, to
consider first of all the use of feldspars in geothermo-
metry since so much work has been carried out in
this field in recent years (Bartm, 1951, 1956, 1959;
Herer, 1957; DierricH, 1960; YODER, STEWART
and Smrra, 1957, etc.).

There are two distinct but related methods of using
feldspars as indicators of geological temperatures.
Firstly, if a relationship between temperature of crys-
tallization and structural state of a feldspar can be
established by experimental work then a geological
temperature may be obtained from a determination
of the structural state of a given feldspar. Secondly,
where two feldspars coexist, the compositions of the
coexisting feldspars provide a tie line which may be
related to experimentally determined tie lines in the
system NaAlSi;Os-KA1Si,05-CaAl,Si,O, for a series
of temperatures and so a geological temperature can
be deduced. A further check on the temperature
should be obtainable in the case of two coexisting
feldspars by application of the first method to one or
both of the feldspar phases. Unfortunately the neces-
sary information is not yet available from experimental
work for any but the most approximate indication of
geological temperatures by either of these methods.
In addition it is fairly clear that high temperature
forms of both sodium feldspar and potassium feldspar
can form metastably at very low temperatures; the
occurrence of three feldspar phases in a rock instead
of the expected two phases presents other limitations
on the use of the feldspars in geothermometry.

Even if all the experimental data were available the
exact significance of the temperatures which may be
determined would be uncertain in many cases. Dik-
TRICH (1960) has presented a very useful discussion
of the ambiguities attached to temperatures determined
from the two feldspar geothermometers and his com-
ments are equally applicable to most other geological
thermometers particularly in the lower range of geo-
logical temperatures. The same author has concluded
that the two feldspar geothermometer is valuable for
determining relative temperatures within compara-
tively small zones in which other variables are less
likely to influence the results. Since the chemistry
of coexisting feldspars depends not only on their tem-
perature of formation ‘but also on- the modification
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which is found, DierricH has stressed the need for
further investigation along this line and it is this
aspect to which attention is directed here in the case
of the occurrence of two alkali feldspars.

Considering first of all the coexistence of two alkali
feldspars, the solvus in the phase diagram is rather
flat at the crest and the limbs approach the pure end
members rapidly so that 150°C. below the crest of
the solvus the compositions of the two coexisting pha-
ses are Or;Abe; and OrrAbs. The evidence for
this very restricted temperature interval over which
the alkali feldspar solvus may be used for geothermo-
metry lies in the observation that unmixed alkali feld-
spars generally consist of a fairly pure potassium-rich
phase and a nearly pure sodium-feldspar phase or else
they are unmixed on a cryptoperthitic scale and we
have already given reasons for believing that this is
metastable unmixing during rapid cooling. The most
significant observation which can be made from the
coexistence of two alkali feldspars is the common
occurrence of intermediate forms of potassium feld-
spar, viz. orthoclase and intermediate microclines along
with the low temperature form of sodium feldspar,
indicating that the temperatures necessary for the
same degree of ordering are very much lower for po-
tassium feldspar than for sodium feldspar. These
associations can thus be represented on the phase dia-
gram.

In the case of ternary feldspar compositions in which
an alkali feldspar and a plagioclase coexist there is
a much greater range in temperature over which the
compositions of the two phases may be used for geo-
thermometry. For our present purpose, however,
very little additional information regarding the sta-
bility of the various types of feldspar can be obtained.

Because of the uncertainties in interpreting the geo-
logical history of a suite of rocks it is difficult to as-
certain what other factors, in addition to temperature,
are important in determining the type of feldspar
found. The types of potassium feldspar found in peg-
matites and granites vary from sanidine-cryptoper-
thite, through orthoclase-microperthites to microcline-
low albite associations either in perthitic intergrowth
or as separate crystals. Part of this variation may
be due to different initial crystallization temperatures
but other factors such as rate of cooling, pressure and
volatile content may he of sufficient importance to
mask the effect of temperature alone and the minerals
found may provide little evidence, either from their
compositions or structural state, of the original crys-
tallization temperatures involved. Tn many cases two
or more of the variables mentioned are likely to be
interdependent.

EmELEUS and SMita (1959) in a study of the feld-
spars in the ring dykes of the Slieve Gullion area
investigated the possibility of establishing a relation-
ship between the thickness of a ring dyke and the
progress of the feldspars to a low temperature struc-

tural state: such a relationship would be expected
if cooling rate was the dominant factor in determining
the final structural state of the feldspars. EMELEUS
and SMITH came to the conclusion that cooling rate
was only one factor and local content of volatiles might
well be the most important factor in governing the
final structural state of the feldspars in these rocks:
the great variability of structural state of different
crystals from the same hand specimen they considered
might be due to the presence or absence of localized
concentrations of volatiles.

Since the discovery of the variable obliquity of
microclines (Laves, 1952; MacKenzg, 1952 a) a
number of studies, both optical and X-ray, have been
made of the obliquity of microclines and there appears
to be a general correlation between obliquity and esti-
mated temperature of formation of the mineral.
Heizr (1957) has correlated the boundary between
the amphibolite facies and the granulite facies of re-
gional metamorphism with the transition from micro-
cline to orthoclase and he considers 500°C. to be an
appropriate temperature for this facies boundary. He
has also shown that the obliquity of the potassium
feldspars, in the regionally metamorphosed rocks in
the Oslo area, has been considerably reduced in the
thermal aureole caused by the Permian igneous rocks.
CarLLEre and Kraur (1960) have noted, in the gra-
nitic rocks near Avallon in France, that orthoclase
is the predominant feldspar in the interior of intrusive
bodies whereas microcline is concentrated in the pe-
ripheral zones and accompanying apophyses. Other
studies of this type are progress at the present time.

Marmo (1959) has drawn attention to the common
occurrence in orthoclase granites of aplitic dykes and
veinlets which always contain a microcline of high
obliquity : these dykes and veinlets are much younger
than the granite. ~Marmo concludes that “once ortho-
clase has heen formed, it seems to be as stable as
(the) microcline at low temperatures”. The present
writers prefer to consider that orthoclase may persist
“metastably” under conditions in which a microcline
of high obliquity may grow and this can almost cer-
tainly be explained by the difference in chemical com-
position of the two phases. The orthoclase in gra-
nites will almost certainly have at least 10 % of
sodium feldspar in solid solution whereas the micro-
cline is likely to be nearly pure potassium feldspar.
From the shape of the dashed curves in fig. 3 it can
be seen that the amount of Al/Si disorder increases
rapidly with only a slight increase in sodium content
and therefore a feldspar of composition OrgpAbs, will
have a much more highly disordered framework than
one which is pure potassium feldspar at temperatures
in the region of about 300°C. It seems to the present
writers that it is unwise to discuss the relative stabi-
lities of the forms of potassium-rich feldspar in a rock
without considering the difference in chemical com-
position which may exist between the two feldspars.
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The orthoclase in this particular case has been descri-
bed by us as metastable because the chemical composi-
tion of the rock has been changed by introduction of
material and equilibrium has not been established
otherwise two potassium-rich feldspars could not
coexist. However, it should be made clear here that
it is possible for an orthoclase-microperthite to be the
stable feldspar in a rock under the same conditions of
pressure and temperature at which a microcline is
the stable form of potassium feldspar in another rock,
the controlling factor being the bulk chemical compo-
sition of the rock.

From the phase diagram (fig. 3) it can be seen that
at 450°C. for a bulk feldspar composition more
sodium-rich than OrgsAb,; the stable feldspar would
be an orthoclase-low albite microperthite whereas for
pure potassium feldspar composition, the stable form
would be an intermediate microcline. The exact
shape of the solvus and the nature of the curves of
degree of Al/Si order are unknown but would be
critical for a more exact discussion of this kind.

The main purpose of the phase diagram presented
here is to illustrate the relationship between Al/Si
order-disorder and Na/K order-disorder with an
approximate temperature scale. The nomenclature
used for the forms of sodium- and potassium-feldspar
is that which is generally adopted and it is felt that
there is at present no necessity for a more elaborate
system of nomenclature.

It is hoped that it does not appear from what has
been written here that we are being unduly pessimis-
tic about the usefulness of the alkali feldspars in par-
ticular and the feldspars in general in elucidating the
genesis of rocks in which they occur. We have
deliberately stressed the weaknesses and ambiguities
in our knowledge of the phase relations in the feld-
spars to point out the dangers of the too ready-accep-
tance of oversimplified conclusions based on observa-
tions either obtained from the study of natural rocks
in the field and laboratory, or from experimental
investigations of synthetic systems. ‘
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DISCUSSION

Laves (Ziirich):

Several remarks in the preceding paper which could not be
discussed orally by the present writer at the Symposium,
either because they had not been presented orally or for lack
of discussion time, call for clarification and discussion now.

A. Remarks on the steble phase diagram of the alkali
feldspars presented by MacKenzig and SmiTH . (this Sym-
posium, fig. 3).

Many different phase diagrams have been proposed during
the time of advances in feldspar research. This very fact
is due to the difficulties of experimentally approaching equi-
librium states of the feldspars in the laboratory. As the pre-
sent writer has recently (1960) proposed a phase diagram,
here reproduced as fig. 1 of this discussion, some remarks
may be appropriate. The main differences between the two
diagrams result from the following points:

1. MacKenzie and SMITH consider apparently (deduced

by the writer from the slope of the dotted line in their fig. 3)
only the displacive transformation (called by them «the»
monoclinic-triclinic inversion in sodium rich feldspars not
stating what kind of inversion they mean by this) as impor-
tant for a phase diagram without having realized that this
transformation may not have any stable eguilibrium existence
on its own at any temperature or composition (1) (with a
theoretical possibility but not necessity that a part of the
diffusive transformation line drawn in the phase diagram
of the present writer near the sodiumi side might also be
interpreted as a displacive transformation line) and that its
temperature/composition dependence in <«metastabley phase
diagrams has to depend on the Al/Si distribution of the
allali feldspar state considered. (For a detailed discussion
of the complex relations here involved see the writers 1960

(1) Tt is true, the present writer also included such a line
in a phase diagram (1952, p. 561), but becoming aware of
the incorrectness of such procedure he corrected his old
diagram correspondingly (1960). : i ;
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paper). Therefore, the dotted line is questionably included
in the MacKeNzIE-SMiTH- diagram, if it represents only the
displacive transformation. If it depicts a stable transforma-
tion line, i.e. the part of it where a coincidence of displacive
and diffusive transformation might be assumed, a correspond-
ing line for the diffusive transformation should have been
drawn on the potassium side. It is the writer's opinion that
the diffusive monoclinic-triclinic transformation (having a
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Fig. 1.—Stable phase diagram of the alkali feldspars.

stable temperature for all K/Na-compositions) may be con-
sidered as more important for a feldspar phase diagram dis-
cussion than the displacive monoclinic-triclinic transformation
(which may not have any stability temperature for any com-
position). At the most it could only coincide in part with
the diffusive transformation, starting at pure NaAlSiOs and
going to a certain (fixed but experimentally not known) K/Na
ratio (2).

It may be objected that the temperature of the diffusive
transformation on the potash side (microcline-sanidine) is not
known with certainty, and that GorpsmiTHE and Laves
(1954) could only suggest, and not prove, that this temper-
ature is approximately 500° C. On the other hand, the dia-
gram of MacKenzie and SMIiTH contains instead of such a
transformation line a set of degree-of-Al/Si-order curves the
shape and position of which may be even more open to dis-
cussion. — In addition, the assumption made by MacKenzie
and SMIiTH that NaAlSi;Os is virtually fully ordered at
450°C. has not been proven either [it is true, the present
writer would agree that this assumption is almost correct
but would guess that the temperature of virtually full order
would be somewhat lower as a different extrapolation of
MacKenzig's (1957, p. 508, fig. 7 and fig. 4 ¢ of the paper
by SmirE and MacKEnzig, this symposium) data appears
equally justified].

2. As to the shape of the degree-of-Al/Si order curves
just mentioned objections must be raised immediately. These
curves have been drawn by MacKenzie and SMITH on the
assumption that the degree of Al/Si-order depends strongly
(in addition to the dependence on temperature) on the K/Na-
ratio in such a way that a saucer-shaped dependence results
with a minimum at appr. K/Nar—=1. The present writer
cannot adopt this sort of dependence, inasmuch as no expe-

(2) The writer likes to acknowledge very valuable dis-
cussions he had with Dr. W. 1. BrowN on the pertinent
problems of this paragraph.

rimental evidence 'was given. He still believes in the
assumptions made in 1952 (p. 560 and 561), that the degree
of Al/Si disorder is mainly a function of temperature |be-
cause the influence of one wmivalent (K, Na) -ion should be
practically negligible compared to the ordering tendencies
of the four high-valent Al- and Si-ions]. It has been dis-
cussed in the paper 1960, however, that a size factor may
play a role and a substitution of the K* -ion by the con-
siderable smaller Na* -ion may lead to a sligh increase of
disorder for alkali feldspars in equilibrium at a fixed temp-
erature. Thus, if iso-degree-of-Al/Si-order curves would
be drawn in the diagram proposed by the writer [for example
using the assumptions based on reasons discussed in the
1960 paper (in connection with the figures 5 and 7, p. 213
and 280)] they would be expected to lie rather horizontally
somewhat ascending with increasing Na/K . ratio. — It
should be realized that in the diagram proposed by the writer
(fig. 1 of this discussion) the line depicting the diffusive trans-
formation monoclinic-triclinic as a function of the Na/K
ratio is far from represemting an iso-degree-of-Al/Si-order
curve,

3. To add a further complexity : MacKenziz and SMITH
state

«Above 950° the form of albite is described as mono-
clinic albite and it is only stable at the high temper-
ature. It has not been designated monalbite because
it is uncertain whether this material corresponds
exactly to the form of NaAlSi;Os which Laves (1960)
has described as monalbites.

Indeed, my definition for monalbite differs somewhat from
the above one of monoclinic albite, having realized that it
might be a chance event if there would be a temperature
(assumed to be 950° C. by MacKenzie and Surre), at which
the curve for the displacive transformation would coincide
with that of the diffusive transformation for pure NaAlSisOs.
Thus, there are chances that MacKeNzIiE and Smite’s de-
finition of «monoclinic albite» is impossible if the diffusive
and displacive transformations never coincide in the alkali
feldspar phase diagram under equilibrium conditions.

B. On page 55 MacKenzie and Smire (this symposium)
state in a foot-note that

«Laves (1960) has redefined his usage of the term
analbite so that it no longer corresponds to the form
described by TurrLe and Bowrn (1950) as high-
albitey.

This footnote refers to a sentence in which a correlation
was given between the «albitesy of MacKgnzieE and those
of the present writer.

To avoid further confusions I should comment on this sta-
tement in the following way:

1. Tourree and Bowen (1950) report on one form of <high
albite». In those days the Al/Si-order concept was not
developed as detailed as it is today. Now we know on
the basis of several considerations (Laves, 1960), that the
synthesis and the natural growth of NaAlSi;Os may Jead
to different forms that can be characterized on strict reasons
of structure theory. Two extremes can be defined: (1) Ma-
terial that can become monoclinic by heating rapidly enough
to prevent changes of the Al/Si-distribution, called (by the
writer) monalbite when monoclinic above the temperature
of the displacive transformation, and analbite when triclinic
below the temperature of the displacive transformation and
(2) material which cannot become monoclinic by heating
rapidly enough to prevent changes of the Al/Si-distribution.
The latter material is called albite if it has an Al/Si-

5
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distribution which is possible as a stable one under equili-
brium conditions at one definite temperature; it can be
subdivided into albite (high), (intermediate) or (low). In-
numerable intermediate states not stable under any equilibrium
conditions, are possible between these extremes of analbite
and albite, viz. states which correspond in principle to those
of ¢adulariay which are intermediate between sanidine and
microcline but with Al/Si-distributions that are not stable
under any equilibrium conditions. Which states TutrLE and
BowexN actually had when they X-rayed them at room temp-
erature is not known. The chances are high that they had
analbite, albite (high) as well as intermediate states between
these extremes, depending on temperature, time and (water-)
pressure of synthesis.

2. It may be deplored that the phase relations on the
albite side are as complex as they are, but the writer belie-
ves that it is better to realize the complexity of facts than
to ignore them for the sake of a convenient simplicity.

3. MacKenNzie and Smite state in the sentence to which
the above footnote 'was given that the term <analbite», rede-
fined by the writer (1960), may correspond to those forms
of NaAlSi;Os which were considered by MacKenzie (1957)
to be metastable. Unfortunately, any reader will look in
vain for any definition of what MacKenzig (1957) considered
to be «metastables. Thus the correlation proposed by Mac-
Kenzie and Smite (this symposium) is without meaning
and may add to confusion.

4. The point must be stressed that the (2015 -20,5) value
used by MacKenzig (1957) to characterize the forms of
NaAl81;0s cannot be used as a unique criterion, for reasons
of principle discussed by the writer (1960: in this paper,
only lattice angles were discussed, on which the 0 wvalues
depend). Perhaps, MacKENZIE was aware of such reasoning,
when he wrote his paper. However, he did not make any
remark in this respect. He only states once (p. 505) that:

«two samples of synthetic albite having identical va-
lues of 2051 -21 5 may differ in certain physical pro-
perties because of differences in their crystallization
history.s

The context in which this sentence was written suggests that
MacKEenzIE thought rather of differences in response to later
heat treatments than to differences in structural state.

5. Therefore, becatise MacKEeNZIE defines high, interme-
diate and low albite by the 26.21-20:5 values his correlaticn
with the states of albite (high, intermediate and low), as
defined by the writer, is not right. [Compare the statement
of BrowN (1960, p. 317) : «It is clear that values for 2055 -2015,
can correspond to two completely different states at a fixed
compositiony. See also his figure 14].

C. MacKenzig and SwmrmrE (this Symposium, P. 58)

say (3).

«It is not clear why Laves (1960) still states that the
mineral which most petrologists would describe as
orthoclase is metastable (or unstable) particularly
since he frequently describes it as <«normaly or

(3) At final proof-reading it was noticed that the test of
p. 58 (left side) was somewhat changed by the authors as the
consequence of correspondence. Thus, the sentence quoted,
cannot be found any more in the printed version of the paper.
Howewer, MacKenzIE and SMITH gave a reply to this C-
discussion on page 68, and it would be impossible at this
stage to remove the C-discussion as it has been referred to
it on other places in this volume.

¢commony orthoclase, presumably since it is com-
monly found as one phase in orthoclase-microper-
thites».

As to this question I can only express my hope that other
readers interested in the subject may be able to understand
the reasons why GorpsMiTH, HAFNER and the writer made
a distinction between the concepts of «sanidiney and <«ortho-
claser. These distinctions may be rather irrelevant for many
practical purposes of mineralogists and petrologists. They
become relevant, however, if phase relations need to be
discussed for a more sophisticated understanding of structural
states that may exist in nature on theoretical reasoning and
which exist in nature, as proved by X-ray work.

The fact, that <orthoclases» are commonly found in nature
is not a proof that their structural assemblage is a stable
state. The situation can be compared with the fact that
most microclines are found finely twinned, but nobody will
doubt that a single microcline crystal should be more stable
than a finely twinned microcline assemblage. For further
information the reader is referred to the paper by GoLDsSMITH
and Taves (1954).

The writer would like to illustrate the situation by a
counter-question: MacKenzie and Smrtm state that Mac-
Kunzie (1954) found a monoclinic feldspar and a microcline
of high obliquity in the same crystal. [The occurence of
such assemblages has been confirmed by Laves (1950) and
by Gorpsmrra and I.aves (1954)]. Would they now con-
clude from the frequency of such assemblages that these
represent equilibrium assemblages of coexisting monoclinic
and triclinic potash feldspars stable at a certain temperature?

Or another counter-question: MacKENzIE and SMITH’s
(1956) observation that sodium-rich alkali feldspars can be
found in nature the optics of which are intermediate between
orthoclase-microperthite and sanidine-cryptoperthite, due to
the existence of two forms of exsolved NaAlSi;Os is another
example of a very finely divided assemblage of domains in
twinned orientations where some overall coherency of the
NaAlSisOs-framework may be expected with the result that
such assemblages may have quite a persistency over geologic
times. I hope, even MacKeNnzig and Smire will not pro-
pose that such assemblages should be considered as stable
ones. At least they did not vet reserve a field for them in
‘tiheirAp)roposed stable phase diagram discussed above (un-

er A).

D. MacKenzig and Smirtu (this symposium) reproduce
as fig. 2 a «Solvidiagram» of Turrie and Bowen (1958).
With respect to this figure it has to be pointed out, that the
solvus lines for the orthoclase-cryptoperthites should not be
considered as a <solvus» because the Al/Si-distribution in the
¢orthoclasey is different from the one in the exsolved
NaAISi;Oy-phase. For a given difference in the aforemen-
tioned distributions the position of the lines has to depend on
the bulk composition with respect to the K/Na ratio. Thus,
the relative position of such lines has to depend in principle
on two factors: (1) on the difference in the Al/Si-distribution
of the two phases and (2) on the bulk composition with
respect to the K/Na ratio. A detailed discussion of this
situation was already given in 1952 (p. 564, 4). In addition,
factors such as size, shape and orientation of the exsolved
components may play a role.

Thus, such lines cannot even be considered as representing
metastable solvis velations of a binary system; the situation
is analogous to the temperature dependence of the distribution
of two idyes in a mixture of oil and water where oil and
water correspond to the two different AlSi;Os-frameworks,
and the two dyes correspond to the Na and K ions. Thus,
the slopes of the lines in fig. 2 have to depend on the fra-
mework 1/frameworl 2 ratio and on the Na/K ratio. Such
lines may represent the mixing and unmixing behaviour of
one particular specimen but they cannot be considered as being
characteristic for a binary system as plotted in fig. 2.
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E. On page 62 MacKenzIg and SMmIreE (this Symposium)
state:

«The most significant observation which can be made
from the coexistence of two alkali feldspars is the
common occurrence of intermediate forms of potas-
sium feldspar, viz. orthoclase and intermediate micro-
clines along with the low temperature form of sodium
feldspar, indicating that the temperatures necessary
for the same degree of ordering are very much lower
for potassium feldspar than for sodium feldspar.»

The present writer does not believe in the necessity of such
a conclusion. The following seems to him a much more
likely explanation: authigenic K-feldspars are frequently
found in the «orthoclase» state (thus somewhat disordered
re Al/Si-distribution) whereas most authigenic Na- feldspars
are found in the low albite state (thus much more ordered
re Al/Si distribution), see Basrin (1956). The same holds
for fissure assemblages of adularia and albite. It may well
be that the speed of the kinetical process of ordering is higher
in Na-feldspar than it is in K-feldspar. This may well be
responsible also for the fact that it is more common to find
¢orthoclases-low albite (unstably) coexisting in nature, than
albite (high-intermediate)-microcline associations. In addi-
tion, reasons on the lines proposed in 1952 (p. 446) may
play a role in this respect:

Suppose a K-feldspar and a Na-feldspar may be in an
equilibrium state at about 500°. Then, the K-feldspar may
be in a sanidine (low)-state, and the Na-feldspar in an
albite (intermediate)-state. Thus, the K-feldspar is mono-
clinic and the Na-feldspar is triclinic. If the Na-feldspar
has not grown initially as a monalbite, one may assume that
it be a ftriclinic single crystal. As cooling proceeds the
K-feldspar has to increase in order by changing from mono-
clinic to triclinic symmetry, whereas the Na-feldspar increases
in order without changing symmetry. Thus, the K-feldspar
has to make up its mind iwhether to change into a «left» or
into a «righty orientation (whereas the Na-feldspar does not
need to). The K-feldspar evades this decision by developing
the «orthoclases-state, a finely twinned mixture of «right*» and
¢lefty domains with some overall lattice coherency [«ortho-
clasey in the sense of Laves (1950, 1952); GoLpsMIirH and
Laves (1954); Laves (1960); ILaves and GoLpsMITH, this
symposium]. Such a state may be able to exist unstably
for a considerable length of time because (1) it would have
to surpass the energy barrier of creating incoherent domain
boundaries for the formation of triclinic units of rather large
size and because (2) such a domain-«recrystallization» would
require quite an additional diffusion process, as 50 % of the
already triclinicly ordered «leftys domains have to change
into «rights ones or vice versa. On the other side, the Na-
feldspar already exists at 500° C. as a triclinic single crys-
tal and can proceed continuously with increasing its order
without having the difficulties any truly monoclinic K-feld-
spar is faced with ‘when cooled below, or metastably grown
below, the transformation temperature of the diffusive trans-
formation (monoclinic — triclinic).

Thus, different speeds of aproaching the stable state may
well be responsible for the above quoted observations and
the present writer does not see any necessity of accepting
the indications deduced by MacKenzie and Suirm which
may have been one of the reasons why they have drawn
their iso-degree-of-Al/Si-order curves in their phase diagram
the way they did.

F. For similar reasons as argued in the preceding para-
graph the present writer objects to the influence of Na on
the persistency of «orthoclase» as a major factor. Mac-
Kenzie and SmrTH say (p. 62).

«The present writers prefer to consider that ortho-
clase may persist «metastablys» under conditions in
which a microcline of high obliquity may grow and

this can almost certainly be explained by the diffe-
rence in chemical composition of the two phases. The
orthoclase in granites will almost certainly have at
least 10 9% of sodium feldspar in solid solution whereas
the microcline is likely to be nearly pure potassium
feldspar.»

Contrary to MacKgnzie and SMiTH's viewpoint the writer
believes the explanation will almost certainly be the follow-
ing: «Orthoclasey is persistent because of its finely twinned
structural state. As its overall Al/Si-disorder is higher
than the one of microcline it admits Na in solid solution
more than microcline does. When the delicate metastable
persistency of its structural state becomes disturbed enough
during its geological history (be it by time, changing temp-
erature or by the influence of accessories like water, etc.) it
«recrystallizesy into enlarged (mostly visibly twinned) micro-
cline domains. As a consequence of this Al/Si ordering
process «the phase» microcline is formed and a microcline-
albite (low) solvus becomes effective, ie. the Na will be
thrown out by this process (cf. the papers by GorLpsMiTH
and Laves and by Lavis and GorpsMiTH, this volume).

G. At the end of the paper MacKENzig and Smiry state:

«From the phase diagram (fig. 3) it can be seen that
at 450° for a bulk feldspar composition more sodium-
rich than OrwsAbnr the stable feldspar would be an
orthoclase-low albite micropertite whereas for pure
potassium feldspar composition, the stable form would
be an intermediate microcline.»

In the light of the fact, that the shapes of the curves drawn
in the quoted «stable» phase diagram are constructed on the
base of questionable assumptions (see ‘A, 2; E and F above)
this rather definite statement should be met with proper
reserve.

MacKenz1r (Manchester) and J. V. Smrra (Chica-
go). Answer:

A. Of course, it is recognized that the phase diagram
proposed by us is merely an interpretation of imcomplete
experimental data, and we welcome discussion of its features.

The problem of the stability relations of albite (and adja-
cent K-Na feldspars) will only be solved by more experi-
ments. Laves and his co-workers have not yet published
any data on attempts to reverse the changes that occur by
heating albite near the melting point. Furthemore the occur-
rence of a shell of glass on crystals of monalbite (BrowN,
1960) suggests accidental heating above the melting point.
Omnly when the reactions have been followed in both direc-

“tions and without formation of glass will it be possible to

draw firm conclusions. Furthermore, it would be desirable
to X-ray the crystals at high temperatures rather than quen-
ching to low temperatures, a difficult but not impossible
task.

Regarding the monoclinic-triclinic inversion in albite, for
any particular K/Na ratio the feldspar will undergo the
transition either by the diffusive or the displacive process,
but not both unless they happen to coincide. Until further
experimentation gives data on the diffusive transition in Na-
rich feldspars (no reliable data exists at the moment) it
seems safest just to use the data for the displacive transition.
At least these data do fit the observations for natural feld-
spars from volcanic rocks (Laves, 1952; MacKznzig, 1952 b;
MacKenzig and SmirH, 1956). If the diffusive transition
is shown by experiment to occur at a higher temperature
than the displacive transition then, of course, the displacive
transition has no place on a stable phase diagram. It is
hoped that Laves and his co-workers will undertake further
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experiments both on pure albite and on K-containing albites
to elucidate these reactions.

The main contribution of the diagram proposed by us is
the addition of contour lines of AI-Si order to show the
assumed non-first order transition from the disordered to
the ordered state. There is no need for us to repeat the
arguments why we consider that the contours bend in Sym-
pathy with Na-K substitutional disorder. But we would
wish to point out that if Na and K ions had no effect on
Al-Si ordering the ordering relations of Na- and K-feldspars
would be the same. Field and experimental data suggests
to us that disordering in K-feldspar commences at a lower
temperature than in Na-feldspar (though Iaves is not con-
vinced by our arguments), possibly by as much as 200° C.
Furthermore we wish to point out that both ordered and
disordered feldspars contain one univalent ion and four high-
valent Al and Si ioms. It is the tiny differences in the
chemical forces that determine the temperature and compo-
sitional dependence of ordering, not the absolute magnitude
of the forces. Unfortunately there seems no hope of calcu-
lating the resultant energy differences between ordered and
disordered forms because our knowledge of chemical forces
is so primitive. It is hoped that our suggested variations
of Al-5i order with composition will encourage experimen-
tation fo test this idea. Naturally we hope that the variation
assumed by us will be correct, but if not, we still think
that the idea was worth proposing in that it encouraged
the carrying-out of the experiments,

B. We hate to add to the confusion by making further
comments! We are troubled by the nomenclature used by
LavEs as examination of Fig. 1 (of this discussion, npt the
original text) will show. In fiz. 1 we have plotted ordering
against temperature. There will be some curve (ABO)
relating the equilibrium ordering with temperature. The
exact shape of this curve is not known but if MacKeNzI®'s
data of 1957 are right it would have a shape similar to that
given here. Anyway the exact shape is not significant.
Crossing this curve will be the curve DBE for the mono-
clinic-triclinic inversion, which may be either displacive or
diffusive over its length. The exact position of this curve
is not known but it should slope the way it does in Fig. 1,

Complete [
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Fig. 1.—See text for detailed explanation. Ordering is
assumed to be complete at 450° C. in accordance with the
extrapolation of the data obtained by MacKzxzie in 1957,
The melting point of albite has been assamed o be indepen-
dent of order and near 1100° C., thus the line JEC represents
the metastable melting point and C the true melting point.
It has also been assumed that the feldspar is completely
disordered just below the melting point.

otherwise certain triclinic feldspars would become monoclinic
on cooling, whereas all evidence points to the opposite
conclusion. According to the statements made by LAVES in
this discussion, feldspars in the area DBECF are called
monalbite while those in area DBEG are called analbite
(this is the consequence of B 1 (1)). The consequence of
B 1 (2) is that the term albite covers only feldspars that lie
on the portion of the curve AH. Thus the equilibrium form
of albite according to this definition would change from
albite (low) to albite (high), then to analbite and finally to
monalbite. This consequence violates the conclusion by
Laves that analbite does not occur on the stable phase dia-
gram (Laves, 1960, Fig. 7). The discussion here is over-
simplified in that we have assumed only one ordering para-
meter. Actually there can be an infinite number of ways
of ordering as Laves has suggested. Consequently the si-
tuation is even worse than is shown here. Fortunately all
natural specimens of K- and Ca-bearing sodium feldspars
from volcanic rocks so far examined give values for the
monoclinic-triclinic displacive inversion that fit well on cur-
ves that assume a simple unique variation with composition
(MacKenzie and SmrrH, 1956). Until this relation is proved
to be more complex we shall continue to use the definition
of anorthoclase given in that paper. Ii it is proven to be
more complex we shall, of course, agree that modifications
are needed.

In summary we do not feel able to accept LAVES’ nomen-
clature for sodium feldspars because we believe that his
scheme is inconsistent and because we believe that the experi-
mental data is inconclusive. We hope that further experi-
ments will be undertaken.

In an attempt to relate the various synthetyc forms of
albite, obtained in MucKENzIg's (1957) experimental studies,
to the new nomenclature proposed by Laves (1960), Mac-
Kgnzig and Swmrrm stated that the term analbite may be
equated with those forms of NaA1Si;Os which were consi-
dered by MacKenzig (1957) to be metastable.

LAVES notes that the reader will look in vain for any
definition of what MacKswzix (1957) considered to be metas-
table. Tt was clear from the experimental results published
that for each temperature there was a gradual approach to
a fixed value of 26(131) —2¢(131) and the crystals having
this fixed wvalue were described as gsupposed equilibrium
formss. Tt was not established that equilibrium was esta-
blished in any of the experiments on the crystallization of
a glass of NaAlSi;Os composition and it certainly was not
established that any of the phases produced were stable pha-

ses. However the change in the value of 206(131) — 26(131)
with time and the eventual attainment of a fixed value of
20031y — 2003y does suggest that all the intermediate forms
are metastable although it indicates nothing about whether
the final «supposed equilibrium formy is the most stable
form of NaAlSi:Os for the particular physical conditions
of each experiment,

Laves has also questioned the use of the value of
200151y — 2651, to characterize the torms of NaAlSi:0s as
proposed by MacKenzig (1957) since 2 number of different
structural states may have identical values of 20050 — 2647,
This is so obvious from figs. 3 and 4 of MacKenzIr's
paper (1957) that it ‘was not considered essential to elaborate
on this point. The simplest method of detecting these struc-
tural differences available at the present time is to study
the effect of heat treatment and so this aspect was stressed.
The statement of Browx (1960, p. 317), quoted by Laves,
«lt is clear that values for 200, — 2005, can correspond
to two completely different states at fixed compositions adds
nothing to what has already been stated by MacKenzrz
(1957). If it is asswmed that the extrapolated products of
MacKenzig's (1957) syntheses at constant temperatures re-
present the stable forms of NaAlSi;Os for each temperature
and that 20qusn—2005, is uniquely celated to order for
these forms then low, intermediate and high albites can be
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described by this function if they are stable forms. It
should perhaps be emphasised again that this is strictly
speaking applicable only to pure NaAlISiOs.

C. The main reply to this section of discussion has been
given elsewhere in our replies. Studies of feldspars from
many granites and metamorphic rocks show that orthoclase,
as a constituent of orthoclase-perthites, is a Very common
mineral, and because of this we think that it has a structure
that is either the stable one or very near to the stable one
at some intermediate temperature. If not, one would expect
to find that orthoclase was a less common mineral. Accord-
ing to our investigations of feldspars from many localities
the assemblage orthoclase plus microcline of high obliquity
is not commmon, and may therefore be a consequence of
unusual conditions.

On the question about the occurrence of two sodium-rich
phases in certain perthites, and the omission of a place for
them on our phase diagram: the phase diagram is for Ca-free
alkali feldspars whereas the natural perthites contain several
per cent of CaAlSi:0s. We believe that the presence of Ca
considerably modifies the relation between potassium and
sodium feldspars. Thus there is no inconsistency in our
proposals.

D. TIn discussing the solvi diagram of Turres and Bowen
(1958), T.aves states that the solvus line for the orthoclase-
cryptoperthites «cannot even be considered as representing
metastable solvus relationsy.

It seems clear from a statement by Laves (1960) that he
uses the words «stable» and <equilibriums as if they were
synonymous when he states: — «The distributions are sub-
divided into ‘stable’ and ‘unstable’ ones, a distribution being
called stable if there is a temperature at which it can exist
under equilibrium conditionss. This statement neglects the
fact that an equilibrium curve may correspond to metastable
equilibrium. TuTTLE and BoweN (1958) were able to reverse

the solution and exsolution of the two feldspar phases in
orthoclase-cryptoperthites by heating and cooling experi-
ments; they therefore established that the solvas was an
equilibrium curve. That it represented metastable equili-
brium for most of its range of temperature they deduced
because they had already obtained a solvus for what they
considered to be the more stable phases, viz. the synthetic
feldspars, in the temperature region of 600° C.: this conclu-
sion is supported by MacKenzie & Surrm in this sym-
posium.

Factors considered by Laves such as the difference in the
Al/Si distribution of the two phases, the size, shape and
orientation of the exsolved components have nothing to do
with equilibrium but may affect the rate of attainment of
equilibrium,

E. Although we appreciate Laves’ argument, we prefer
to rely on our interpretation of the geological evidence. No
useful purpose would be served by going into this in detail
here, as we have a long publication planned on the signifi-
cance of the petrologic data for the alkali feldspar phase
diagram.

F. See discussion to Smrra and MacKenziz, point 4.

G. It should he noted that we used the conditional
«would» not the definite «isy, thus recognizing the uncer-
tainty in our conclusions. However, we welcome T,aves’
remark so that we can clarify our statement.

Laves (Zirich), Reply to B:

MacKenzIE and Smrrr helieve that my scheme of Na-
AlS1:O0s-nomenclature is «inconsistent>. I do not. Readers may
decide.
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ABSTRACT

In the course of the last years several papers [Frrcusox, Trairr, Tavror: Acta Cryst. 11 (1958) 331 ; MEcaws Min.
Mag. 32 (1959) 226; FercusoN: Canadian Mineralogist (1960)] have sought to show that ideas expressed by the present
authors concerning the orthoclase-microline relations and the polymorphism of anorthite are wrong. To avoid further
confusion differences and identities of opinion are discussed in the light of new experimental worlk and theoretical consi-

derations.

At the moment, there is a good deal of discussion on
problems of the feldspars and a certain amount of
confusion is apparent. With the risk of adding to
the confusion by further contributing to the discussion,
we should like in part to stress anew some old ideas
and in part present some unpublished data, all on the
alkall feldspars.

In fig. 1 the Al/Si-positions in the AlSi;Os-fra-
mework as determined by Tavror (1933) are shown.
In the monoclinic case there are A and B positions
only, whereas with triclinic symmetry Ai, As, By, B,
positions must be distinguished. [These are equi-
valent to the Sis, Si's, Si"y, Si; of TAYLOR’s original
work ; MEGaw (1956) has used a more sophisticated
terminology changed somewhat in a later paper (Mg-
caw, 1959). The A-B-terminology is used here for
the sake of simplicity].

It is known that the structural differences in the
alkali feldspars are related to the Al/Si-distribution
in the two or four A and B sites. All evidence points
to a continuous gradation of properties hetween the
low- and high-temperature states, indicating a con-
tinuous variation in the distribution of Al and Si
between the A and B sites. No evidence against this
interpretation has come to our attention.

This is shown diagrammatically for the K-feld-
spars in Figure 2. These curves which are fully dis-
cussed by Laves (1960), give the probabilities a, b
(a1, as, by, bs) of finding Al atoms in the positions
A, B (As, As, By, Bs) as a function of temperature.
In addition to this set of curves which may be taken
as representative for stable states, ie. distributions
under equilibrium conditions, an infinite number of
sets is possible from a structural point of view, cha-
racterizing states that are not stable under any con-
ditions.

Limiting our attention at the moment to the K-
feldspars, it is quite obvious that there are truly mo-

Some of the confusion may he due to different interpretations of the meaning of term <orthoclases.

noclinic structures, generally called sanidines. There
are also definitely triclinic structures, the microclines.

Let us now consider the possible relationships of
these two structural types to the controversial ortho-
clase.

The main points of our arguments and the expe-
rimental evidence supporting them are presented in
several papers [LavEs (1952), GorpsMrTH and LLAVES
(1954 a and b), HarNer and Laves (1957), Laves
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Fig. 1.—Projection of the Al, Si positions of the AlSi:Os-
framework in the direction of c¥* ie. on the plane (001).
See Laves (1960, p. 268).

(1960)] and are summarized here; they are based on
the study of a great variety of natural and synthetic
feldspars subjected to extensive heat treatments and
investigated by several methods.

a) KAISi;;Os can exist in a highly disordered state
as sanidine (high) and in a highly ordered state
as microcline (low, or maximum microcline).

h) Intermediate states with intermediate degrees of
order link sanidine (high) with microcline (low).
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Laboratory experiments have proved the existence ¢) The investigation of natural K-feldspars has con-
of a comtinuous sequence of intermediate states firmed the existence of intermediate states in na-
between the triclinic and monoclinic structures. ture. Many degrees of “triclinicity” ranging bet-
G a=b thigh)
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Fig. 2—Diagrammatic sketch of the Al/Si-distribution for KA1S1:0s

a, b, a: etc. represent the probabilities

positions are structurally different. Tey,
clinic (sanidine-) framework, and Teo,
nic symmetry,

now available. See Laves (1960, p. 273).
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Fig. 3—Diagrammatic representation of K-feldspar rela-
tions. On the left side «Degree of Al/Si order» refers to
short range order, on the right side to both short range and
long range order. See Goldsmith and Laves (1954 b, p- 116).

of finding Al in the point positions A, B, A; ete.
to indicate that even at the highest temperatures a and b may very well
the temperature where a noticeable ordering should set
the temperature at which the ordering process necessitates the reduced tricli-
are merely estimated on the basis of what appears reasonable plus the limited experimental evidence

under equilibrium conditions. The curves
The small insert is drawn
not be exactly equal, because the A and B
in within the mono-

ween 0 and 1 were found, indicating a continuous
change from the monoclinic state to that of ma-
<imum microcline taking place in nature in the
course of adjustment to equilibrium conditions.
Most microclines are twinned in such a way that
it can definitely be stated that they originally grew
as monoclinic crystals.

Obviously, there must be states between truly
monoclinic sanidine and those microclines in which
the triclinic character becomes observable. Tt is
self-evident that the ability to observe the tricli-
nic character depends on the resolution of the
instruments available, on the degree of the tricli-
nicity of the twinned domains and on the size of
the domains. We define “orthoclase” as material
that deviates from a truly monoclinic sanidine but
that “appears” to be monoclinic because of tri-
clinic domains too small to be resolved by the
microscope or even by X-ray diffraction, in which
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the domains are related to each other by the albite
twin law or by the pericline twin law or by both
laws in the typical microcline fashion. The per-

73

tinent relations are expressed in Fig. 3. The term
“commeon orthoclase’ has been used to avoid con-
fusion, inasmuch as some use the term “ortho-
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Tig. 4—Diagrammatic representation of the Al/Si-distribution in sanidines, in a P2i/a-state, and in microclines (see

fig. 1 for the positions chosen).

Tig. 5—Qscillation diagram of an adularia with diffuse (h 4 k = odd) reflections.

Fe radiation; oscillation axis=—h.
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clase” for all K-feldspar that is or appears to be
monoclinic, including sanidine.

The ordering process involved in the transforma-
tion from monoclinic to triclinic symmetry requires

23y 43 ot 4
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space group P2,/a (see fig. 4). There is indeed some
experimental evidence for this state, as “orthoclases”
have been reported (Laves, 1950) showing X-ray
reflections (see fig. 5) hkl with h + k= odd. (We
shall return to this point shortly). These reflections
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Fig. 6.—Diagrammatic representation of Al/Si-distributions in out of step domains of a P2, /a-state, (a) separated
within a sanidine matrix and showing a bridging microcline area, (b) forming boundaries of microcline character.

nucleation. If a very large number of nucleation sites
are produced, a very fine domain assemhlage will result
and the material may appear monoclinic. In an extreme
case the domains may be essentially of unit cell size,
in which case the material would have the monoclinic

are diffuse and elongated in the direction of the b-axis.
This indicates “out of step” domains as illustrated in
fig. 6. Note that a 2-dimensional double-layer of “mi-
crocline” parallel to (010) exists at the domain houn-
dary. These boundaries may act as sites from which
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continued development (“internal recrystallization’)
of coarser microcline domains can take place. This does

Fig. 7—Oscillation photograph (central part is cut out) of
an adularia with diffuse tails starting from the «monoclinics
maxima. The tails are elongated in the b*-direction. They
appear only on that (right) side of the photograph where a
microcline twinned after albite law would show a splitting
of the reflections. For more detail see Laves (1950, p. 566).

not imply that nucleation of triclinic regions must take

place from a parent P2,/a-structural arrangement.
Other nucleation processes developed in the mo-

noclinic host may be operative and form domains with

@)

triclinic (microcline) symmetry. These can also grow
by some process of internal recrystallization to vir-
tually any size and eventually produce microcline with
macroscopic twinned units. Single crystals may even
be formed by this process as an end-product in rare
cases.

If many nuclei are formed in the monoclinic host,
and but little internal recrystallization takes place, an
apparently monoclinic orthoclase may develop which
may have a very high degree of short range order, even
though the long range order is close to zero. However,
as illustrated in fig. 3, the degree of (short range) order
within the small triclinic domains may also vary con-
tinuously. If on the other hand but few nuclei are ori-
ginally produced in the monoclinic host, a coarsely
twinned microcline may ultimately be developed by
ordering, without internal recrystallization.

The mechanism of nucleation and growth may vary
widely between these different processes.

It has been noted [Laves (1952), p. 565/567] that
the finely divided K-rich feldspar exsolved from the
triclinic host of some cryptoperthites also shows the
triclinic geometry of the host. This is due to the con-
trolling influence of the host. In analogous fashion
mutual structural distortion of small triclinic domains
could produce an apparent monoclinic geometry. Thus.
this could be another factor in the monoclinic —tri-
clinic— orthoclase confusion. The reality of this si-
tuation is shown in figures 7 and 8.

(b)

Tig. 8__ Precession photographs of an optically monoclinic adularia with ¢ as precession axis (a) Cu-radiation:
Note that 200 is rather sharp having only a very weak tail, whereas 400 shows in addition to a sharp spot (note the
B-reflection) a rather strong tail. (b) Mo radiaton: Visible are 200, 400, 600, 10.00 (800 is extinct). Note that 10.00
consists only of a symmetrical tail without central spot. Measurement of the ends of the tail would lead to a +* cha-

racteristic of maximum microcline.
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We have been criticized by Fercuson, TrAILL and
Tavior (1958), by Mrcaw (1959) and hy Fercuson
(1960), and it may be that some of the differences of
opinion are due to confusion over the meaning of the
word “orthoclase”. Little need be said relative to the
paper by FERGUSON, TRATLL and TAYIOR (1958), inas-
much as they merely state that they do not believe
our interpretations with the questionable implication
that we have produced no experimental data. The
microcline problem will be discussed shortly, but we
would like to state the following with respect to
orthoclase :

1) If Kfeldspar is monoclinic, having the space
group C2/m, we call it sanidine.

2) If an orthoclase exists which differs from the
model we have proposed, and differs from micro-
cline, it must be proved that it is a distinct struc-
tural type, i.e. a polymorph that would differ from
a sanidine in some distinctive structural feature.
A difference in degree of order within the con-
fines of the space group C2/m is not regarded
by us as sufficient unless it can be shown that
there is a first order discontinuity leading to a
distinctive phase.

3) In the abstract on “The structure of orthoclase”
by JoNes and Tavror (1960; this symposium,
distributed at Copenhagen; see the corresponding
paper —I1961, this volume— presented by Me-
GAW) it was stated that “No final decision is
reached on the true symmetry of orthoclase-whe-
ther monoclinic or an intimate intergrowth of
triclinic units, but any departure from monoclinic
symmetry is probably very small”.

Is this not in effect a confirmation of our views.
and is this not again at the heart of the confusion?

4) The fact that Jones & TavLor express some douht
about the true symmetry of orthoclase, indicates
that there are X-ray effects that violate expecta-
tions consistent with a truly overall monoclinic
symmetry (see the corresponding paper presented
by MEGaw, this volume). We have shown that
K-feldspars which are usually called “orthoclase”
by petrographers and mineralogists, show such
deviations from true monoclinic symmetry. These
deviations are hest explained hy an intimate in-
tergrowth of submicroscopic triclinic domains.
Further, we have shown experimentally that there
is a great variety of such material, and simple
logic following structural theory would indicate
that there can be an infinite variety of such de-
viations, linking the truly monoclinic sanidine to
the visibly crosshatched microcline. Thus one
structure determination of one “orthoclase” —as
interesting as it may be— does not add anything
to the principle of the models we have proposed.

If the structural determination shows the specimen
to be truly monoclinic, without diffuse tails ori-
ginating from the normal monoclinic reflections,
the specimen would be merely one of the sanidine
series. If it deviates somehow from truly mono-
clinic symmetry, a proof showing it to be diffe-
rent from our model is necessary. The “charge
balance hypothesis” cannot be regarded as theo-
retically sound enough to shore up the lack of such
a proof; the consequences derived by Fercuson,
Trarir and Tavror (1958) and by Frrcuson
(1960) using this hypothesis are contrary to ob-
servable crystal-chemical, mineralogical and petro-
logical facts, and therefore cast serious doubts on
its validity. It may also be said that this hypothesis
used in interpreting relations of the potassium-rich
side of the alkali feldspar series is “extrapolated”
from the structure determinations of two sodium
feldspars.
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Fig. 9—Probable phase diagram of the alkali feldspars
under equilibrium conditions, For a discussion of the Na
rich side see Laves (1960, p. 288).

As early as 1951 experiments by Laves on alkali
interdiffusion showed that maxim@m microcline and
low-albite have the same Al/Si distribution. Fxten-
sion of this experimentation has led to the develop-
ment of diagrams representing the inversion and un-
mixing relations of the alkali feldspars as discussed
bv GorLpsMitE and LAvEs (1961 ; this volume, fign-
res 6 and 8) and by Laves (1960, his fig. 10 presented
as fig. 9 here),

In these diagrams maximum microcline is shown as
the stable modification of sodium poor alkali feld-
spars. All evidence points to this as a fact. Tn conflict
with all known evidence, FERGUSON, TRAILL and TAy-
LOR (1958) state that a predominance of Na is required
for the formation of anything like maximum micro-
cline. They believe any triclinic microcline to be uns-
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table at any temperature and therefore should under
equilibrium conditions eventually become monoclinic
“orthoclase”. FERGUSON's (1961) abstract in this Sym-
posium [see the full paper (1960)] indicated that this
point of view is still supported.

FerGuUsoN also states that the stable, essentially
pure K-feldspar is a slightly ordered monoclinic ortho-
clase. Yet it is now clear that the orthoclases of ig-
neous and metamorphic rocks contain significant

In addition Fig. 11 shows a thin-section photograph
of an adularia with an albite-content of appr. 5 %
throughout the crystal. All gradations from mono-
clinic material, to virtually maximum microcline are
visible and it is evident that the triclinic parts have
developed from monoclinic ancestry. Many other lines
of evidence could be brought to bear against the char-
ge-balance hypothesis (see MaAcKeNzIE and SMiTH,
1959), but only one more fact will be mentioned here:
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Fig. 10.—d (100) versus Na content, chemically determined, of adularias from the Swiss Alps, selected at random.
Note that triclinic character is statistically stronger at low than at high Na contents.

amounts of Na in solid solution, whereas the micro-
cline phases of rocks of these types are essentially so-
dium free.

Some new evidence further counters the FErcusox,
TratLL and TAvLOR point of view. Fig, 10 shows
Na content (chemically determined) versus a* for 50
adularias selected at random from Alpine localities.
Cores and rims have heen separately investigated.
Solid circles represent material commonly called or-
thoclase, crosses represent material with triclinic X-
ray behaviour. It is evident that the triclinic material
has lower Na content than the “monoclinic” material.

the existence of essentially Na-free highly triclinic
authigenic microclines (BaskiN, 1956) is fatal to the
Fercuson, TRATLL and TavLor hypothesis.

Quite another argument has been put forth against
our orthoclase model by MEcaw (1959) who extends
a stacking fault concept to orthoclase that she origi-
nally proposed for plagioclases. Her suggestion cul-
minates in proposing a 14A c-axis for orthoclase, ad-
mitting not only that it has not been observed but that
it may not even be ohservable. This model for ortho-
clase is said to be experimentally indistinguishable
from whatever orthoclase is, within the limits of accu-
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Fig. 11.—Microphotographs between crossed Nicols of an adularia with an homogencous Ab content of appr. 5%
All gradations from monoclinic material to virtually maximum microcline which evidently developed from monoclinic

ancestry are visible; section parallel (001).

racy so far achieved ; however it has the merit of being
different from our model of submicroscopic twinning.

If MeGaw’s model is valid, it would appear unli-
kely that the stacking faults should always lead to
structures so disordered with respect to stacking in
the direction of the c-axis that no reflections indica-
tive of a 14A cell are observed. It would be expected
that if orthoclase had a 14A c-axis, at least some exam-
ples of even very diffuse reflections indicative of this
structure would have been seen. Whereas indeed,
this has not been found, there is on the other hand,
strong evidence for a doubling of the cell-size (from
C-centering to primitive, when the usual feldspar
orientation is used). This was discussed by LAVES
(1950, p. 564) and has heen further investigated by
Surre and MacKenzie (%), Figure 5 illustrates these
diffuse reflections in addition to the sharp monocli-
nic maxima. The reflections that would be produced
by our model are observable, as diffuse tails on the
main reflections (figs. 7 and 8), and the existence of
diffuse (h 4 k)= odd reflections can be readily ex-
plained by the logical extension of our orthoclase mo-
del to material with very small domains (see Figs. 5
and 6).

Two approaches to some of the complex problems
of the feldspars may be contrasted. On the one hand
the crystal structures of relatively few specimens may
be determined in considerable detail with continuing
refinement. On the other hand what we consider to
be infinite variability in feldspars may be examined
from a less detailed but more coherent point of view,
using any pertinent technique in addition to X-ray
diffraction.

que is fast and sure and direct, and with the probable

(*) A joint paper by Laves and SmrrE (196Z) on this
point is in preparation.

aid of efficient computing devices may be.used on a
very large number of samples for the ultimate solu-
tion of the present controvery.
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feldspars.

DISCUSSION

Mzecaw (Cambridge):

1. 1 hope that Profesor Laves will not introduce the
notation on his slide, A:x B: A. B., for what have hitherto
been called the «Si» sites , the «Bs sites (from the general
formula AB.Os) or the «T» sites; it will be confusing if
A is not reserved for the large cations. The tetrahedral
sites have hitherto been distinguished by the subscripts 1
and 2 introduced by Tavror in the original structure deter-
mination, and there seems no reason to change this notation.

2. I am interested to hear of the existence of a 7 A pri-
mitive structure. I had not seen the paper about it, but had
been led to predict it for the plagioclases in the paper I am
giving later today.

3. My tentative suggestion of a 14 A structure for ortho-
clase was based on experience of the plagioclase feldspars
and of celsian. Most of the discussions of feldspars hitherto
assume that the important feature is the symmetry, and that
domains are related effectively by twin operations. From
experience of 14 A feldspars I suggest that doubling of the
subcell to make the true repeat unit may be equally impor-
tant, and that domains in some feldspars may be related by
translation operations, giving antiphase domains. I think
this idea is essentially different from that of Professor Laves,
but might explain his observed effects equally well. I cannot
vet say, as it is rather new. I had already considered his
suggestion of a 7 A primitive structure rather than 14 A
body-centered, and at the present stage think it equally
possible, because they both involve doubling of the primitive
subcell to make the true primitive repeat unit. But the sug-
gestion is a tentative one for further consideration.

4. 'With regard to the question of submicroscopic twinn-
ing I would go perhaps rather further than Dr. TavLor and
say that I cannot see that this particular orthoclase is
intermediate between sanidine and microcline, because some
of the individual atomic parameters and bond lengths are not
intermediate. Neither can they be explained as intermediate
between the two twinned orientations of microcline in any
way that I can see; I tried this at an earlier stage of refi-
nement without 'success, and JoNEs and Tavror searched
for it in the final coordinates. Hence from the point of view
of this structure determination there is no meaning in des-
cribing the material as a twinned microcline.

5. The structure determination ignored the weak streaks;
to that extent, it certainly refers to an average structure.
But experience with celsian showed that ignoring sharp re-
flections gave a satisfactory average structure, where the
coordinates represented the mean of the two actual positions.
Hence we believe the positions in this orthoclase determi-
nation to represent reliable mean positions of the true
structure.

Laves (Zurich) and Gorpsmite (Chicago), answer :

1. The notation A4, As, By, Bs has been used to demonstra-
te in a most simple way the principles of our Al/Si order/
disorder arguments, because we had to correlate the proba-
bility values ai, as, by, by with the notation of point positions.
If we would have used one of the several Cambridge nota-
tions, then the addition at least of Roman figures (as in
Si'y, Sify, Si'y, SifL) to the symbols would have appeared to
us unnecessarily clumsy for the purpose to be discussed.

2. Cp. Laves, J. Geology 58 (1930), fiz A, plate 2 and
its discussion on p. 564, and SmitH and MacKEnziE, Am.
Mineralogist 44 (1959) 1169-1186.

3. If one makes the plausible assumption that Al tetra-
hedra tend to be surrounded by Si tetrahedra and vice versa,
the Al/Si ratio in basic plagioclases and celsian being = 1
necessitates a 14 A structure (or better a 7n A structure,
with n an even number). In alkali feldspars no reasons of
this sort exist. Whereas reflections (diffuse) indicative of
a 7 A primitive structure are rather strongly visible (see 2.
above), no allusions to a 14 A repeat have been reported in
the literature. At least some h01 reflections (especially pla-
nes nearly perpendicular to the c-axis) or “planes” perpendi-
cular to the c-axis in reciprocal space, indicating a doubled
¢-axis, should be observable to support the point of view sug-
gested by Dr. MEecaw.

With respect to points 4 and 5 see our comments on the
paper by Jowes and Tavior,

MEcaw (Cambridge), comment on point 3 ahove:

(a) The Al/Si ratio in anorthite does not necessitate the
loss of the body-centring, yet it 4s lost; this constitutes a dou-
bling of the cell.

(b) When antiphase domains occur, they weaken all dif-
ference reflections equally, irrespective of their direction in
reciprocal space.

(¢) My hypothesis is that there is some kind of doubling
of the unit cell, whether this is done by making the 7 A
face-centred cell into 7 A primitive or into 14 A body-centred,
or by some other douhling not yet envisaged. The evidence
quoted by Laves and Gorbpsmit*H makes the first alternative
more probable, but is not finally conclusive.

LavEs (Zurich) and Gorpsmita (Chicago), reply:

To (b). As far as diffuseness is concerned (which is im-
portant as far as observability of reflections is concerned)
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Dr. Mecaw’s statement holds only for domains having an
isometric shape (in Dr. Mecaw’s 1959 assumptions an aniso-
tropic shape \was implied).

To (c). Our model of orthoclase is supported by X-ray
evidence. Dr., Mreaw’s model (rather definitely proposed in
1959 to contrast ours) turns now out to become a rather
indefinite one. The once suggested doubling of the c-axis has
changed to “some kind of doubling of the unit cell”, Ouw
X-ray observations are considered by Dr. MEcaw to be “not
finally conclusive”. On the other hand, Dr. MErcaw cannot
give any X-ray evidence for any of her suggestions.

Mecaw (Cambridge), note on reading the manuscript
of the paper by Laves and Gorpsmrrs, June 1961 :

If the diagrams in fig. 4 (middle section) and fig. 6b repre-
sent the authors idea of the structure of orthoclase, it is
not very different from mine. This is a perfect structure,
with two subcells in the unit cell; fig. 4, middle section, shows
a single domain, and fig. 6 part of two domains, with an
out-of-step boundary wall. I cannot, however, see any rea-
son for calling it a submicroscopic twin of microcline. If
the definition of microcline is hased on detailed atomic coordi-
nates, these are not necessarily exactly the same in the new
structure; if it is based on a particular pattern of Al-rich
sites, this is certainly not the same, as shown in the figures.
‘With the doubled repeat period, there are other possible pat-
terns of Al-rich sites which perhaps should be considered;
the pattern shown may be the most plausible.

Where I disagree with the authors is in their concept of
“domains of unit cell size”, which I think is a misinterpre-
tation of the meaning of domains. Domains are regions of
perfect structure, separated by 'walls where there is some sort
of misfit. The energy in the walls is different from that
in the interior. If the interior regions are so small that
they do not even contain one unit cell uninfluenced by the
'walls, they are no longer pieces of perfect structure and
cannot properly be called domains. To regard a subcell as
the limiting case of a domain, as is done here, is misleading.
‘Where, as here, there is a perfect alternation of two dif-
ferent subcells, the region over which alternation is perfect
constitutes the domain. There is no reason why domains of
orthoclase should not be mixed with domains of microcline,
as in fig. 6a.

Laves (Zurich) and Gorpsmire (Chicago), reply:

We fully agree with Dr. MEcaw’s domain definition How-
ever, how small may a domain be? — We believe it to be
legitimate (for the sake of a theoretical discussion of struc-
tural relations between a domain model in the usual sense
and a perfect structure in the usual sense) to use a concept
«domain of unit cell size» if the context makes it clear what
is meant. This was thought to be the case in formulating
the sentence in question which reads unabridged «In an ex-
treme case the domains may be essentially of unit cell size, in
which case the material would have the monoclinic space
group P2,/a (see fig. 4)».
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The Sodium Cdnte'nt of Microclines and the
Microcline-Albite Series®)

by Juriaw R. Gorpsmite and Frirz Laves (¥¥)
University of Chicago.

ABSTRACT

An X-ray method for determining the amount of NaAlSi;Os in solid solution in microcline (triclinic KAISi:0s)
is described. The complete microcline-albite solid solution series has been prepared by alkali interdiffusion in the solid
state, although this series is metastable over most of its compositional range. The lattice angles of several intermediate
compositions were determined by the Buerger precession technique, and show a non-linear change with composition.

The equilibrium relations of the alkali feldspars in the fields of the low-temperature modifications (microcline
and albite) are considered and probable unmixing and ordering relations are discussed.

A variety of potassium-rich feldspars have been examined by X-ray methods. 'The data on hand indicate that
most microclines have exsolved virtually all of their albite, and have 5 percent or less NaAlSi:Os in solid solution.

InTRODUCTION,

Most of the microcline of plutonic rocks, metamor-
phic rocks, and pegmatites is macro- or micro-perthitic.
For this reason the amount of NaAlSi;Os in solid
solution in microcline proper has been uncertain. The
problem of separation of the microcline from the albite
makes any chemical methods of analysis suspect, and
any satisfactory optical method would ultimately de-
pend upon correlation of optics with materials of known
composition and structure. Microcline has not heen
synthesized, so that it has not been possible to use this
direct method of obtaining material of known com-
position.

The compositional range of microcline and the re-
lation of composition to temperature has considerable
petrologic significance. The equilibrium relations bet-
ween the low temperature modifications in the sys-
tem KAISi;Os-NaAlSi;Oy (ie., the microcline-albite
relations) are unknown, and it would be highly desi-
rable to know the configuration of the solvus. This
investigation was carried out as a first step in the eva-
luation of the microcline-albite equilibrium relations.
A method for determining the NaAlSi;Os content of
microcline is described, and data on a number of mi-
croclines are presented, In addition, some of the geo-
metrical structural relations of an artificially produced

(*) Presented in complementary parts at Nov. 1954
Meeting of Geol. Soc. of Amer., Los Angeles (GorpsMIiTH
and Laves, 1954 <) and at September Meeting of German
Mineralogical Society, Marburg, 1956 (G. and L., 1957).

For lack of Symposium time this paper was not presented
in Copenhagen. However, as its content fits into the frame
of the Symposium it is included here as a written contri-
bution.

(**) Present address: Institut fiir Kristallographie und
Petrographie, E. T. H., Zirich.

metastable solid solution series hetween microcline and
albite are discussed.

THE MICROCLINE-ALBITE SERIES

A number of intermediate compositions in the series
microcline-albite have been artificially prepared by
alkali interdiffusion in the solid state. These compo-
sitions were prepared both as finely divided materials
suitable for X-ray powder diffraction, and as small
crystalline units suitable for analysis by single-crystal
techniques. Materials for powder diffraction were
prepared by carefully mixing weighed quantities of
finely powdered microcline and finely divided glass of
the albite composition. In several mixtures, powde-
red albite was used, mixed with KAISi,Os glass.
The mixtures were tamped into small platinum capsu-
les and heated at temperatures and for times sufficient
to produce equilibrium alkali exchange between the
crystals and the glass. The heating schedules to be
described presently were however of insufficient seve-
rity to induce any observable development of a high-
temperature state in the Al-Si framework of the end-
member feldspars. It is assumed that the interme-
diate compositions behave similarly in this respect.
The material for single crystal work was prepared by
tamping small microcline crystals or crystal fragments
(approximately 0.1 mm in the largest dimension) in a
matrix of finely divided glass of the albite composition
and heating as above. Alkali exchange between the
crystals and glass matrix could be carried to comple-
tion, or gradations in crystal composition could be
produced as a function of time and temperature of the
heat treatment. This technique is similar to that
used earlier by Laves (1951) to show the essential
similarity in the Al-Si frameworks of microcline and

6
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albitr.  In addition, a number of intermediate compo-
sitions were prepared by heating natural microcline
perthites, to be described presently.

The lattice constants of microcline and albite (LAvEs.
1952, table 2, p. 551) show that the greatest change in
spacing would be expected in planes with a large a-axis
contribution. Inspection of powder patterns of mi-
crocline and albite led to the choice of the (400) reflec-
tion as a convenient measure of composition. This
reflection is of sufficient intensity to be readily obser-
vable and of a high enough order to be rather sensitive
to compositional change (1). The shift of this reflec-

JULIAN R. GOLDSMITH AND FRITZ LAVES

by the high-temperature alkali feldspats than w assu-
me a straight line relation. The validity of this as-
sumption has been checked by preparing Na-contai-
ning microclines of known composition, and the deri-
vation of a working curve for Na-containing micro-
clines follows.

A METHOD FOR DETERMINING THE NA-
CONTENT OIF MICROCLINE.

Is has recently been observed that authigenic K-

1.82
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Fig. 1.—Curve of the (400) spacing (left ordinate) vs. composition for the high-temperature (synthetic) alkali

feldspar series, data derived from Donway & Donwmay, 1952

See discussion in Appendix II, indicating that the ab-

solute values of d(400) shown in this curve may be too high by approximately 0.003 A (right ordinate).

tion was quite obvious in the artificially prepared in-

termediate members of the microcline-albite series.
One might assume a near linear relationship bet-

ween composition and (400) spacing, such as that

shown by BoweN and Turtie (1950) for the (201)
reflection in the sanidine-analbite (high-temperature
albite) series. However, the data of DonNay and
Donnay (1952) on the high-temperature series show
that the g-axis spacings plotted against composition
deviate from a straight line. In Fig. 1 the curve is
drawn through the points determined by DonNAy and
Donnay for the synthetic high-temperature series (2).
It is perhaps more logical to assume that the change
in lattice constants of microcline produced by the subs-
titution of Na for K would be more like that shown

(1) For microcline d(400)=1.927 (Laves, 1952, p. 551),
albite dc400) = 1.820 (Corg, et al, 1951, p. 23). See apendix
IT for further discussion of these spacings.

(2) The values of dc400) were derived from the tabulated
a* values of DonnNay and DonNay (1952), those for the K-
and Na end numbers being 1.9349 and 1.8280.

feldspars from several localities are virtually pure,
single-phase microclines (Baskin, 1956). In several
occurrences the microcline shows maximum triclinic
geometry, thus the lattice constants of pure (3), fully
triclinic microcline have bheen established (Baskin,
1956, also see Laves 1952, p. 551). The authigenic
microcline from a Swiss dolomitized limestone (Pon-
tiskalk) has been used as a standard in the present
work. The differences in the lattice constants of the
triclinic microcline and of pure monoclinic KAISi;O4
(sanidine) were established by comparing the Pontis-
kalk microcline with sanidine prepared in two
ways: 1) By hydrothermal crystallization of KAISi;O4
glass, and 2) by sanidinization of the authigenic micro-
cline itself, by heating it at 1050° C for at least one
month. The value of the a parameter, as indicated
by the spacing of the (400) reflection, is slightly grea-
ter in sanidine than in microcline of the same compo-
sition. This was observed and measured by registe-

(3) NaAlSi:Os content is approximately 1-2 percent,
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TasLE I

(400) SPACING DIFFERENCE BETWEEN MICROCLINE AND SANIDINE

Initial Material

A d400) =

Treatment to produce sanidine d (Swiss microcline) - d (Sanidine)

— 0.0076; — 0.0032

1. KAISLOs glass ... ... ... we. wo oo Crystallized 625°C, 900 atm. H.O,
(2 runs) 19.5 hrs.
: ) ]
2. KAISHOs glass 4a WA R L0 | SUPG T EHGHE A N
3. KAISkOy glass ... ... .. ... ... .| Cyst as 1 above then heated

1050°C, 4 days. — 0.0048

4. Swiss authigenic microcline ... ... ...

Heated 1050°C, 1 month. — 0.0054; — 0.0032

(3 runs) — 0.0063
5. Swiss authigenic microcline ... ... ...| Heated 10500 - 1060°C, 4 months. — 0.0032
Average— — 0.0049

ring the X-ray powder diffraction patterns of the mo-
noclinic and triclinic materials on the same film. A
Nonius quadruple Guinier-type focussing camera was
used, in which four samples can be simultaneously irra-
diated (4). The Pontiskalk microcline was used as a
standard in all of our work; one of the four positions
was always filled with this standard, and X-ray spa-

(4 Co radiation was used, monochromatized with a

cings of interest were measured in terms of their
deviation from the equivalent spacing of the standard
microcline. Spacings determined by the powder me-
thad are thus given in terms of d(microcline standard) —
diunknown) == Ad, rather than in direct spacing units,
to avoid instrumental errors, shrinkage, etc.

Table I presents the data on the (400) spacing

camera is 229 mm. All measurements were made at room

bent quartz crystal. The effective DEBYE diameter of the temperature.

o1 0.10
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fDdypg ' A (pure microcline standard-unknown)

C.08 - L 0.07

G.C7 - A - 0.06

0.06 A daag (Si) L ocs

i ~d 400 (unknown)

0.05 Microcling + Albite - 004

004 - series™y, T R

0.03 - 002

0.02 4 ~0.01

0.01 4 CSunidine thigh) ~ analbite - series r0.00

000— 400
=001 1 ——————> Wt %Na AlSi; Og 4002
-0.02 T T T T T T T T

KALSiy Og 50 Na Al Si; Og

Fig. 2—The upper curve is the derived curve (see text) for the microcline-albite series. The lower curve is that
for the high-temperature series, as in Fig. 1. The ordinate is the relative spacing of the (400) reflection, referred to
that of the Swiss authigenic microcline as the standard. See Appendix [T for reference to a silicon standard. The
space between the two curves represents the (400) spacing differences in the high- and and low-temperature series, which at
the KAISLOs end is the difference between fully triclinic microcline and the monoclinic sanidine (—0.0049). Micro-
cline with intermediate values of triclinicity would fall on intermediate curves—The data of Table II are plotted as
circles. (and .a dashed line), and data from Table III as squares.

The values of the right ordinate refer to silicon as a standard (see Appendix II).



24 JULIAN R. GOLDSMITH AND FRITZ LAVES

differences between microcline and sanidine. The
value of 0.0050 is taken as the (400) spacing difference
between the most oblique triclinic form and the mono-
clinic high-temperature state of KAISi;Os.

The difference in the (400) spacing of albite and
analbite (a high-temperature albite) was also deter-
mined. Measurements were made on two samples
of virtually pure albite (AMELIA COURTHOUSE, ¥a,
and Pala, California) against the Swiss microcline
standard, and Adcsgey Wwith respect to microcline was
determined to be 0.1059. Using the data of Don-
Nav and Downnav (1952) for pure high-temperature
NaAlSi;Os, a value of 0.0040 is obtained as the (400)
spacing difference between albite and analbite. This
value was also found to agree, within our limits of
error, with the spacing difference observed between
the albite samples and the (400) spacing of a
synthetic analbite crystallized hydrothermally from
NaAlSi:Os glass at 455° C for 19 hours.

The curve of digp vs. composition in the sani-
dine-analbite series (fig. 1) can now be shifted (raised
and slightly tilted from its position in fig. 1) to
match the d-spacing of the end members microcline
(1.9349 — 0.0050 = 1.9299) and albite (1.8280-—
0.0040 — 1.8240; see foot-note 2). The relationship
of the proposed microcline-albite curve to the sanidine-
albite curve (in terms of Ad) is shown in fig. 2.

The separation of the 2 curves of fig. 2 can be re-
presented in terms of a fictitious approximately 7

percent NaAlSisOs content at the pure KAISi;O4
end. This could be referred to as the triclinicity
(GoLpsmiTH and Laves, 1954 a) correction: a pure,
fully triclinic microcline would appear to have appro-
ximately 7 percent NaAlSi,Og in solid solution if the
spacing value for the high-temperature (monoclinic)
modification of DonnNAY and DonNay (1952) were
used (5).

RESULTS OF (400) SPACING MEASURE-
MENTS ON MICROCLINE-ALBITE SOLID
SOLUTIONS.

Several compositions in the microcline-albite series
were prepared by:

1) heating mixtures of finely powdered authigenic
microcline and NaAlSi;Os glass; 2) heating a mixtu-
re of finely powdered crystalline albite and KAlSi;Os
glass; 3) heating fragments of 2 natural samples, a
microcline perthite and an albite-microcline anti-per-
thite. The crystalline-glass mixtures 1) and 2) were

(5) Shortly before this manuscript was put in press,
Professor J. V. Suirn kindly called our attention to the fact
that he had suggested (Smrra, 1956, p. 53) that there was
a systematic error in the spacing measurements by Donnay
and DonxnNay on the high-temperature series of alkali feld-
spars. SMmITH states: «The corrected values of 26 were, on
the average, about 0.025° higher than those given by Donway
and Downway». (Cu radiation.)

TasLe II

ResurLrs oF HEeaTING

Powperep Grass-FrELDsSPAR MIXTURES

Initial Materials, Wt %o *

Heat treatment

A d(400)

Swiss microcline 90 %

NaAlSi:Os glass 10 % 800°C, 12 days. 0.0058
Swiss microcline 80 %

NaAlSi:Os glass 20 % 800°C, 12 days. 0.0164
Swiss microcline 75 % "

NaAlSiOs glass 25 % 800°C, 4 days. 0.0213
Swiss microcline 75 % 1050°C, 2 days S

NaAlSi:Os glass 25 %

Swiss microcline 50 %

(400) broad and diffuse. Extremes of

NaAlSi:Os glass 50 % 800°C, 17 days. iaa&i? give values of 00384 and
Amelia Albite 80 % ;

KA1Si:0s glass 20 % 850°C, 4 days. 0.0909

Amelita Albite 80 % %

KAISiOs glass 20 % 1000° — 1020°, 2 days. 0.0871

&
error of the X-ray method used for measurement.

The differences between mol and weight percents in the alkali feldspar series are small, and within the limit of
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TasrLe II1

Dara ox HoMoGENTIZED PERTHITES

: Stectrochemical ition fr

Localit v 2 ZE ﬂ;zj s;?;z;)ca Coﬁ?z;z].:‘_zf‘zé;om Heat treatment X-ray powder data

Na.Q 29 % | Ab+ An 26 % 800°C (400) somewhat broadened.
Pellotsalo ... K.O 120 <% Or=749% 15 months A d = 0.0233; corresponding to 27 %

CaO 0.17 % NaAlSisOs (*+)

: . Na.O 69% | Ab+ An 62 % '1000°C (400) quite broad and diffuse. At
Wisconsin ... ... ...| K0 6.0 % Or=38% 4 days center of band: A d = 0.0555; cor-
CaO 0.5 % responding to 54'% NaAlSi;Os (¥%)

(*)  Spectrochemical analyses by O. Jornsuu. Limit of error is - 10 % of amount present.

(**) According to upper curve of fig, 2.

prepared by weighing and mixing known amounts
of materials. The data relative to these materials are
found in table TI.

The data of table II are plotted in fig. 2. The
agreement of these points with the deduced curve
of fig. 2 may be fortuitous. Tnasmuch as two different
phases were heated in intimate contact, the alkali in-
terdiffusion may not be expected to produce precisely
the same Na-K ratio in the two phases. An “equi-
librium” distribution of alkali may be developed bet-
ween the two phases as a function of temperature and
of the state of the two phases. No attempt was made
to determine the distribution coefficients between the
glasses and the crystals; earlier work (Laves, 1952,
p. 567, and unpublished data) on cryptoperthites with
K: Na ratios of approximately 1:1 would indicate
that the difference in alkali ratios in the case of “ortho-
clase” and exsolved albite is approximately 0.1 at
1050°C. The situation is further complicated by the
fact that the NaAlSi,Og glass in the mixtures was
observed to be devitrified after thermal treatment;
the KAISi;sOs glass apparently was not. TIf the dis-
tribution coefficient of alkalis between the several
phases is near unity, the proposed curve can be con-
sidered to be valid. Deviation of the distribution
coefficient from unity might move the real positions of
the plotted points so that the K-rich materials move to
the left, the Na-rich to the right, producing an approach
to a straight line relationship.

Additional experiments on a microcline perthite
and an albite-microcline anti-perthite were also carried
out. Cleavage fragments of a microcline perthite from
Pellotsalo (see GorpsMITH and Laves, 1954 b) were
heated for 15 months at 800°C, with fragments being
removed from the furnace periodically during  this
time. This material, to be discussed in more detail
with respect to single-crystal work, was found to be

’

cssentially completely homogenized in the 15 months
period. An X-ray powder photograph showed only
one phase, but the (400) reflection was somewhat
broadened, indicating some internal variation in Na-
content. The albite-microcline antiperthite is from
an unusual syenitic rock in central Wisconsin. Por-
phyroblastic feldspar crystals and the main ground-
mass of the rock are both composed of micro anti-
perthite with microcline lamellae up to approximately
005 mm thickness. This material was heated for
four days at 1000°C, and was also observed to be essen-
tially homogenized. Data on these samples are pre-
sented in Table III, and plotted as squares on Fig. 2.

THE Do DIFFERENCE BETWEEN HIGH-
AND LOW-TEMPERATURE K-RICH FELD-
SPARS.

The separation of the two curves in Fig. 2 has been
referred to in terms of a triclinicity difference. Tt is
now quite apparent that the triclinicity of microcline
is related to the degree of Al-Si order (GorpsmrTa
and Laves, 1954 b, BarLey and TAYLOR 1955). Tt
has also been suggested however that many “mono-
clinic” K-feldspars (“orthoclases”) may have a con-
siderable degree of Al-Si order (Gor.psmrra and La-
ves, 1954 b). On this hasis the separation of the
two curves, at least at the K-rich end, might be in-
terpreted more rigorously as a function of hoth tri-
clinicity and degree of AI-Si order as some order may
be present in monoclinic (6) materials. In general,
analogous order-disorder relations are expected in the
Na-rich portion of Fig, 2,

(6) BartH (1934) suggested that there were two truly
monoclinic modifications of K-feldspar, sanidine and adularia
(covered by the term orthoclase). Sanidine was considered
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The lower curve of Fig. 2, derived from the data
of Donrvay and Donvay (1952), is for high-tempe-
rature and probably highly disordered feldspars. Most
monoclinic or apparently monoclinic natural K-feld-
spars show some change on heating [see CoLE, SORUM
and KennNarp (1949), and Coomes (1954) for X-ray
and optical data, and Seencer (1937), TurTLE (1952)
for optical data], and thus might not he expected to
have had as high a degree of disorder as the synthetic
materials. Thus any natural, apparently monoclinic
K-rich feldspar could represent a state of Al-Si order

to have a random Al/Si distribution, and adularia some
other A1/Si arrangement. Te wrote: <It is a matter of
course that the interrelation of the silicon and aluminum
atoms has to be such as to correspond to a monoclinic
symmetry both in adularia and in sanidine. This is of course
geometrically possible, but no data are available through
which to suggest any actual arrangements.

Apparently not aware of Barre’s suggestion, CHao,
Harcreaves and ‘Tavior (1940) investigated an orthoclase
—an adularia in the terminology of Barrm. They also
concluded that sanidine has a random Al/Si distribution,
and that the distribution in orthoclase is 4A144Si in the
Si;-position, and 8Si in the Si:-position. This conclusion
was however withdrawn by Cole, Sorum and Kenwarp
(1949) who pointed out that the X-ray evidence in the 1940
work ‘was not refined enough to permit such conclusions.
However, it was stated that the difference hetween ortho-
clase and sanidine may be such as suggested by CHao,
Harcreaves and Tavior (1940), i.e. by Bartm (1934).

Based on BarTH’s hypothesis Laves (1950, Table T) listed
the six main Al/Si distributions theoretically possible ‘within
the framework of Tavrowr’s (1953) structure determination
and plausible under the assumption that K-feldspar is holo-
hedral (either monoclinic or triclinic). He stressed (1952,
p. 449) the point that the two main monoclinic cases, 1. the
one 'with maximum theoretical disorder: (2Al 4 68i) 4
4 (2A1 - 6Si) and 2. the one ‘with theoretical maximum
order: (4A1 - 4Si) + (8Si) could have continuous variation
between them and would, therefore, not need a different name.
A distinction between sanidine (high) and sanidine (low) with
a continuous sequence of intermediate members was proposed.

Harner and Laves (1957) pointed out that it would be
highly improbable that the theoretically maximum ordered
monoclinic case of (8Si) 4+ (4Al - 4Si) would ever be
found. This material would have the probability-values
a=0,00 and b = 0.50, these values giving the probability of
finding Al in the corresponding lattice complexes. Taking
into account the work of BarLey and Tavror (1955) on an in-
termediate microcline, HarnNEr and Laves deduced the values
a2 =011 and b= 0.39 for what might be called the actual
case of maximum monoclinic ordering. These values may be
compared 'with the corresponding values of 0.19 and 0.30
reported for orthoclase by Jowes and Tavror (1961, this
volume).

Tn summing up the variable nomenclature of the truly mo-
noclinic K-feldspars, Barra’s (1934) orthoclase is either
sanidine or adularia. Although his sanidine corresponds to
CHao, HarGrEavEs and Tavior’s (1940) sanidine, his adu-
laria corresponds to CHao, HarGrREAVES and TAvLoR’s ortho-
clase. T.aves (1952) calls the sanidine of BarTH and Tavror
sanidine (high), and the adularia of BarTE and the ortho-
clase of Tavror sanidine (low). For further discussion of
the term <¢orthoclases the reader is referred to the paper by
T.aves and CGorpsmita (1961, this volume) and to the paper
by Laves (1960) in the case of the term <adularias.

that would place it somewhere between the two cur-
ves of Fig. 2.

Nine K-rich feldspars were subjected to severe
heat-treatment to further evaluate this effect. In par-
ticular the effect of thermal state or degree of order
on the composition-sensitive a-axis spacing must be
known. The specimens were carefully selected as
examples of homogeneous, single phase feldspars, to
avoid composition change produced by homogenization
of unmixed or zoned material. A variety of struc-
tural types were represented, ranging from fully tri-
clinic microcline to sanidine.  Small fragments were
heated at 1050° - 1060°C for 160 days, and a split of
the material was analyzed spectroscopically. The data
relative to these samples are presented in Table TV.

A small change in the a-axis spacing is ohserved
in two of the heated monoclinic samples. Similar
effects were observed in orthoclases hy CoLe, S6RUM
and KennarD (1949), and Coomes (1954). In the
Ft. Bayard orthoclase this change amounts to appro-
ximately one-third of the distance between the curves
of Fig. 2. Tt would be desirable to investigate a lar-
ger number of “orthoclases” to see what the maxi-
mum spacing change in the monoclinic materials
might be. Unless one is dealing with a definitely
triclinic microcline, it would appear safer to sanidinize
the “monoclinic” material before using a determina-
tive curve that is a function of an axial length. Tt
would also be desirable to know the lattice constant
differences between “high-tempehature” sanidine and
“low-temperature” sanidine (TurTLE, 1952).

The change in b-axis spacing produced by severe
heat-treatment is also included in Table IV, in terms
of diyoy. In going from triclinic ‘microcline to mo-
noclinic sanidine, both b and ¢ change considerably
more than g, the change in ¢ being a contraction. The
same trend is observed in sanidinized orthoclase (CoLE,
StruM and KENNARD, 1949), and in the change from
albite to analbite (Laves, 1952). The value of dco10)
is more expressive of a change in state than is the
change in d(400).

Tt should be noted that two of the specimens in Ta-
ble IV did not reach a high-temperature equilibrium
state. The authigenic microcline from Pennsylvania
(with an initial triclinicity somewhat below the ma-
ximum value) was ohserved to have somewhat diffuse
(130) and (131) reflections after heating, indicating
residual triclinic geometry. The authigenic micro-
cline from the Kona dolomite is the most recalcitrant
feldspar the authors have vet encountered. Heating
for 160 days at 1050° - 1060°C produced a triclinicity
change of only 10 percent. Similar resistance to ther-
mal change might be characteristic of certain orthoclase-
like materials, but would be more difficult to inter-
pret because of initial monoclinic or near-monoclinic
symmetry.
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TasLe IV
DATA oN SINGLE-PHASE ALRALI FELDSPARS EIEATED AT 1050°C, 160 pavs
Spectrockemical Analysis?
Type of Feldspar Locality ek SR e ZL __m Aoizgifits Adn;g:f” :;z:ol‘ur_a Goanse fn
i triclinicity Al Sample 1'1}0‘ Nawo | €ao | Bao Sa::fjle heating d t:::geo)m 4 (or0)
2
2 Binnenthal | ~0; (131) 0
Adularia Switzerland | diffuse |(181)sharp| 197 | 0.38 | 0.05 | 0.1 | —.0047 | —.0047 = 0253
‘Gl ting’
oeamatita s |Pala Gate 0 0 | 138] 115| 026 | 007 | 0008 | .0000 | —.0008 | 061,
Ft. Bayard
Orthoclase Fara 0 0 98| 39 | 054 095 0214 .0198 [ —.0016 [ .012
Orthacl
{ga;;g;s:?) Kokomo,Col.| ¢ 0 118 | 23 | 052 | 1.6 0125 | .0125 - 006,
e Puy de Dome,
Sanidine Lhe 0 0 89| 48 | 055 | 0.45| .0392| 0392 o 00Fg
Authigenic Stonehenge F;[?é]gg,” ! % nc;é?q?:‘iﬁ-
TS Pa, 19 e | 185 | 017 | 010 | 0.08 | —.0016 | —.0032 R
LA Kona Dolo- —.0016
Auth : .
i mite, N.Mi-| .97 87 | 162 0.19 | 047 | 043 | .0000 | —0016 |notequili-| 018,
chigan i brium
2 S Near Hot ~0; (131) 0 |
Ad 7 . toip £ ot
ularia Springs, Ark. | diffuse  [(131)sharp| 158 | 0.2 [<0.1 | 0.35 0048 | —.0048 .031,
‘Chesterlite’ Chester Co. .78 0 16.0 | 0.45 |01 | 024 | 0010 | —0015 | —0025 | 0.5,
(microeline) 8 Pa, |

' A=1 for fully triclinic microcline,
where A = 12.5 [deussy — d aay

=0 for monocl nic material, as determined from (131) and (131) reflections,

? Analyses by O. Joensvu. Limit of error is = 10 % of amount present.

Spec. No. 3 in Laves and GorpsMire (1954 b, p. 107).
See Baskin (1956), Spec. InF.
Ibid, Spec. MK.

Spec. No. 11, GorpsMITH and
Spec. No. 12, Ibid.

w ;oo o W

Laves (1954 b, p. 107).

LATTICE ANGLES OF THE MICROCLINE-
ALRBITE SERIES

In the series of experiments in which powdered
microcline and NaAlSi;Os glass were heated to pro-
duce Na-containing microclines it was noted that the
separation of the (131) and (131) reflections, used as
a convenient measure of triclinicity (A) of microcline,
was only moderately affected (7). In addition, 6 mi-
crocline perthites from different localities were heated

(7) Although triclinicity 'was defined in terms of Na-free
material (see GoLpsMitH and Laves, 1954 b).

Values relative to the Swiss microcline standard. A (—) Ad signifies an axial length larger than the standard.
Mislabled No. 13 in Fig. 11.

at 800°C for at least one month, and one at 1050°C
for 3 days with similar results, althoush several of the
microclines took up to 25 percent NaAlSi;Og in so-
lid solution near albite lamellae. If one assumes a
linear change in lattice angles between the end mem-
bers microcline and albite, the separation of the (131)

and (131) reflections should have been affected much
more than was observed from the powder patterns.
To clarify this situation, single-crystal X-ray work
was done on several members of the microcline-albite
series, with introduced NaAlSi;Os contents of appro-
ximately 26, 62 and 90 percent. These materials
were ; :
1) The microcline perthite from Pellotsalo with
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Tapre V

SiNGLE-CRYSTAL DATA' oN MICROCLINE-ALBITE SOLID SOLUTIONS

Sample Néi;l]?;i?s diroo) = 1fa* o¥ B g otofTor

Untreated -o. ‘ P ’ '
Microeline 23 5ot .0 LEEE 7.70: 90°25 115°56 92°16 88°40
Pellotsale didmmide: b VT 26 % 7.63 90018’ 115°53" 92912* 880167
VS COTISITT . A S i e i e, o L 62 % 7.464 88218’ 116°17° 90°57' 87°18’
Swiss Crystals, removed from i y ' ' not '
FRIE 10T b e e ; W% £ s 116°47 measurable S0l
D71 Akl i e oy i bl et ~ 100 % 7.29, 86022' 116°40" 90°30’ 850577

1 Buerger precession technique used.

2 Hybla, Ontario: Data from ILaves (1952).
8 Data from Laves (1952).

untwinned microcline (GoLpsmitTH and Laves, 1954 b)
heated for 15 months at 800°C. The unheated micro-
cline is fully triclinic, and d4qpy is the same as the
Swiss microcline. Single crystal pictures of the unhea-
ted perthitic albite show it to be the normal low-tem-
perature modification, with approximately 3-5 per-
cent An in solid solution, on the basis of its lattice
angles (Laves 1954).

2) The albite-microcline anti-perthite from Wis-
consin, heated for 4 days at 1000°C. The unheated
microcline is fully triclinic or nearly so, with d(so0)
the same as the Swiss microcline. The albite is the
normal low-temperature modification without signifi-
cant anorthite.

3) Crystals of the Swiss authigenic microcline em-
bedded in powdered NaAlSi,Os glass (approximately
90 percent of the mixture was glass), and heated for
17 days at 800°C. The crystals were approximately
0.1 mm in their largest dimension.

The heat treatment of these materials produced an
essentially homogeneous product in terms of compo-
sition. The time required for homogenization of the
different samples was determined by means of repea-
ted optical and X-ray checks. The compositions of
the first two materials are show in Table ITI. The
composition of the third material was determined by
its (400) spacing from single-crystal pictures. Data
on these crystals are presented in Table V, and plot-
ted in Fig. 3. '

85°4 r 117°

._._.-———-——"’/(3'/‘~ n6°

770 P~
A 7.604
T 7.504

7.404

- 115°
g 5

7.30

T T T U T T T T L

Microcline 50 Albite

Fig. 3—Single-crystal data on microcline-albite series
(see Table V).

The data of Table V and Fig. 3, although meager,
cleatly show that the relationship between lattice an-
gles and composition is nonlinear. In fact, * and
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y* are changed only slightly in Na-microclines with
compositions up to 25-30 percent NaAlSi;Oq. Tf one
neglects axial lengths, it is these angles that control the
separation of the (131) and (131) reflections. Thus
one would not expect much change in the apparent
triclinicity (see footnote 7) of microclines that con-
tain up to 25-30 percent NaAlSisOs (8). The ap-
parent triclinicity of the homogenized Pellotsalo mi-
crocline with 26 percent NaAlSi;Os was observed
from powder data to be 0.87, and the heated mixtu-
res of 75 percent Swiss microcline and 25 percent
NaAlSi;Os glass earlier described showed values of
slightly over 0.8.

EVIDENCE FOR THE COMPLETE SERIES
BETWEEN MICROCLINE AND ALBITE

Evidence for the series of solid solutions between
microcline and albite has been given by Laves (1951,
1952). Additional data relating to the complete na-
ture of this series are presented here.

1) Seven microcline perthites from various loca-
lities were heated at 800°C for times ranging from
7 to 31 days. The following NaAlSi,0Os contents
were determined from powder photographs of the
variously treated materials, using Fig. 2: 5 percent,
8 percent, 10 percent, 2 values of 16 percent, 2 values
of 17 percent, 19 percent. One specimen showed a
continuous range from 12 to 25 percent. In addition,
a number of samples showed large gradations in com-
position and could not be accurately measured.

2) Powder work on the mixtures of Swiss micro-
cline and NaAlSi;Os glass show solutions in the same
range as 1) above, and in addition, a mix of 50 percent
microcline and 50 percent glass produced a range of
material from 44 to 53 percent NaAlSisOs (see
Table II). _

3) Three mixtures of microcline crystals and
powdered NaAlSi;Og glass were heated at 850°C
for two days. A short heat-treatment was used to
produce compositional gradients in the crystals. Two
of the mixtures consisted of fragment (~ 0.lmm) of
microcline from Hybla, Ontario, and of the untwinned
Pellotsalo material; the other contained Swiss authi-
genic crystals. All three samples were examined
optically and by the Buerger precession method, and
results were essentially the same in all cases. Grada-
tional extinction angles on (001) of the order of ten
degrees were observed from the centers to the edges
of the crystals. Gradations in composition are best

(8) MacKenzig and Smrrm (1955) discuss observations
on heated specimen N and state, «The angles of the triclinic
potash phase do not change directly toward low-temperature
albite as would be expected if complete solid solution exists
between microcline and low-temperature albite (Laves, 1952)s.
This objection is not valid on the basis of the evidence pre-
sented here.

shown by the (400) reflections in c-axis precession
pictures. As an example, measurements were made
on a Pellotsalo fragment; reflections from a K-rich
material ‘were connected to those of a Na-rich mate-
rial by a continuous streak, representing a continuous
range of compositions ‘within a single untwinned crys-
tal. Measurement of the K- and Na-rich extremes
showed a compositional range from 31 to 88 percent

4) Fragments of the albite-microcline anti-perthite
from Wisconsin were heated for 3 days at 850°C,
for 1 day at 1000°C, and for 4 days at 1000°C. Pre-
cession photographs of a fragment from the 850°C
heat-treatment showed reflections from the original
microcline and albite with weak and diffuse connec-
tions. In 1 day at 1000°C, none of the original micro-
cline or albite remains, but somewhat diffuse reflec-
tions indicate a range of compositions between appro-
ximately 45 percent and 75 percent NaAlSizOs. As
discussed earlier the material was essentially homo-
geneous after 4 days at 1000°C. Essentially similar
gradations of composition were observed in fragments
adjacent to albite lamellae removed from heated pieces
of the Pellotsalo microcline.

These observations, coupled with the data of the
previous sections, clearly show that the complete ran-
ge of compositions between microcline and albite can
be attained.

THE RELATION OF THE MICROCLINE-
ALBITE SERIES TO THE EQUILIBRIUM
DIAGRAM OF THE ALKALI FELDSPARS

All of the artificially prepared members of the
highly ordered microcline-albite series were made at
temperatures that are unquestionably above the range

=y
Sl
...........

1000°

—

500°-

Microcline +Albite

— T
K 50 Na
——> 7% Na Al Si3 Og

Fig. 4—Schematic metastable microcline-albite unmixing
curve.
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in which the low-temperature alkali feldspats are sta-
ble. Thus all of these materials represent metastable
solid solutions in the temperature range (800°C and
above) at which they were prepared ; this range lies in
fields of the highly disordered feldspars. The metas-
table preservations of high-temperature states at low
temperatures is well known, particularly in the feld-
spars, and lattice constants have been measured at room
temperature on the phases stable at high temperature

1.000° -

[}
I
’
I
(]
I
]

Microcline + Albite

T T T T T

50 Na
— % Na Al 5i303

Tig. 5.—Schematic representation of the unmixing cur-
ves of highly ordered and highly disordered alkali feldspars.
The upper curve corresponds to that determined by Bowen
& Tourrer (1950). Associated two-phase fields are neglected,

(Donnay and Donnay, 1952). The reverse situa-
tion, or superheating of the microcline-alhite series, is
just as real.

It is necessary however, that at least a small amount
of Na be taken into solid solution in highly ordered
microcline (and some K in albite). The mutual solu-
bility of the low-temperature alkali feldspars would
be expressed by a metastable microcline-albite unmi-
xing curve, as schematically shown in Fig. 4. If
there were only two distinct structural types of alkali
feldspar with respect to Al and Si positions, ie. a
highly ordered microcline-albite, and a highly disor-
dered sanidine-Na feldspar, then a schematic repre-
sentation of the unmixing curves for the two modifi-
cations might appear as shown in Fig. 5, neglecting
the associated two-phase fields that would be required
for the first order transformation.

SUGGESTED UNMIXING AND ORDERING
RELATIONS

If it is assumed that under equilibrium conditions
the degree of order is a continuous function of tempe-
rature, any intermediate state of order that is attained

would be associated with a solvus that is characteris-
tic of that particular state. Thus a whole family of
curves should exist in positions intermediate between
the low-temperature microcline-albite solvus and the
high-temperature solvus. However, none of these
curves can be an equilibrium solvus, and only two
points (one K-rich, the other Na-rich and at different
temperatures) on any of the curves can coincidentally
approach points on the equilibrium solvus. This is
because the solvus is a polythermal curve, and under
equilibrium conditions, if the degree of order changes
with temperature, a new set of solvus points for the
new temperature and degree of order (in principle
different on the K- and Na-sides) become stable.
Thus intersections do not represent stable points of
coincidence with the equilibrium solvus in terms of
either solubility or degree of order. The stable sol-
vus approximates an envelope of all metastable sol-
vus curves, assuming the topological relations bet-
ween the solvus curves of the high- and low-tempera-
ture series are as depicted by Laves (1952, Fig. 10A,
p. 559) (9). These relations are shown diagrammati-
cally in Fig. 6; the Na- rich end of the diagram, where
the relations may in principle be the same, is not con-
sidered.

However, there is some evidence that at the tem-

~0.00 A -
.08 - - 1000°C
T2 -
A5 4 - T
S 8 A - T
T .20 -
21, — 500°C
77 4 -
92 4 -
.96 4 -
99 A9 B
~1.00 T
K 50 Na

—> % Na AlSi30g

Fig. 6.—Diagrammatic representation of several of the
infinite family of curves representing effect of degree of
order on unmixing. The envelope of these metastable cur-
ves approaches the equilibrium solvus with a reservation
discussed in the text and shown in Fig. 8 ‘The curve of
degree of order — 0 is from Bowen & Turrie (1950).

(9) Although there are no direct experimental data on
the solubility-temperature relations in the microcline-albite
series, there is some evidence that the crest of the solvus is
at a lower temperature than the crest of the solvus in the
high-temperature alkali feldspar series as determined by
Bowex & TurrLe (1950). ‘This point is discussed and evi-
dence on the homogenization of a moonstone is given by

Laves (1952, pp. 558-559).
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peratures of the top of the uppermost solvus shown,
some Al-Si order exists under equilibrium conditions
(see for example Laves, 1952, p. 558). Earlier pu-
blications by Gorpsmiri and Laves (1954 a, b) con-
sidered a continuous change of order in the triclinic
state only, and for convenience set the degree of order
equal to zero at the triclinic-monoclinic transforma-
tion. TIf it is considered that AI-Si disorder is not
complete at this transformation temperature, but may
be approached near the melting point, the relations
would be as shown schematically in Fig. 7. This

: —r
figure was constructed from the relation S = =

1—r
(see for example BARRETT, 1952, p. 275) (10).

S
~ 0.00 !

0.08 1000°C~—

0.12 .
Tl
0.18
0.20 :
0.21
0.77
092
0.96
0.99
~1.00

0.1 03 05 07 1.0

Fig. 7—Schematic long-range order versus temperature
diagram for KAISizOs. The triclinic-monoclinic transfor-
mation is shown at 500° (GorpsmiTH & Laves, 1954 a). For
further details see text and foot-note 10.

Let us arbitrarily assume (in accordance with fig. 7)
that at 660°, at the top of the solvus determined by
BoweN and TurtLE (1950), a degree of order of appro-
ximately 0.2 exists under equilibrium conditions.
Then, it would be required that under equilibrium con-
ditions the uppermost solvus (being valid only for
a material of S approximately = 0) of Fig. 6 would
not be realized, but that the stable solvus for the appro-

(10) In this formula r is the fraction of the available
sites occupied by the <«right> atoms at perfect order, i.e.
r=0.25 in the case of AlSi, when the order of Al is con-
sidered; p is the probability of a «rights atom occupying the
¢right site», i.e. the values b and b: as derived by Laves
(1960, fig. 5, p. 273). It should be stressed that these va-
lues (b and b.) used in constructing fig. 7 have not been
experimentally determined, and figures 6-8 merely represent
a (plausible) attempt to topologically illustrate the ordering
and unmixing relations as a function of temperature, in
accordance with considerations of structural theory and of
experimental evidence from several sources.

priate degree of order, lying at somewhat lower tem-
perature, would he the effective one.

Under these conditions, the equilibrium relations
are shown diagrammatically in Fig. 8. In this figu-
re a degree of order varying with temperature has

0.00 J &
.08 —| L 1000°C
12 E
4 L
5 o T

8 , 1
Y 620

S
T 20 4 mel.
Aty K1

T L) T T T
K 5’0 Na
—> % Na Al Si304

—— T T

Fig, 8 —Diagrammatic representation of the exsolution
relations under equilibrium conditions.

been crudely assigned, as in Fig. 7, and is shown at
the left of the diagram. Triclinic materials are arbi-
trarily shown as having a degree of order greater than
0.21. Thus an effect of disorder on the solid-solubi-
lity of monoclinic states is shown as well as that on
the triclinic materials. In Fig. 6 only several of an
infinite family of curves are shown in order to illus-
trate the principles.

Let us consider the equilibrium cooling of a feld-
spar at point X on Fig. 8. At the temperature of X
a homogeneous sanidine is stable. Cooling proceeds
to point Y, at which temperature unmixing (of a ma-
terial with S = 0.2) begins. Cooling proceeds along
with unmixing and increasing of order within the
monoclinic framework, until the potassium-rich feld-
spar reaches a point near A. Under equilibrium con-
ditions, further ordering associated with the symme-
try change (to microcline) takes place and the degree
of order increases concurrently with unmixing along
the curve A-B. At the temperature of B, the micro-
cline has a high degree of order.

If equilibrium is not maintained during cooling, an
infinite variety of paths may be followed, and a fas-
cinating variety of states of order coupled with a va-
ried exsolution history can result. This applies to
feldspars formed at temperatures below the solvus as
well as to those cooled from higher temperatures.
The great diversity of the alkali feldspars is a conse-
quence of the difficulty of attaining equilibrium in this
systemn,
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Many microclines show two types of perthitic la-
mellae, one much finer than the other (see for exam-
ple ANDERSEN, 1928, on film and vein perthite, etc.).
The writers have also noted that X-ray photographs
of small regions between the visible perthitic lamellae
of many microclines commonly show albite to be pre-
sent, although it may not be observed optically. This
cryptoperthitic material has for the most part been
observed in pegmatitic feldspars, and additional work
is necessary to determine just how common it may be
in microclines from other occurences.

Two or more types of perthitic lamellae in the same
specimen are readily explained by the exsolution rela-
tions illustrated in Fig. 6 and 8, and in the light of the
inversion behaviour of potassium-rich feldspars. Pre-
vious work on microcline has shown that the typical
cross-hatched microcline has initially crystallized with
monoclinic symmetry [although not necessarily in the
stability field of the monoclinic sanidine — see LLAvES
(1950, 1952) and Gorpsmrta and Laves (1954 b)].
It is suggested that the “first generation”, or gene-
rally coarser exsolution perthite is producer at higher
temperature hefore the development of microcline
begins, along the limb of a solvus above A in Fig. 8.
The finer or cryptoperthitic albite can be produced
in several ways; let us consider two “extreme’ si-
tuations. In both cases it is exsolved as a conse-
quence of increased ordering after the development
of triclinic material has begun; in the first case during
equilibrium inversion followmg curve A-B (Flg 8)
the finer lamellae being a result of the decreased ionic
mobility at lower temperatures. The other extreme
is produced by non-equilibrium cooling, with the
exsolution path following a metastable extension
(cf. Fig. 6) of a solvus of a more disordered state
below A. If ordering begins at lower temperatures
after undercooling, as is quite likely in the exceedingly
sluggish alkali feldspars, a second generation of finely
divided albite could be exsolved when the microcline
was ultimately developed. In the final or highly
ordered micracline, a rather pure phase expressed by
the downward continuation of the stable solvus below
B would be produced. [For additional experimental
data on the orientation relations between microcline
and albite in perthites see Laves and SoLDATOS

(1961)].

DISCUSSION OF NATURAL SPECIMENS

X-ray powder photographs of over 100 selected
specimens of perthitic potassium-rich feldspars have
been taken to evaluate the sodium content of the po-
tassium-rich phases. Most of the specimens were mi-
crocline, some with intermediate values of triclinicity.
A smaller numhber were “orthoclase”™ perthites, al-
though many showed fuzzy or somewhat diffuse (130)
and (131) reflections, indicating some material of low

triclinicity, A selection of the specimens is presented
in Table VI a and b, with data on triclinicity and the
amount of NaAlSi;Og in solid solution.

It is apparent that microclines contain very little
NaAlSi;Os in solid solution. The highly ordered
microclines contain less than 5 percent. There is
some indication that the intermediate microclines have
slightly more NaAlSi;Os than those with maximum
triclinicity. This would fit our interpretation as ex-
pressed in Fig. & However, the values for the in-
termediate microclines in Table VI a were determined
by choosing an appropriate curve between the two
curves of Fig. 2, as a triclinicity correction; this may

TaBLE VI a

Dara oN NATURAL SPECIMENS, MICROCLINE

Triclinicity NaAJSzﬁ.OS
A content in
o percent!
@i, Tessin, Schweiz2 ... ... . 40 5-6
GF 7888, Finland ... ... ... .42 3-4
Granitite, Vogesen ... ... ~ . 7 0-1
AlK 2307, Finland ... ... ... .79 2-3
Syenite, Laramie, Wyo ... ~ . 8 B
Luxillianite, apparent small,
Cornwall, England ... ... ~ . 8 (=) amount ¢
Chesterlite,. Pa. wo o s ~., B
No. 2910, Finland ... ... ... ~ . 8 4-5

Maximum 3

AK 2313, Finland ... ... ...

SM 4056, Finland ... Maximum sl
Ba, Tessin, Schweiz2 ... ... Maximum 34
Bs, Tessin, Schweiz 2 ... ... Maximum 3.4,
Pellotsalo, untwinned ... ... Maximum s
AK 2316 Finland ... Maximum iy
Graphic Granite, mcahtv

unknown ... ... . Maximum 2.3
Granulite pegmat1te,

Finland . civ ween oo | Maximum 2.3
Felch, M1Ch1gau Maximum 3
Granite porphyry, Wor«

cestersMass: oo Maximum e
Granite, Leadville, Col. Maximum 3-4
Kluntarna, Sweden ... Maximum (-) amount
Granite, Platte, apparent small,
Canyon, Col. o ... Maximum () amount 7
Amph. gramte, Vogesen ...] O to near Max| 8 to—

1 From Fig. 2, corrected for A. Several microclines
with d (,, giving apparent (-) values of sodium have been
noted. Analyses of these materials have shown rather high
Rb:0 + BaO contents. The larger size of the Rb* jons
apparently produces the cell expansions observed.

2 See Paraskevopoulos (1953), and GorpsMiTH and T.a-
vEs (1954 b, p. 115).

8 . Indicates same spacing as Swiss standard; () indi-
cates «negativey value.

4 Spectrochemical analysis shows Na.O ~ 0.3; K.O ~ 16.3;
Rh.0 ~ 0.3; BaO ~ 0.1.

5 Maximum triclinicity is approximately 0.95.

6 Contains 1.859% Rb.O,

T Na:Q ~ 1.9 (seen as exolved albite); K:0 ~ 14.6;
Rb.O ~ 0.6; BaO ~ 1.2
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be subject to an error of approximately == 2 percent
NaAlSi;0s.  Nevertheless, even the intermediate mi-
croclines are quite low in sodium. These data show
fairly conclusively that the microcline solvus approa-
ches the pure KAISi;Os border of the phase diagram
with decreasing temperature, i.e, that exsolution is
virtually complete at room temperature.

MacKenzie (1954, p. 364) has stated that “It seems
possible that variations in the lattice of microclines
might be directly related to their chemical composition,
as has been shown to be the case in the anorthoclase
series (DonNay and DonNay, 1952)”. The data pre-
sented here and by GoLpsmIiTH and Laves (1954 a, b)
show that this comparison is not valid. The triclini-
city under equilibrium conditions is influenced by the
degree of Al-Si disorder as a function of temperature
as well as by the sodium content. The influence of
sodium alone on the geometry has been shown above
to be small over a large composition range. A va-
riety of triclinicity values can exist 'with the same
Na content; these structures are stable if to the left
of the curve AB (Fig. 8), and metastable if to the
right of this curve.

The X-ray data on the “orthoclase” perthites show
the monoclinic or near-monoclinic potassium-rich phase
to be almost uniformly higher in NaAlSi;Og (see
Table VI b). A surprisingly large number of these
perthitic specimens from a variety of occurrences give
values of 8 to 10 percent. These data are also in
qualitative agreement with Fig. 8 (and 6). The abso-
lute values given in Table VI b for the “monoclinic”
materials may also be subject to some error, however,
in the direction of appearing too high in sodium. As
earlier described, sanidinization of some apparently

TasLe VI b
Dara on NATURAL SPECIMENS, ORTHOCLASE
SAMPLES
Triclinicity Ve fii‘gf?foa
(A) in percent!
Pegmatite; Pala, Cal. ... ... 0 13
= 2964 granulite, Finland ... near 0 &— 0
GF 7888, Finland (monoclinic
DOTHOTY. s jovts skuane osn. - s 0 8— 9
=+ 7922 granulite, Finland ... near 0 83— 0
GF 3077 Rapakivi, Finland ... | range near 0 8— 9
A Tessin® ... ... ... ... ...| range near 0 6=
Granite, Ellicott Cty. ... ...| range near 0 9—10
Granite, Weinheim, Baden ... 0 10
Granitite, Vogesen ... ... ... ... 0 10
GF 5437 Rapakivi, Finland ... near 0 9

1 From Fig. 2.
2 See Paraskevopoulos (1953), and GorpsmireE and Ta-
VES (1954 b, p. 115).

monoclinic potassium feldspars produces a shift of
d 400y in the direction of apparent lower sodium con-
tent. Unfortunately sanidinization of perthitic ma-
terial (as a check on composition) is difficult, as per-
thite-free portions must be used to avoid adding
NaAlSizOs.

The writers have observed only one specimen of
triclinic potassium feldspar that contains more thaa
approximately 5 to 6 percent NaAlSi,Os. This spe-
cimen is from Jekaterinburg, Urals, and has been
described by BéceiLp (1924, p. 16) and by Gorps-
miTH and Laves (1954 b); Béceirp’s optical descrip-
tion is reprinted in the latter reference. X-ray pre-
cession photographs of small selected portions of this
unusual material show triclinicities up to 0.8 although
most of the material is of lower triclinicity, and parts
bordering albite lamellae are virtually monoclinic. A
variety of single-crystal and powder X-ray measu-
rements on the intermediate material (up to A = 0.8)
show the NaAlSizOs content to be 13 = 2 percent.
Interestingly enough, several measurements on the
nearly monoclinic material show several percent less
NaAlSisOs. Precession photographs of both the
“monoclinic” and triclinic portions show a few percent
of cryptoperthitic albite, but less is present in the tri-
clinic portions. This sample might represent an exam-
ple of a naturally reheated material.

APPENDIX I

SOME OBSERVATIONS ON THE IHOMOGENIZATION
OF ALKALI FELDSPARS.

Comparison of thin sections cut from the Pellot-
salo microcline perthite before and after heat-treat-
ment (15 months at 800°C) is of interest. The ori-
ginal material is predominantly a large single crystal
of microcline, with but few small regions that are
twinned (see L.AvES and GorpsmiTa, 1954 b, Fig.
15a). Albite veins up to approximately 0.5 mm in
thickness are interfingered with the single-crystal mi-
crocline. Albite twinning is present in the albite
veins. Fig. 9 A is a schematic sketch of this original
material. The extinction angle of the microcline on
(001) and against (010) is -+ 18, the albite is — 4°.
In the thin section of the heated material the borders
of the veins have disappeared; the section is schema-
tically drawn in Fig. 9 B. 'The entire section is now
compositionally homogeneous. The set of albite twin
lamellae that had the same AlSi;Og framework orien-
tation as the microcline (set A in Fig. 9 A) has coa-
lesced with the microcline, and only the other twin
set remains visible in polarized light. The extinc-
tion angle of the Na-containing microcline dropped
to + 10°, .

Several of the thicker albite lamellae retain central
“stringers” of unaltered original albite. The border
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+18°

-40 +

=
<
B

Fig. 9—A) Diagrammatic sketch of thin section parallel
(001) of Pellotsalo microcline perthite before heat-treatment
(see Appendix T) showing an albite vein, twinned after albite
law.

B) Diagrammatic sketch of thin section of Pellotsalo
microcline after heat-treatment.

Extintion directions are indicated.

between the homogenized portions of the lamellae
and the pure albite remnants is fairly sharp. No
analogous remnants of pute microcline were observed
in the portions of the crystal that were originally sin-
gle-crystal microcline (11). It is apparent that the
rate of diffusion of Nat within microcline at 800°C
is greater than that of K+ within albite. This might
be expected on the basis of the difference in size of
the two ions.

The same conclusion could also be drawn from
the homogenization behaviour of powdered mixtures
of several components. A mixture of 50 percent
Swiss microcline and 50 percent NaAlSisOs glass
had approached homogeneity after 17 days at 300°C
(see Table IT), but a similarly prepared mixture of
50 percent Amelia albite and 50 percent KAISi;Os
glass was far from equilibrium, and had residual al-
bite remaining after the same heat treatment.

APPENDIX II

ADDITIONAL DATA ON THE (400) SPACING OF MICRO-
CLINE AND THE USE OF A SILICON STANDARD.

The spacing values dsop)microcline = 1.930 A,
and albite = 1.824 A were determined by measuring

(11) The optical effects consequent upon homogenization
are clearly shown in the material because of the lack of
cross-hatch twinning.

the spacing difference between these low-temperature
forms and their high-temperature polymorphs, using
the d-values of the high-temperature forms given by
Donnay and Donnay (1952), see footnote 2. This
was done to clarify the difference in these spacings,
and the absolute values ultimately depend on the sili-
con standard used by DonwaYy and DoNNAY in their
work (see footnote 5) on the high-temperature modi-
fications. For the purposes of this paper, the use of
the authigenic microcline as an X-ray standard was
most convenient, but it is perhaps desirable to include
comparative data obtained with another standard that
is readily available.

Silicon is an excellent standard for this purpose as
the (220) reflection has a d-spacing of 1.9200 A (when
CuK,, and CoK, is taken as 1.54051 A and 1.78892
A), very close to that of d4qoy of microcline. Measu-
rements on thirteen films gave an average of — .0072
for the difference between the (400) microcline and
(220) silicon spacings. The negative value is used to
adhere to the convention used throughout the paper of
d (Standard) — Q(unknowny = A d. This value of A d gives
a value of dgqy microcline = 1.927, A for the pure au-
thigenic material. Re-plotting the ordinate of Fig. 2
can readily be done for use with the silicon standard
[the values of the right ordinate of fig. 2 represen:
the values: d ;) (silicon) — d 400y (unknown)].
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DISCUSSION

J. V. Smire (Chicago), written comments :

1. SrEwcEr (1937) described optical effects, visible only
under special illumination, that may represent exsolution for-
med at a stage even earlier than those represented by the
perthites described by ANDERSEN, and mentioned by Gorp-
sMITH and Laves.

2. The results of Coombs, TUTTLE and others on ortho-
clase perthites showed that compositions for the two phases

determined from 201 spacings were unreliable and might
be in error by 20 %. The reason seems to be that strain
forces the two phases to join along the perthite composition
plane, producing a correspondingly larger difference in the
direction perpendicular to the composition plane. The net
effect is to give rougly the same volume for 2 phase
when in a perthite and when alone. It is possible that the
same cifect occurs in microcline perthites in which case the
compositions determined for the separate phases are in error,
The direction of the error is such as to give a higher Or
content than is actually present. The writer and GoLpsMITH
are planning X-ray emission microprobe analyses of perthites

in order to determine directly the compositions of perthites
and to test the validity of compositions estimated from X-ray
spacing measurements,

Because the strain in a perthite oceurs only at the contact,
the effect should decrease as the lamellae become broader.
Consequently, the strain in microcline perthites would tend
to be less than in the generally finer orthoclase perthites.

There is a faint possibility that replacement perthites can
be distinguished from exsolution perthites by examination
of X-ray photographs to determine the strain. In exsolution
perthites, strain is inevitable because the lamellae are trapped
in each other. In a replacement perthite it is possible that
the infiltration of material from outside could lead to struc-
tures with less strain. However the possibility that such an
effect exists and could be used as test of whether granitiza-
tion has occurred is thought to he remote. Nevertheless
it seems worth a test.

Gorpsmrrn (Chicago) and Laves (Ziirich). Answer
to point 2:

One of us (F. L.) observed and described in 1952 the fact
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that (201) or in general (h00) reflection measurements are
unreliable for the determination of chemical compositions
(1. Geol, 1952, 60, p. 562-566), for they lead to values of
Ab content which may be too high by as much as 10 % ().
In Z. Kristallogr. 107, (1956) p. 200 Laves pointed out that
the lattice constants (a, b, ¢, g, 3, v, o etz.) were unreliable
for the characterization of feldspar phases when they are
determined from crypto- to micro-perthitic material. We
are thus iully aware of the strain-composition effect. It is,
however, hard to evaluate this effect quantitatively, for it

(*) Prof. J. V. Smrra (oral communication) states that
TurTLE’s observation 'was communicated to him orally, and
published in the G. S. 4. Mewmoir No. 74 (1958). 1in addition,
the 20 % error he mentions is a «grosy error, of ~ 10 9%
on both sides of the immiscibility gap.

depends on the size, shape and distribution of the exsolved
material, and no systematic study has yet been made. On
the other hand we do not believe that the strain effect of
the exsolved guest material of a perthite on the host will
be great if the guest is present only in the amount of say
10 % or less. Thus, this effect will not afiect the conclu.
sions drawn in our paper, as we are concerned with the
lattice constants of the K-feldspar host on the K-side of
the alkali feldspar diagram. Of course, any attempts to de-
termine the amount of exsolved guest material using the
intensities of the guest have to take into consideration that
such intensities will be affected by the size, shape and struc-
ture of the «exsolveds domains and by the strains involved
within such arrangements, especially in those that have been
classified (L.aves, 1952, p. 563) as «quasi. homogeneous perthi-
tes», following a term coined by Oftedahl (1948, Norsk. Ak.
Oslo, Skr. I, No. 3, p. 67).
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ABSTRACT

The X-ray constants of potash feldspars depend upon the degree of disorder and of submicroscopic twinning, It is

shown how these factors can he separated by optical means,

Measurements of the orientation of the indicatrix of chemically and X-ray investigated potash-soda feldspars, with
improved technigue are described. A diagram of the optical orientation of alkali feldspars was constructed. Some pe-

trological conclusions drawn from these data are discussed.

I. INTRODUCTION

During the Jast twenty years several X-ray methods
heve been introduced into the study of structural state
of the alkali feldspars. They are as follows: the de-
termination of the mean cation — O distances indica-
ting Al-5i distribution (Cuzao, HarGREAVES and
Tavror, 1940), the determination of the triclinicity
(GoLpsmrte and Laves, 1954) and of the reciprocal
lattice angles o* and y* (MacKenzie and Swmith,
1955,

However, optical variants of the potash feldspars
(known for about a century) cannot be completely
described by these methods. Measurements of infra-
red absorption (HAFNER and Laves, 1957) show that
there is not only a relation of order-disorder in respect
to the  Al-Si distribution between these variants
(Bawrrm, 1934, 1959, Laves, 1950, 1952, BaiLEY and
TAvLOR, 1955, MEcaw, 1959), but also a relation of
submicroscopic  (sub-X-ray) twinning. The latter
corresponds to Mallard’s hypothesis (1876) and Tto’s
X-ray interpretation of some polymorphs (1950).
This conclusion cannot be drawn from the X-ray
investigations which only show summarized patterns
as a result of the changes in the Al-Si distribution and
submicroscopic twinning.

The present paper deals with the optical orientation
which permits separation of these two factors.

There has not been much investigation of the orien-
tation of the indicatrix in potash-soda feldspars.
V. V. Nirrrin (1933) proposed a tentative diagramm
of optical orientation of potash soda feldspars. D. S.
Berjankin (1937, 1944) concluded from Fedorov
stage measurements that there is a continuous series
of members (in his notation “potash anorthoclases™)
showing optical symmetry and optic axial angles
intermediate between those of triclinic microcline
and monoclinic sanidine. D. S. BeLvankin (1937)

G. D. Aranasiev (1951), V. P. Perrov (1955)
showed a geological significance for the ranges of
optical properties of alkali feldspars in magmatic
rocks in the Caucasus. L. A. Varpanjanz (1957)
proved the necessity for the statistical measurement
and treatment for description of optics of potash feld-
spars in magmatic complexes. With this aim in view
V. K. Monicu (1952) suggested that a diagram on
rectangular coordinates should be wused. Without
knowledge of these works G. M. PARASKEVOPOULOS
(1953) described triclinic orthoclases from Tessiner
pegmatites. Using Nixrtin’s classification and dia-
gram M. Gysin (1957) investigated with the univer-
sal stage the range of optical orientation of “triclinic
orthoclases” from some rocks of Nepal, NIRITIN'S
diagram was also used by CHR. OFreEpanL (1948)
for the study of cryptoperthites of the Oslo region
and by A. WiLson (1950) who studied unusual opti-
cal orientation of some cryptoperthites in Centrai
Australian charnokites (compare the specimens
No. 35-36 in Table I of this paper). Optical orien-
tation of the Na-rich sanidines and anorthoclases was
determined by O. F. TurtLE (1952). In their inves-
tigations E. SpENcEr (1957) and C. G. HrwrLrrr
(1959) measured only extinction angles.

In the present paper only a few published measu-
rements of optical orientation could be incorporated,
because only the more precise data could he used.
Therefore it was found necessary to make new
measurements by an improved technique.

II. EXPERIMENTAL INVESTIGATION

Forty seven specimens (Table 1) were selected for
this investigation from an original collection of 130
potash-soda feldspars. They include various samples
from the main types of magmatic and metamorphic

7
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TasLe 1
THE OPTICAL ORIENTATION DATA
Number Number A 1 (010) Extmc-
of LocALITY AND ROCKS of A 1 bl /\ Ng tion on
spec. slides i +y 2R —0 (o10)
Sanidines:
1 Guelkend (Armenian SSR). Paleogene lipa- | 2330 12,0 || (010) 1,5 0,0 0,5 0,0 90,0 5.5
R A E R R 2330 14,01 (0o10) 5,5 7,0 5.5 7,0 0,0 5:5
2 Dva brata (West Caucasus), eruptive brec-
LA it orvca wnacidinpesn Jn s nce & b0 oo o 0 T S 2105 6,0 || (010) 9,0 0,0 3,0 0,0 90,0 6,0
3 Tyrny-Aus I (North Caucasus), Tertiary in- ;
trusive liparite,..... ... .con cennn 2155 18,0 6,8 9,0 6,8 9,0 0,0 6,8
Na-anorthoclases:
4 Dariganga 1 (Mongolia), lava of Quater-
DALY VOLSANS s s asw sin ie ' siiaait ws s ahe 2054 53,0 9,0 | 26,5 9,0 | 26,5 0,0 9,0
5 Dariganga II............. SgnrmeTanas 2053 41,0 68 | 18,0 9,5 | 230 4.2 8,2
High orthoclases and microclines:
6 Kluchi (East. Transbaikalien), dyke of hy-| 2293 39 (43) 6,6 19,5 6,6 19,5 0,0 6,6
brid POTPhYTY . - veveeeteanneneranas 2294 42 (43) 6,5 21,0 6,3 21,0 0,0 6,5
7 Tyrny-Aus 11, Tertiary porphyrytic granite | 2322 37,5 (43) 5s5 18,75 5:5 18,75 0,0 3:5
2326 48,0 8,0 24,0 8,0 24,0 0,0 8.0
2326 52,0 6,0 28,3 9,5 23,5 4.0 7,8
2328 49,0 7,8 24,5 7,8 24,5 0,0 7,8
2328 52,0 6,0 28,0 8,0 39,3 2,2 7,0
2325 55.5 7.8 29,0 8,2 26,5 1.5 8.0
2323 53.2 6,0 27,8 10,0 25,0 38 8,0
2323 56,0 6,0 30,3 10,3 25,0 45 8,1
2323 59,0 5:0 32,5 10,0 2613 55 715
8 Tyrny-Aus ITI, pegmatite vein in granite.. | 2051 38,0(41,0) 6,5 19,0 6.5 19,0 0.0 6,5
9 Tyrny-Aus IV, drusy cavities in granite.. | 2027 43,0 6,5 21,5 6,5 21,5 0,0 6,5
2027 56,0 8,5 28,0 85 28,0 0,0 8.5
1o Ortotokoi I (Kirghiz SSR), giant-porphyry- | 2156 49,0 6,0 24,5 6,0 24,5 0,0 6,0
tic syenitil. ...c.osevaianans CAES 2154 52,5 6,5 26,3 6,5 26,3 oo 6.5
1l Ortotokoi II (the same locality)........ 2230 58,0 5.5 29,9 5.5 29,0 0,0 5.5
L2 Kukisvumchorr (Kola peninsular), pegma- 2179 55,0 6,0 27,5 6,0 27,5 0,0 6,0
tites of nepheline syenite of Khibine | 2173 56,0 4,5 29,0 5,8 27,0 2,3 5,2
MASSIVL s avias ks e e 2166 58,0 4,0 31,0 6,5 26,8 3,0 2.3
Intermediate orthoclases and microclines:
13 Cherepashino (Ukraine). ... .. ¥ iounl 2246 61,0 o5 335 8,0 27,0 4,0 714
14 lmeny (Urals), pegmatite in m1ask1te 2287 62,0 6,3 31,0 8,3 31,0 0,0 6,3
15 Ankavan (Armenian SSR), dyke of grano- 2318 63,0 8,8 32,8 10,5 30,0 2,0 9,6
diorite-porphyry.. ...c-vevvaianes . 2142 62,0 7.0 31,0 7,0 31,0 0,0 7,0
16 Annovka (Ukraine), monzonite from NOVO- 2192 58,0 4,0 30,0 6,2 28,0 2,0 Est
Ukrainian massive......coeeeoeas coes | 2192 65,0 3.0 35,6 7,0 29,6 5,0 5,0
2021 62,5 42 | 345 7.2 | 280 4,2 5.7
2021 69,0 40 | 41,0 7.6 | 28,3 6,3 5,8
2021 73:5 r,8 44,0 9,2 29,0 9,0 5,5
2128 | 655 30 | 370 97 | 280 7.3 6.3
17 Kukisvumchorr II, pegmatite of Khibine| 2151 62,0 5,8 33,0 6,8 29,0 2,0 6,3
IREEIVELL L & o e ls ae wins s S e 2217 63,5 4,0 35,0 8,0 28,5 4,2 6,0
2217 63,0 4.4 32,5 6,4 30,5 2,0 5.4
18 Ortotokoi TII....aeeveneernnenss 5 2157 66,0 5.5 34,0 6,0 32,0 1,8 5.9
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Tasiy I, ‘continued

A B Extinc-
LoOCALITY AND ROCKS Nu;}ber —2 Ve s (C;ql}c:) tion on
slides + X _£_ (P + 1 —p A (o10)
19 Taimir I (Taimir peninsular), syenite. ... . 2132 62,0 6,5 31,0 6,5 31,0 0,0 6,5
; 2131 66,0 SFETAT 330 7.3 33,9 |. o0 73
20 Buzheninov bor (Urals) pegmatite...... .| 2305 69,5 6,0 40,5 12,0 29,0 7,8 9,0
d 2026 6610 5,0 35,2 8:2 350 35 636
21 Lovozero (Kola peninsular), pegmatite.... | 2227 67,0 6,0 33,5 6,0 335 0,0 6,0
22 Tajezhnoe (Yakut ASSR), pegmatite...... | 2298 68,0 10,0 35,0 12,0 327 2,0 11,0
‘ 2297 | 78,0 8,0 | 40,7 | 13,3 | 37,0 40 | 106
23 Gnivanj (Ukraine), migmatite............ 2234 65,5 70 32,75 755 32,75 0,0 4.5
2082 755 6,5 37,75 6,5 | 3775 0,0 6,5
2136 66,5 45 39,0 95 27,3 6,7 7,0
‘ : 3163 7445 7,0 37,25 "o 37,25 0,0 7.0
24 Zhezhelev (Ukraine), precambrian garnet- 2055 67,0 3,8 36,3 9,0 30,3 5,0 7.6
cordierite granite....... BT (I, ST 2135 66,5 3 6,0 34,2 7,8 320 1,8 6,0
; 2249 72,0 5 | 360 75 | 360 0,0 75
2301 72,5 6,3 | 37.8 90 | 34,2 2,5 7,6
2247 73,0 75 | 36:5 7.5 | 36,5 0,0 75
| 2248 73\0 4!0 38’5 8?5 34a7 315 612
25 Strizhevka (Ukraine), migmatite.,.......| 2165 68,0 7.5 34,0 745 34,0 0,0 7,5
; 2245 68,0 50 | 370 85 31,0 4,0 6,7
2058 | 700 58 [ 392 95 | 30,5 0 7,6
2058 70,0 4,0 41,7 10,0 28,0 8,0 7,0
: : 2244 73,0 2,0 44,5 11,0 28,0 10,2 6,5
26 Sabarov (Ukraine), garnet cordierite granite, 2036 72,0 4,0 39,3 10,0 32,5 5,0 ,0
27 Taimir Il (Taimir peninsular), pegmatite.. | 2311 58,0 4,0 34,0 8,0 23,5 6,8 6,0
2309 62,5 3,0 38,0 9,5 24,0 8,5 6,2
2309 66,0 2,0 40,0 10,0 25,0 10,0 6,0
2308 59,0 33 350 90 23,0 715 6,0
i 2308 61 )0 2,5 37,0 9,0 24,0 3,2 5,7
' 2308 65,5 17 43,0 10,0 24,5 10,0 5,8
5 2308 74,5 —2,0 49,0 12,0 25,0 14,5 0
g, 2310 70,0 —0,5 45,0 10,0 24,5 12,3 52
3 2309 82,5 —4,0 | 57,0 12,7 25,0 18,2 4,3
| 28 Malaja Viska (Ukraine), porphyrytlc Rapa— 2266 | 70,5 8,0 36,0 10,5 35,0 2,5 9,I
‘ kivi granite of Korsunj massiv....... 2267 74,0 9,5 37,0 9,5 37,0 0,0 9,5
29 Listvenna (the same massiv)....... .... o | 2221 70,5 7,8 36,05 8,2 3355 1,7 8,0
30 Khlistunovka (the same massiv)......... 2262 73:5 7,0 39,0 10,0 35,5 2,8 8,5
31 Shpola (the same massiv)............... 2264 77,5 5,0 44,7 10,0 32,7 6,5 755
32 Korsunj (the same massiv).......... i e |2 TEE 80,0 4,0 43,5 11,0 26,0 5,5 7,5
2256 80,5 8,3 42,5 10,2 38,0 2,0 9,3
a3 Malin (Ukraine), Rapakivi granite of Ko-
POSEENT MASSIVG o vosieis s iaba aps arnrese o i oa 2111 80,0 7,0 42,2 12,2 37,5 4,0 9,6
34 Kapustino (Ukraine), trachytoide granite of | 2193 72,0 6,2 42,0 11,0 30,0 6,7 8.6
Novo-Ukrainian massiv, ............. 2194 80,0 9,0 43,3 11,8 36,8 4,0 10,4
Low orthoclases and cryptotwinned
microclines:
'35 | Voinovka (Ukraine), charnokites of Novo-| 2017 82,0 8,0 44,0 11,5 37.5 4,0 9.7
¢ Ukrainian massiv,....,...... s «| 2017 83,0 5,0 50,0 12,8 32,8 9,5 8,9
2191 82,5 8,0 43,5 8.4 39,0 2,1 8,2
2188 84,0 e 46,0 10,5 38,0 43 9,0
2189 84,5 5,0 48,3 11,0 36,0 6,8 8,0
2189 84,0 1 25 | 495 ILS | 34,0 9,5 7.0
| 2100 84,5 8.4 | 44,5 I1,0 40,0 2,5 SR
36 Adabash, porphyrytic charnokites of the | 2204 83,0 3.8 | 49,8 12,0 |- 33,0 | 9,5 7,9
- SamMe~mASSIV 3 L r s LT i . L .| 2203 83,0 el il o) 52,0 11,8 31,5 I1,0 749
: 2203 83,5° © IV 6,0 | a37] 80 | 309:% 2,2 7,0
] - 3 2205 8415 2,0 53,0 12,0 31,5 I2,0 7,0
37 | Kirovograd (Ukraine), trachytoid granite| 2268 84,0 . 3,0 5Y.5. 71 110 32,5 10,5 7,0
wWithigarneth. s sito e ivelilvaeiialn 2268 85,0 4,5 51,0 11,8 335 10,0 80
2269 85,5 4,0 | 455 98 | 39,0 43 7,9
38 | Khlebodarovka (near the Sea of Azov), dial- | 2063 80,0 8,0 41,0 10,0 39.0 2,0 - 0,0
; lage gramte ....................... 2064 | 82,0 8,0 42,0 8.8 40,0 2,0 107
39 Mighija (Ukraine), migmatite.,...... vive | 2275 81,0 40- 1420 |..13,0 38,5 7,0 8,5
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TaBLE I, continued

Number Number A B 4 (o10) Trtine
of LocALITY AND ROCKS of —!2 Ve N tion on
spec. slides ) £ S iy A\ Ne (o10)
Adularia:
40 Astafjevo (Urals).......... AOTERE serans | 2162 36,0 5,5 18,0 5,5 18,0 0,0 5,5
2162 40,0 5,5 20,0 5,5 20,0 0,0 5,5
: 2220 62,0 4,0 34,0 6,3 28,0 4,0 5,2
41 Butughichag (Nord-East of USSR).. ...... 2100 63,0 2,5 38,2 2,0 24,2 8,0 5.2
2100 44,5 5.5 22,25 5,5 22,25 0,0 5,5
2099 53,0 55 | 26,5 55 | 26,5 0,0 5:5
2099 53,5 6,5 26,75 6,5 26,75 0,0 6,5
2099 58,5 6,5 29,25 | 6,5 29,25 | 0,0 6,5
62,0 6,5 31,0 6,5 31,0 0,0 6,5
Barium feldspars:
42 b | Inaglin (Yakut ASSR), pegmatites in nephe— 2092 57,0 1,7 28,3 1,7 28,5 0,0 I,7
line syenite massiV ,... o ol eserens . 2130 57,5 152 28,7 2 28,75 0,0 1.2
43 Sludjanka (Lake Baikal), pegmatite ... ... 2306 7345 1,0 36,75 1,0 36,75 0,0 1,0
Untwinned maximum microclines:
44 Rischorr (Kola peninsular), pegmatite of
nephelinessyenite dch . Suis ciadiing 2184 83,5 —5,0 56,5 13,0 26,5 18,0 4,0
43 Zaporozhje (Ukraine), pegmatite in pre-
cambrian gneiss........... S 2182 84,5 —5,0 57,2 13,0 25,7 18,2 4,0
Cross-hatched micraclines:
46 Karelija (Karelian ASSR), ceramic pegma-
(ol S S T R S R 2007 84,0 — — — — 18,0 5,0
47 Azov, pegmatites of marlupohtes ........ 2022 84,0 — — — — 18,0 5,0

rocks and pegmatites. In this paper only few micro-
clines with typical cross-hatch twinning and monocli-
nic sanidines are described. The arrangement of
specimens in the table is in the order of increasing
optic axial angles.

Optical orientation determinations were made by
the conoscopic method with the universal stage. A
special 40 X objective and special condensor were
used for these measurements. The cleavage frag-
ments of the specimens were first ground nearly per-
pendicular to (010) and (001) and then polished. The
angles between polished plane and (010) and (001)
were measured with the one-circle goniometer. Then
these specimens were stuck to the slide and finally
ground down to 0,1-0,05 mm. thick.

The angles between Nz, Ny, Nx, optic axes A
and B (plagioclase-notation) and (010), (001) were
measured and used for the construction on the Wulf
net of the projection L (010) and (001). Within this
plane the coordinates A and ¢ were determined by the
method used for determing the Becke coordinates ot
the optical orientation diagram of the plagioclases.
In most cases the specimens show in one grain a
variation in the optic orientation and so, before
measurment, the existence and distribution of this va-

riations were determined by observations of extinction
in the plane L (010) and (001).

The results of the measurements are given in
Table I.

Chemical analysis—For 11 samples (numbers 3, 4,
7, 10, 20, 21, 24, 42, 43, 46, 47) standard silicate
analyses and for other samples flame-photometer ana-
lyses were performed in the Central Laboratory of
Chemistry of this Institute of the Geology of Ore
Deposits, Petrography, Mineralogy and Geochemis-
try. The results of the analyses are listed in Table 2.

X-ray Diffraction—Single-crystal X-ray photo-
graphs (J. V. Smite and W S. MacKENzIE techni-
que) were made by S. V. Rigova. These pictures
were used to detect unmixing, twinning and symmetry
and to measure o* and y* of triclinic phases when it
was possible.

Powdered feldspars were studied, utilizing unfilte-
red Cu radiation with X-ray diffractometer “URS
507”". The records were used to measure the lattice
spacings of the 201 reflections of if possible the an-

gular difference between 201 for potassium and so-
dium phases of perthites, and to determine the degree
of triclinicity.
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CHEMICAL COMPOSITION AND X-RAY DATA

Chemical composition X-ray Diffractometer b-axis oscillation photographs
Spec.
No Or Ab An Cs(Ba) A 2_6 Cuk, d2 2 A Potassium phase Sodium phase
(201)0r-Ab o o T o¥ ¥
I 7617 23,3 et TR v 4,1866 0,0 T Y=
3 72,0 27,9 T (O!n) s 4,1788 0,0 = o=
4 26;5 68!4 3,3 0,2 i T T e R
6 — — = e 1,08 — 0,0 — =
7 66,2 30,8 2,6 0,4 1,02 0,0 I 86°00 88°350'A
8 6713 31,4 ,3 (0,0011) 1,08 s 0,0 Rl o
9 82,5 17,5 —_ —_ — 4,2181 0,0 — —
1o 754 24,6 e — 1,08 — o,0 diff. 1 diffuse 86°05" 88°58"A-P
I1 66,2 33,8 — — — — —_ 1 diffuse A-Ps
12 88,2 11,8 abs. (0,0n) — 4,2221 0,0 T -
13 s s = — 1,13 —_ 0,0 1 diffuse A
I4q 80,5 19,5 0,5 0,2 1,10 == o,0 diff. = —
Iy = — - o 1,10 — 0,0 = —
6 88,2 11,8 = T 1,13 —_ 0,0 diff. 1 diffuse 86°21" 89°08’A-P
17 82,7 17,05 0,05 0,2 — 4,2221 0,0 1 diffuse A
18 — — - - 1,10 — 0,0 diff. 1 diffuse A-Ps
20 68,7 30,6 0,5 0,2 1,14 — 0,0 1 diffuse 86°11’ 9o°%45 A-P
21 7545 20,8 34 0,3 1,09 — 0,0-0,70 1 86°06" 90®39'A
22 73,2 26,2 0,4 0,2 1,14 — 0,0 = —
23 7[|S 25!5 3,0 (0,!1} I,12 TR 0,0 e Rt
24 72,4 25,5 1,3 0,8 1,10 = 0,0-0,36 1 diffuse 86°36" go®25"A
25 75.3 21,5 3.2 (o,n) — — 1 diffuse A
26 7715 21,0 1,5 (o,m) N AR S ) ==
27 68,9 31,0 0,I (0,00m) 1,09 — 0,40 — —
28 — — — — 1,10 — o,0 diff. 1 diffuse A
30 — — — — 1,14 —_— 0,0 diff. — —
31 64,3 35,2 0,5 (o,n) 1,14 — o,0 diff. 1 diffuse 86°23’ go®40 A-P
32 64,1 34.7 1,2 — T2 — 0,0-0,80 1 diffuse 86°31’ go® 36" A-P
34 — — — — Li1T — 0,0-0,72 J 86°42' go®30’A-P
35 65,0 34,0 1,0 (o,n) 1,10 — 0,0-0,99 7 86°20' go®23 A
36 gk 26.3 1,6 (o,n} 1,14 — 0,98 J 86°10" go®131 A-P
37 66,5 | 305 3,0 = 1,09 = 0,90 I 86°20" 9o°41 A
39 7[11 28'5 0!4 (D,H) o T T o=t Tz
40 — o — = — 4,2261 0,0 — —
41 92 8.8 i e B B L i, LI
42 82,3 11,8 I3 4,4 — — 0.0 — —
43 70,6 17,9 I.1 10,4 ;12 — 0,0 1 A (D)
44 87.95 | 120 0,05 | (o,n) 1,10 = 0,99 I —
45 = 3 T R S5 = i g e
46 78,5 | 19,4 2,1 = 1,09 — 0,98 9o°27? 92°18A —
47 — = = = 1,10 — 0,99 o =
A —albite twinning, P —pericline twinning, S —twinning superstructure. J —irrational twinning (—diagonal
association after J. V. Syt and W. S. MacKenzie, 1959), 1 —one set of reflections of potassium phase. The angles

o * and § * were measured by S. V, Rikova.
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The data from these studies are shown in Table 2
and in Fig. 1.
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Fig. 1.—Diffractometer records in the region of the 131-

131 reflections, to show triclinicity of the investigated
specimens.

A. S. MARFUNIN

The measurments y* of untwinned intermediate
microcline “Taimir IT” were made by S. V. Rirova,
using Weissenberg technique.

III. OPTICAL AND STRUCTURAL
RELATIONSHIPS AMONG THE POTASH
FELDSPARS

The observed optical properties of “block-crystals™
(twinned crytoperthités) of alkali feldspars are a com-
plex function of submicroscopic twinning, of the
degree of order and of composition of cryptoperthites
and submicroscopic perthites. Extinction angles, co-
noscopic figures, Becke line are results of summarized
influence of an aggregate of individuals. The effects
of all these factors are discussed below.

Calculation of optical properties of submicroscopic
twinned potash feldspars from the individual proper-
ties—The method described in an earlier paper
(MarFUNIN, 1959) was used for this calculation. The
results are set down in Table 3 and plotted in Fig. 2.
Tt follows from these data that the optic axial angle in

-

50

60 » o
1{010) A
optic anis -

B &
70 eI

84

a8 70 5 50 B k1]
1 (090) & aptic  axis A

F:ig. 2 __The relation between the optic axial angle and the
optical orientation of untwinned and of sumicroscopically
twinned potash feldspars.

a submicroscopic twinned potash feldspar is decreased
very little (about 2-3°) in comparison with that of the
individuals.

The results of the same calculation for albite and
analbite are also given in Table 3.

Variations in optical properties caused by degree of
order-disorder of Si-Al in potash feldspars—Conti-
nuous changes of properties of crystals of the same
composition are related with order-disorder pheno-
mena. The dependence of optical properties on the
order-disorder phenomena was considered in general
in an earlier paper (MarrFunIN, 1956) with respect
to physico-chemical analysis. The optical properties
were divided into two groups: 1) more structurally
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THE RESULTS OF OPTICAL PROPERTIES CALCULATION OF SOME SUBMICROSCOPIC TWINNED ALKALI FELDSPARS

A B
Ng Np 2V
A w A ¢
I. Microcline: i s dioiviaeivi Sutin e 1,52600 1,52000 — 84,0 — 4,0 + 57.0 + 12,8 — 25,5
1 a. | Twinned microcline. ............ I,52542 1,52050 — 81,0 + 4,5 -+ 40,5 + 4.5 — 40,5
2. Intermediate microcline. ........ 1,52550 1,51950 — 74,0 0,0 -+ 49.3 + 10,3 — 24,0
2 a. | Twinned intermediate microcline. . 1,52516 1,51967 — 70,5 =+ 5,1 -+ 35,2 + 5,1 — 35,2
3. Intermediate microcline. ..., .... 1,52560 1,52030 — 66,0 + 3.0 + 43,0 4+ 9,5 — 22,5
3 a. | Twinned intermediate microcline. . 1,52542 1,520460 — 63,5 + 6,2 =+ 3147 4+ 6,2 — 31,7
4 o o) | AR S S e M et s e 1,53920 1,52910 + 78,7 0,0 + 48,5 + 39,0 — 47,2
4a. |Twinned albite............. AT 1,53868 1,52911 - 86,8 + 20,5 + 43,4 + 20,5 — 43,4
5. AnAIDIte: s i e S v e 1,53410 1,52720 — 50,0 4,0 —+ 12,3 + 20,5 — 32,0
5 a. | Twinned analbite, .,............ 1,53360 1,52740 — 32,0 + 9.7 + 16,0 + 9,7 — 16,0

sensitive properties, including optic axial angle and
orientation of the indicatrix and 2) less structurally
sensitive properties, including indices of refraction and
birefrigence.

For the construction of the diagram of optical
orientation of plagioclases (MarruNIN, 1958, 1960)
those extreme values were used, which were ohserved
in low-temperature and in heated specimens. The
values are only marking ones for the disorder and
order states.

The optical properties of potash-soda feldspar have
the same structural significance as the X-ray cons-
tants which describe lattice geometry.

Optic axial angle in potash-soda feldspars change
little with a change of the composition of cryptoper-
thites (as will be indicated below) and is virtually
independent of submicroscopic twinning.

The optic axial angle changes from — 84° to 0° and
then to — 60°|| (010), ie. through 144°. This has
been observed in natural potash feldspars and takes

ol s Extinction
{ i angle

' ; W e oy

58 0 825 2v

Flg' 3—Microphotograph of a thin section || to (001) of ¢«Taimir II» showing the distribution of the change from
intermediate to maximum microcline and associated changes in optical properties.
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place by heating. This change can be related only to
variations of the degree of order-disorder.

Optical orientation has a great significance in the
study of transformations in solids which are accom-
panied by change of the symmetry. Transitions from
disorder in the high-temperature form of potash feld-
spar to order in the low-temperature form are accom-
panied by the change from monoclinic optical orienta-
tion to triclinic. When there is an approach to an
ideal perfectly ordered arrangement the orientation
of indicatrix is that of microcline with maximum tri-
clinicity.

However, optical orientation depends also on
submicroscopic twinning. Direct observations were
made by the study of specimens “Voinovka”. “Ada-
bash”, “Kirovograd” (Table 1 and 2, NN 35-37).
(They have nearly the maximum degree of triclinicity
(& = 0.9) and optic axial angle — 2V = 82-85° and
show twinning on the b-axis oscillation photograph,
but due to very fine twinning have an integrated
optical orientation, nearly monoclinic or intermediate
between monoclinic and maximum microcline. The
pure untwinned potash feldspar of the unique speci-
men “Taimir IT” (N 27 in Table 1 and 2) shows the
states intermediate between sanidine and maximum
microcline. Tt consists (Fig. 3) of large (1-5 mm.)
veins of potash feldspar which alternate with albite
veins (0.2—1.0 mm). In the middle of the veins,
the potash feldspar is intermediate microcline with
triclinicity intermediate between sanidine and micro-
cline and with intermediate positions for all optic
directions. Near the Ab-perthite veins the potash
feldspar passes gradually into untwinned maximum
microcline.

Tt is important here to distinguish between the optic
axes A and B. In triclinic alkali feldspars the optic
axis A is more nearly L (010) than is B. During
order-disorder transitions the position of A changes
about 38° whereas B moves only 6-9°. The position
of axis B in maximum microcline is the extreme one
of single crystals of potash feldspars. Movement of
B beyond these limits is related to submicroscopic
twinning. A is chiefly affected by order-disorder,
while B is chiefly controlled by submicroscopic
twinning.

Two types of optical and X-ray parvameters for
potash feldspars—Rearrangement of Al-Si causes
alteration in density and symmetry of structure of
electron clouds and alteration of lattice geometry.
The former becomes apparent in changes of Nz, Ny,
Nx, 2V and optical orientation, the latter in changes
of a, b, ¢, and &, B8, y. The changes of Nz, Ny, Nx
can be compared with changes of a, b, ¢, and thase of
optical orientation with changes of lattice angles.

Tt is to be noted that there is no X-ray parameter
which is sensitive to small changes in a, b, ¢, in the
way as 2V is sensitive to small changes in Nz, Ny, Nx.

A. 8. MARFUNIN

Due to these consideration the parameters of potash
feldspars can been divided in two groups:

1) optical orientation ; degree of triclinicity ; lattice
angles ;

2) optic axial angle.

The parameters of the first group depend on the
degree of order-disorder and on submicroscopic
twinning. Optic axial angle which is the only para-
meter of the second group and which has no analogue
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Fig 4—Optic axial angle and optical orientation for the
specimens investigated. The solid circles represent specimen
«Taimir II».

among X-ray constants depends only on the degree of
order-disorder.

For constant values of 4, y*, L (010) A Ng different
2V can be observed, and for constant 2V different
A, v*, L (010) A Ng. See Fig. 4 and 5.

Structural analysis by Fourier sections and other
methods cannot he used for the estimation of degree
of order-disorder in potash feldspars, because in the
structural analysis a lattice geometry is involved which
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depends also on sub- X-ray twinning. The compari-
son of 2V and y* in specimens “U” (SpeNcer, 1937 ;
BaiLey and Tavror, 1955) and “Taimir 117 (Fig. 3)
shows that the properties of “U” are not only due
to degree of order-disorder. From the distances

20
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Fig. 5—Optic axial angle and triclinicity 4, {*; small
circles— A (X-ray Diffractometer), large circles — y*
(Weissenberg technique), solid circles — «Taimir II» and «u»
(Srencer, 1937; Bamry and Tavror, 1955).

cation — O and from lattice angles o* and vy* the deg-
ree of triclinicity and degree of order-disorder must
be near to 0.32 (Bartm, 1959). However, from
Fig. 5 the degree of order-disorder must be near to
0.8 and degree of triclinity which depends also on
submicroscopic twinning near to 0.32.

Inmterpretation of potash feldspars—Fig. 5 and 6
are diagrams whose coordinate axes are the two
groups of constants mentioned above. They show
that the potash feldspars with small optic axial angles
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are all monoclinic. In this region the “unstable feld-
spars” of HAFNER and Laves (1957) were not ob-
served. Potash feldspars with optic axial angles of
more than ~44° show variable symmetry for cons-
tant 2V.

This relation makes it possible to describe the va-
rieties of potash feldspars as follows. There are two

-2yt i
high
sanidine

i {o10)

1{am)

Stacking
order

tow

M1 sanidine

high |
orthoclaseftrictinic\ microcline
orthoclase

B = — - — — —

intermediate
orthaclase

Intermediate
triclinic
orthaclase

B B — o

~low
orthoclase

2 —=— A L[MD)ANg

* Submicroscopic and sub-X- ray twinning

Fig. 6—The interrelations of variants of the potash feld-
spars.

types of order-disorder in potash feldspars: 1) disor-
der without deviation from monoclinic symmetry and
2) disorder with change of symmetry into a triclinic
one. There are all intermediate states bhetween dis-
order ond order of both types. Every state of substi-
tution disorder may be sub-X-ray twinned.

The potash feldspars represent continuous series of
order-disorder states. All the triclinic forms of these
states have innumerable sub-X-ray twinned poly-
morphs. The general scheme is set out in Fig. 6.

Crytoperthites—The data of Table 1, 2 and the
data of MacKenzIE and Smrire (1959) show that the
K-rich feldspars with optic axial angles more than
40-45° are perthites.

The composition of the separate phases of perthites
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was determined by the distance (A26) between the

reflections 201 of potash and soda phases. This calcu-
lated distance is 1.03° when both phases represent
pure disorder components and it is 1.125° when the
perthite consists of disordered KAI1Si,0; and ordered
NaAlSi;Os (from the data of Doxnav and Donway
1957: Goopyear and Durrix, 1954). The effects
of other components (Ca, Ba) and of order-disorder
changes decreases this distance. The investigated

perthites show a range of A20 (201) from 108
to 1.14° (in one case it is 1.02°).
Tf the strain produced by the unmixing (L.avEs,

1952) does not exclude the possibility of using the 201
method on cryptoperthites, the measured values pro-
bably show that the perthites consist of nearly pure
components and that the sodium phase is more ordered
than the potash phase. The angles o* and y* indicate
the same. The sodium phase is always twinned so
that their integrated optical symmetry must be pseudo-
monoclinic when the twinning is balanced. The inte-
grated properties of perthites consisting of nearly
pure components are obtained by addition as the pro-
perties are those of a mechanical mixture.

The tentative estimation of the composition of cryp-
toperthites can be made by the diagram Fig. 7
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Tig. 7—Diagram for the determination of Or: Ab rela-
tions in cryptoperthites.

IV. THE DIAGRAM OF THE OPTICAL
ORIENTATION OF POTASH-SODA
FELDSPARS

On the basis of the measurements (Table 1) and of
the structural interpretation of potash-soda feldspars

A. S. MARFUNIN

the diagram Fig. 8 was constructed. The analysis of
the position of all optical directions permits conclu-
sions to be made ahout the structural features and
chemical composition of alkali feldspars. This dia-
oram indicates the restriction of possible relationships
between the various optical constants and also shows
the limits in the ranges of these constants.

{

V. SOME PETROLOGICAT,
CONCLUSIONS

Many petrological papers have described the alte-
ration of orthoclase into microcline going hand-in-
hand with variation of triclinicity. This may be due
to two different phenomena: a) enlargement of twinn-
ing observed especially near the inclusions of quartz,
plagioclase and other minerals, which represent here
a kind of counterfort, b) transition from less to more
ordered states.

The variations of optical orientation which accom-
pany these two types of transformation are different:
in the former case only the orientation of the indicatrix
changes with near constancy of the optic axial angle
and both optic axes A and B move equally; in the
latter case 2V also changes and A moves more quickly
than B. ‘

Therefore there is no fixed point of a transition
orthoclase == microcline. Thus, the division of gra-
nites into otthoclase granites and microcline granites
must be more precisely defined. Quite different feld-
spars have been described as orthoclase: the crypto-
cross-hatched microcline of charnokites (specimens
35, 36), intermediate-low orthoclase of Rapakivi gra-
nites (specimens 28-33), intermediate orthoclase of
garnet-cordierite granites and migmatites (specimens
23-26), high orthoclase of tertiary granites (speci-
men 7).

Adularia and ferriferous orthoclase are not new
structural variants. They represent only morpholo-
gical or chemical variants of sanidines, high or inter-
mediate orthoclases and other structural variants.
The distribution of structural variants in magmatic
and metamorphic rocks is of regional nature. For
instance in Ukrainian Pre-Cambrian there are only
four types of potash-soda feldspars.

Magmatic rocks and related pegmatites, migmatites,
porphyroblasts in xenolithes, druses contain the same
variety of potash-soda feldspar.

Comparison of the effect of unmixing, order and
twinning which coexist in many specimens, shows a
succession. in formation of these phenomena. All
potash-soda feldspars with small degrees of order-
disorder are unmixed and, also, usually twinned, the
Na-phase being submicroscopically, the K-phase sub-
X-ray twinned. Polysynthetic twinning occurs after
crystallization and is controlled by unmixing. When
the temperature decreases the minimum value of the
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optic axial angle shows the maximum degree of
order-disorder with which the potash feldspar crystal-
lized from the melts. As shown by Laves (1950) the
cross-hatch twinning is a consequence of an inversion
from a pre-existing monoclinic single crystal.

These observations lead to the following conclusion.
Unmixing, ordering and twinning in potash-soda feld-
spars occur nearly simultaneously as interdependent
processes. The potash-soda feldspars crystallize me-
tastably as homogeneous disordered variants. Their
observed features are due to transformations in solids.
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Alkali feldspars from some intrusive porphyries of Southwestern
United States

by FrREDERICK J. KUELLMER
New Mexico Institute of Mining and Technology. Socorro, New Mexico, U. S. A.

ABSTRACT

Powder X-ray diffraction analysis of the (201) reflections of many perthitic alkali feldspars at room tempera-
ture, 750°C., and 1050°C. shows considerable differences which appear to be a function of the relative temperature-
structural states of the feldspars. Sanidines remix more rapidly and completely than microclines, whereas ortho-
clases show all intermediate stages. Variation in rate and completeness of remixing appears to be independent of bulk
composition, although the ultimate cause may 'well be affected by impurity elements and/or lattice defects.

The average bulk composition of the feldspars studied (225) is about Ore (Ab - An)u ‘weight percent, and the
compositional range for any porphyry is 20 to 40 4 weight percent. Perthitic remixing is accomplished faster and more
completely in feldspar specimens from those parts of an igneous sequence which are more porphyritic (Globe-Miami,
Arizona; Rabb Canyon, and Hillshoro, New Mexico), more pegmatitic (Rabb Canyon), more cruptive (La Sal Moun-
tains, Utah), and/or more orebearing  (Ajo, and Globe-Miami, Arizona; Questa, New Mexico). Thus the perthitic
allali feldspars showing the relatively highest temperaturewstructural states appear to be found in those parts of an

igneous sequence 'which show the most hydrothermal features.
Such a method of comparing alkali feldspars from an intrusive appears to have value for igneous petrogenesm

as well as ore distribution.
zation and ore deposition.

INTRODUCTION

Many studies of mineral variation within homoge-
neous rock units have been and are being made in
order to obtain a better understanding of the condi-
tions of origin of the rock mass. For hypabyssal
igneous rocks one may likewise expect rock properties
to vary systematically throughout the rock mass
according to the conditions of origin, unless all parts
of the intrusive have approached identical equilibrium
states to the same degree. The present paper, which
has been assisted by a research grant from the Natio-
nal Science Foundation, is an attempt to apply some
of the newer data on alkali feldspars (Laves, 1950,
1952; Goupsmrrz and TLaves, 1954a, b; Mac-
Kenzie and Sumrrw, 1955, 1956 TurtLE and Bowen,
1958) and newer X-ray techniques (BIrks and
Friepman, 1947 ; Weiss and RowranD, 1956; Bas-
SETT and LapEAM, 1957) to a study of some Tertiary
porphyries of the United States.

Porphyries common throughout the western moun-
tains of both North and South America show a full
range in composition from andesite to granite and
appear to be hypahyssal (shallow to intermediate
depth). Many of the more granitic varieties, of
which quartz’ monzonite may be most common, are
about middle Tertiary in age and contain numerous
alkali feldspars. Such alkali feldspars are; for the
most part, perthitic on an X-ray or microscopic scale,
and exhibit the optical properties of sanidine or
orthoclase.

The results provide additional evidence of a genetic association between igneous crystalli-

In an. igneous rock such as a porphyry, the first
alkali feldspars would be a homogeneous sanidine
which upon cooling should separate into twao phases,
forming a perthite (Laves, 1952). This unmixing
reaction, which might be written, Homogeneous feld-
spar *—_, cryptoperthite = ‘ macroperthite, is
readily reversible under laboratory conditions (TUTTLE
and Bowen, 1958), although no optically-visible exso-
lution has been produced. Under simple cooling con-
ditions of an igneous mass, without dynamic meta-
morphism, the above reaction should proceed to the
right, but in most Tertiary porphyries is far from
complete. The basic idea of this study was to take
a natural alkali feldspar, subject it to various heat-
treatments, and compare the extent to which these
heat-treatments displaced the unmixing reaction
(above) toward the homogeneous feldSpar state.
The more readily and completely this remixing occur-
red for any set of laboratory conditions, presumably,
the closer the natural feldspar was to its original
high-temperature state. One should remember that
a high-temperature form may arise through low-tem-
perature inequilibrium crystallization.

However, numerous data are available suggesting
that the foregoing hypothesis is subject to considera-
ble limitation and has value primarily in providing
geologic-petrographic comparisons. First, GorLps-
Mt and Laves (1954'b) have shown that numerous
crystals of similar unmixing status are composed of
a range of monoclinic to triclinic states. Such varia-
tions occur even within smgle morphological units.
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In using alkali feldspars as a petrographic guide,
therefore, it is desirable to study as many morpholo-
gical units per hand specimen as possible. This in
turn almost precludes using single-crystal X-ray
diffraction techniques because of the tremendous diifi-
culty involved in adequately summarizing the struc-
tural features of all the alkali feldspars in a hand
specimen. Second, recent studies of crystal-growth
and phase relations demonstrate that even many of
the most important crystallographic and solid-state
system properties are dependent on impurity elements
and lattice defects. Differing concentrations of trace
elements such as Li, Rb, and Sr may reflect such
differences in  pressure-temperature-crystallization
rate that variation in perthitic unmixing should not
be surprising. These limitations exist in most crys-
tallographic studies of materials from widely separa-
ted geological environments.

METHOD OF MEASUREMENT

In order to compare alkali feldspars from an igneous
rock or several igneous rocks, many of which may be
rather fine-grained, it is necessary to obtain adequa-
tely precise compositional and structural data from
numerous small-size samples. Bulk compositions of
the alkali feldspars are based on (1) spectrographic
analysis of Na, K, Ca, Ba, etc. (= 5-10 % of the ele-

ment present), and (2) position of the (201) reflection
of heated alkali feldspars (heated more than 48 hours
at 1050°C). Each group of spectrographically-analy-
zed samples included four repeatedly-analyzed feld-
spar standards. 'The maximum measured range of the
analyses of the feldspar standard compositions was
56 wt. % orthoclase (see KUerLMER, 1960a) and
for this reason the spectrographically-analyzed com-
positions are believed accurate to == 5 wt. % ortho-

clase. Measurement of the (201) reflection of heated
alkali feldspars, according to Bowrn and TUTTLE,
provides only a measure of the orthoclase percent of
the total Or 4 Ab -+ An. Although the heat-treat-
ment was not sufficient to sanidinize the alkali feld-
spars, the orthoclase weight percent of the X-ray de-
termined compositions is believed accurate to within
a minus 7 % and plus 3 wt. % (see OrvILLE, 1958;
KueLrmer, 1960 b).

In using the compositional determinations the alkali
feldspars are regarded as a two-component mixture,
namely an orthoclase-rich phase and an albitic plagio-
clase, ignoring the calcic plagioclase component. In
an analogous manner plagioclase optical properties are
commonly used as a measure of the bulk composition,
ignoring the potassium component. An additional
justification for this is that the material here studied,
with the exception of specimens from the La Sal
Mountains, Utah, had morphological and optical pro-
perties of a potash-rich feldspar, namely sanidine, or-
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thoclase, or microcline. The calcic plagioclase com-
ponent is most likely to be important in those alkali
feldspars which are sodium-rich. Furthermore every
attempt was made to correlate the X-ray properties
herein described with the calcium content of the alkali
feldspar, where known, with little success.

The 26 position of the (201) reflection from both
phases of the perthite, or one phase of the heated
homogeneous-appearing perthite was measured on a
Norelco Phillips X-ray goniometer using an internal
standard, and are believed accuraie to within 0.02°26.

X-ray measurements were made of the variation

of the (201) spacings with time and temperature of
heating by means of a furnace built onto a Phillips
X-ray goniometer diffractometer. This furnace was
a modification of one built by G. L. Davis of the Geo-
physical Laboratory who generously furnished the
author with complete plans and photographs of his
apparatus. This furnace was calibrated by (1) melting
various compounds and noting the temperature at
which characteristic X-ray reflections disappeared, (2)
measuring the thermal expansion of lattice spacings
of extremely pure Pt and Ag powders, and by {3)
auxiliary thermocouples placed at various points on
the upper surface of the powdered sample. The re-
corded temperature is believed accurate to == 20°C,
and the (201) spacings at higher temperatures accurate
to == 0.05°24.

Feldspar powders, prepared, mounted and heated
in exactly the same way, were X-rayed during heat-
treatment by means of this furnace. Samples were
heated from room temperature to 750°C in a uniform
manner, and maintained at this temperature in gene-
ral for periods of more than 10 hours, and as much as
30 hours, during which time the position of the (201)
reflection was recorded. During this heat-treatment
the (201) spacing of the potassium-rich phase of a
perthitic alkali feldspar increases as a consequence
of the temperature-increase, or if any remixing of the
perthite phases occurs, decreases (or increases less
than the normal amount). The reason for the de-
crease in the (201) spacing during heat-treatment is
that the potassium-rich phase of the perthitic allkali
feldspar accepts more sodium (see BOWEN and
Turrie, 1950). For a homogeneous sanidine the
(201) spacing is proportional to the sodium-potassium
composition (see TUTTLE and BOWEN, 1958). The
more readily and completely the (201) spacing of a
perthitic feldspar, during and after heat-treatment,
corresponds to that expected from the bulk composi-
tion, the less the natural perthitic feldspar has unmixed
from its original homogeneous high-temperature state.

COMPOSITIONAL VARIATION

Table I presents the bulk composition of a large
number of perthitic alkali feldspars from intrusive
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Table I
APPROXIMATE BULK COMPOSITION OF THE EXAMINED PERTHITIC ALKALI FELDSPARS
No. of Samples in Each Compositional Range *
Locality in U. S, A. Rock Unit B
B0 B0 4150 S AL 7he0 8100 gt N0l
Mt. Pennell Qz. Monz. 4 1 5
Utah b Por.
it

AL 2 7 3 12
Grant Co., Sanidine 9 14 4 20
New Mex. Por.

Sanidine

Pegmatite 1 1
Idaho < Tert. Por. 1 2 9 5
Hillsboro, Qz. Monz.
New Mex. Por. 1 18 10 2 81
Questa, Soda
New Mex. d Granite 1 1 3 6 3 2 15

Diorite

Por. 1 1 2

Monz.
La Sal DoF. 2 1 3
Mts.,
Utah b Syenite 1 1 2

Feld. Sy.

n 1 2 1 1 5
California-Idaho- Nevadan 9 6 1
Washington Intrus. ¢ 9

h

(3253/[?;;11; 3 11 14 4 32
Miami, Gr. Por. 3 7 3 13
Arizona A Ll

Schultze

Granite 1 : 8 6 15
Ajo, Cornelia
Arizona Qz. Monz. 1 3 9 1 14

Porphyry 1 7 1 9
Twin Tertiary 12 2 14
Buttes 4
Quad. Mig. 2 3 5

iz £

R pre Cambr. 2 4 6

Vein Peg. 1 2 1 4

*. Composition range given in Or
b, Samples from C. B. Hunr.

. Samples from W. B. HaMiLton,

4. Samples from J. H. ScHILING.
¢ Samples from W. B. Haumirron, C. A. Horson, and A. C. Warters.

I Samples collected with J. CoorEr. Rock umit names are field terms,

thoclase weight percent of the total Or + Ab 4+ An content.

representing different textures.
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rocks of the western United States, expressed in terms
of Or weight percent of the total Or + Ab (4 An)
content. The compositions summarized in Table I
are believed accurate to within about 10 weight per-
cent. This includes both spectrographically and
X-ray determined compositions.

The table demonstrates that even a small homoge-
neous hypabyssal porphyry may exhibit a considera-
ble range of alkali feldspar bulk composition. The
average bulk composition of all alkali feldspars in
Table I is 69 weight percent orthoclase. It may be
significant that all the Arizona samples (Ajo, Miami,
and  Twin Buttes) are richer in orthoclase content
than the New Mexico samples (Questa, Hillshoro,
and Grant County). All of the sample groups, with
the exception of the T.a Sal specimens and one Ajo
specimen, contain more orthoclase than albite (and
anorthite) and do not extend across the compositions

of the minimum-temperature trough of the system-
NaAlSi;0s-KA1Si;0s (Turrie and Bowen, 1958).

THERMAL EXPANSION OF (201)
SPACINGS OF HOMOGENEOUS ALKALI
FELDSPARS

In order to compare remixing rates of the perthitic
alkali feldspars during heat-treatment, information
concerning the expansion properties of homogeneous
alkali feldspar phases is necessary. Such data are
presented in Figure 1. Note that the figure shows
the measured 28 positions (for CuKa radiation) plotted
against the temperature, instead of the actual lattice
spacing. All the feldspars here depicted show about
the same decrease in 26, namely 0.20 degrees, hetween
room temperature and 740°C. TFor this reason the
(201) thermal expansion is believed to be the same
magnitude for all homogeneous alkali feldspars re-
gardless of temperature state or composition.

Both the high and low albite (Fig. 1) samples are
from the same material, one part of which was heat-
treated (KUELLMER, 1959, p. 656) and the other not.
The composition of this albite from a pegmatite near
Ribera, New Mexico Is Org.sAbpAns (= 5) wt. %
(KueLrMeR, 1960a). The difference hetween the
high and low-form curves may well be due to a slight

- compositional difference in the high-form, as a result
of the heat-treatment which would remix all Na, Ca,
and K to a more homogeneous phase.

The homogeneous moonstone (Fig. 1) refers to a
moonstone sanidine specimen from a high-tempera-
ture pegmatite in Rabb Canyon, Grant County, New
Mexico which was heated to 900°C for several days
to remix the perthitic phases. A bulk composition
of OrgAbyAng (+ 5) wt. %, was determined by
spectrographic analysis (see Kverrmer, 1960a). A
part of the moonstone specimen was quenched; ie.
cooled to room temperature in less than one minute;
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whereas a second part was annealed, i.e. cooled to less
than 100°C in about 10 hours. Samples from both
quenched and annealed parts of this moonstone spe-
cimen show no pronounced differences in thermal
behavior. ;

Linear thermal expansion of three microcline spe-
cimens from pegmatites in northern New Mexico is
shown by the squares, triangles, and black dots adja-
cent to the word ‘“Microclines” in Figure 1. The
specimen indicated by the black dot has an approxi-
mate composition of OrsAb, (= 5) wt. %, based
on spectrographic analysis, and therefore may contain
some albite; whereas the composition of the other
specimens is unknown.

The sanidine expansion (Fig. 1) is based on a syn-
thetic sanidine (KAISi;Og), crystallized at 800°C and
1000 bars water pressure for a period of six days,
and generously loaned to the author by Prrrie M.
OwrviLre of the Geophysical Laboratory. The diffe-
rence between the microcline and sanidine variations
is probably due to the sodium content of the natural
microclines. :

For comparision (Fig. 1), the thermal expansion
of the (1010) spacing of part of a large oscillator-grade
quartz crystal is shown. The quartz determinations
were made because many of the natural perthite feld-
spars were so poikilitically intergrown with quartz
that complete quartz remoral during sample prepara-
tion appeared impossible. FEach set of symbols (cir-
cles, squares, black dots, etc.) in Figure 1 for quartz
refers to replicate determinations on the same powde-
red quartz, and thus furnishes some idea of the repro-
ducibility of the measurements. The measurements in
the vicinity of the low-high quartz transition are less
accurate than the remaining points, for the reflections
were changing more rapidly than they could be recor-
ded by the Geiger counter. The change in 20 from
room temperature to 750°C for the quartz here stu-
died is about 0.30°, and that illustrated by BasserT
and Larmam (1957) for a similar temperature range
is about 0.36°.

COMPARATIVE REMIXING OF PERTHITIC
FELDSPARS

Sanidine and Microcline Perthites.

Figure 2 shows the variation of the (201) reflec-
tions for the potash-rich phase of various sanidine and
microcline perthites as a function of the time of heat-
treatment at 750°C. The vertical scale for this figure
and all similar subsequent figures is the 28 value
(for CuKe radiation) of the potash-rich (201) reflec-
tion. The horizontal scale is the duration of the heat-
ing cycle at 750°C in hours. During the first hour
and a half, the sample temperature was being raised
from room temperature to 750°C. This is indicated
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along the abscissa and is reflected in the continual de-
crease in 26 during the time from O to 1% hours. The
horizontal line labeled Exp Origo, which is added as
. reference, indicates the 20 position for a pure po-
tassium sanidine (KAISiOg) at 750°C. Such a po-

tassium feldspar would undergo no remixing. The
(201) reflection of an extremely pure potassium phase
which undergoes no remixing during heat-treatment,
when plotted should remain close to the sanidine-750°C
line. An arrow joins the last 26 measurement at
750°C to the final 26 measurement at room tempera-
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From this, it is concluded that, in a general way, the
more readily and completely remixing takes place,
the closer the natural perthite is to its original homo-
geneous or high temperature-structural state if the
bulk composition of the perthite lies within the unmix-
ing range of the orthoclase-albite system. However,
the original homogeneous state may have occurred at
a variety of temperatures depending on the variation
of exsolution with composition (see Fig. 12, . 961,
Laves, 1952). Furthermore, this does not imply that
all sanidine perthites from a wide variety of geologic
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Fig. 2—Variation of the (501) reflection of the potash-rich phase of several sanidine and microcline perthites dur-

ing heat-treatment. See text.

ture after the sample was cooled. Sanidines, which
are all from the Rabb Canyon sanidine pegmatite area,
Grant County, New Mexico, are indicated by the
circles and squares. Microclines from various Ne-
vadan intrusives are indicated by the triangles. The
flled or solid circles, square, and triangles indicate the
final room-temperature 28 position which the sample
should have attained if it were a homogeneous sani-
dine (based on the relationship between composition
and lattice spacings given by TUTTLE and BOWEN,
1958). Note that all the sanidine specimens attain
or overshoot this 20 position whereas none of the
microclines do. There is no correlation between the
estimated bulk composition, which is proportional to
the position of the filled or black symbols, and the
nature or extent of remixing. Even identical bulk
compositions for sanidines (RC-22 and RC-33) and
microclines (HL579 and PI39-57) show conside-
rable variation in the behavior of the (201) reflection
with uniform heat-treatment.

All the sanidine perthites in Figure 2 remix more
completely and readily than the microcline perthites.

environments must remix more readily than all micro-
cline perthites. The entire unmixing process, which
may occur stably or metastably, will be dependent on
a wide variety of factors, such as hydrothermal pres-
sure, crystallization rate, impurity ions, and the mosiac
nature of the crystal. Indeed, this dependence on
rate and impurity factors appears to affect many natu-
ral and artificial silicate systems (FLORKE, 1955 No-
pER, 1959).

Orthoclase Perthites With Similar Bulk C omposition.

_ Figures 3, 4, and 5 present the variation of the
(201) reflections for the potash-rich phase of various
orthoclase perthites as a function of the time of heat-
treatment at 750°C. The composition of all these
orthoclase perthites, based on spectrographic analysis,
falls within the range Orss to Ores.  All these per-
thite specimens are from Tertiary (or late Cretaceous)
intrusives and the numbering scheme is identical to
that previously used (see KueLLMER, 1960a). Fi-
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gures 3 to 5 are similar to Figure 2, with the addition
of four horizontal reference lines indicating the expec-
ted 20 position of homogeneous sanidines with the
bulk compasitions (OrssAbgs) and (OresAbss), at room
temperature (indicated by “Orss” and “Ors™) and at
750°C (indicated by “Exp. Orss” and “Exp. Org;”).
The 26 position of the potash-rich (201) reflection
within this field gives some idea of the composition
and extent of remixing.

Comparison of Figures 3 to 5 with Figure 2 shows

21 41 o

1178

that the twelve orthoclase perthite specimens, both in
their 20 positions at 750°C and in their remixing pat-
tern, show all intermediate states between sanidine
and microcline. If no remixing occurred, and if the
potash-rich phase were nearly pure KAIlSi;O, the
reflection would occur at 20.74°26. If complete re-

mixing occurred the (201) reflection should lie bet-
ween 21.14 and 21.21°20 for compositions Orss to
Orgs. A specimen (H126-52) from the quartz mon-
zonite porphyry of the Henxry Mountains, Utah

7 F-126-52; Orsg
- Orgs
o / ;. 390A -59
S i S
/‘8. I ¢ “oood / 1B27—1 Exp Ol'65
~ S SG-14
S 21 00f s st
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Fig. 3—Variation of the (2201) reflection of the potash-rich phase of several orthoclase perthites during heat-treat-

ment. See text.
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Fig. 4—Variation of the (201) reflection of the potash-rich phase of several orthoclase perthites during heat-

treatmen. See text,
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shows (Fig. 3) a potash-rich (201) reflection indicat-
ing even less unmixing than the sanidines (Fig. 2).
A specimen (SG-9) from the Schultze granite near
Miami, Arizona during heat-treatment shows (Fig. 4)
two potash-rich (201) reflections, one at about pure
KAISi;Os, and a second at a positien corresponding
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should decrease in 20 about 0.20° {CuKe) for a tem-
perature increase from 25°C to 750°C. Tf one then
adds the value 0.20 to all the 26 positions at 750°C
(points B and C above), all the (201) reflection posi-
tions may be compared on a room-temperature basis.
The shift in 20 as a result of heat-treatment at 750°C

= Or58
2134 Ores
IB23-8
21121 /. Exp Orgg
- 1 L5 27-50p Exp Orgs
o] [E M-37
= 2100} MERg— » o
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Fig. 5—Variation of the (201) reflection of the potash-rich phase of several orthoclase perthites during heat-

treatment. See text.

to about Orse. Thus, the nature and extent of the
remixing shown by these orthoclase specimens, which
are optically monoclinic and all of approximately the
same bulk compositon, covers the entire range from
sanidine to microcline.

PERTHITES FROM. A SINGLE INTRUSIVE
OR INTRUSIVE SEQUENCE

Although the previous figures (2, 3, 4, and 5) illus-
trate the (201) variation during heat-treatment, such
a method of illustration when used for a wide range
of compositions is extremely difficult to comprehend.
Accordingly another type of illustration will be used
in the hope of subtracting at least a part of the com-
positional and temperature effect. Figure 6 presents
a generalized version of the previous figures. Five
points appear to be sufficient to evaluate such a dia-
gram (Fig. 6), namely (A) the room temperature 26
position at the start of the run; (B) the 20 position at
750°C at the start of heat-treatment; (C) the 26 posi-
tion at 750°C at the end of the heat-treatment; (D) the
room temperature 26 position at the end of the deter-
mination; and (E) the 28 position which a homoge-
neous sanidine of this bulk composition would have
(see TurTLE and BoweN, 1958) at room temperature.

On the basis of the (201) linear expansion measured
on homogeneous alkali feldspars, the (201) reflection

is plotted as if it occurred at room temperature, ie.
at a 20 position which is 0.20 degrees higher than
measured. FErrors due to adifferent thermal change
in 26 than the 0.20 degrees here assumed for all alkali

E.20 of homogeneous
O bulk composition

D.Final 26 at
room temperature

A. 20, at’start
room temperature

20 (201) (Cu Kab)

C.Lost 2@ ot 750°C

B 20, affer
reaching 750°C

Hecﬁng ; 7
Duration of Heating Cycle (hours) at 750°C

Fig. 6.—Generalized diagram showing the variation of

the (201) reflection of the potash-rich phase of a perthite
during heat-treatment. The letters, A through E, indica-
te various 2§ positions during the heat-treatment which are
used in the following diagrams (Fig. 7-14) for comparing
the remixing rates of various perthitic specimens. See text.
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feldspars, and other errors will affect the diagrams
regardless of the method of illustration.
Figures 7 through 14 show the 26 variation of the

potash-rich (201) phase before, during, and after

119

(201) reflection of the potash-rich phase. The
manner in which the (201) reflection approaches or
fails to approach the bulk composition position (item
E of the foregoing paragraph is the zero or bulk-
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rates of alkali feldspar perthite specimens from the same
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heat-treatment at 750°C, plotted as if the heating took
place at roem-temperature, i.e. a 26 value of 0.20 is
added %o all readings at 750°C. * The vertical scale is
the 28 difference between the (201) reflection of a
homogeneous sanidine of this bulk composition (based
on data of TurTLE and Bowen, 1958) and the actual

composition position) may be seen. Along the hori-
zontal scale each column refers to a part of the heating
cycle, namely A, B, C, or D, as described in the preced-
ing paragraph. The short heavy line on the left of
each ‘column at the zero line indicates the estimated
maximum range of error in measuring the 26 position.
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The heavy line to the right of column D indicates the
estimated range of error in fixing the zero 20 position,
because of the errors in compositional determination.

Remixing data for perthite samples from the Rabb
Canyon sanidine pegmatite area, Grant County, New

FREDERICK ]J. KUELLMER

sequence (see KeLLEy and Branson, 1947 ; KurLL-
MER, 1960a, p. 317) is (1) rhyolite tuff, intruded
by (2) sanidine porphyry, in which (3) sanidine peg-
matite lenses formed. Here the last-formed, more
hydrothermal (i.e. pegmatitic and porphyritic phases)
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Mexico are presented in Figure 7. The moonstone
sanidine from a high-temperature pegmatite remixes
faster than the sanidine specimens from the sanidine
porphyry, and both of these materials remix faster
and more completely than a perthite specimen from
the surrounding rhyolite tuff. The estimated rock

perthites, which presumably formed at lower tempe-
tures, show the most rapid high-temperature type of
remixing. Clearly, the foregoing data demonstrate
that remixing is affected by additional factors other
than the temperature-structural state.

Figure 8 illustrates the variation in remixing rates
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for four orthoclase specimens from the quartz monzo-
nite porphyry near Hillshoro, New Mexico. One

ovoid-shaped orthoclase phenocrysts (see KUrLL-
MER, 1958).

more ra- Differences in the remixing behavior of specimens
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near Ajo, Arizona are shown in Figure 9. Specimens

intrusive  are divided into two groups, those from in or on the

edge of the open-pit mine, and those farther away.,
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The open-pit specimens, from the more orebearing part
of the intrusive, remix more readily and completely
Figure 10 shows the remixing behavior of orthoclase
perthite specimens from the Globe-Miami area, Arizo-
na, which are divided into ore (from areas of moderate
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ted in Fgure 10 by the two sets of triangles. Two of
the three non-ore specimens which show complete re-
mixing are from the Castle Dome area (near Globe-
Miami, Arizona) where the differences in complete-
ness of mixing are negligible, and the third i from
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hydrothermal alteration) and non-ore specimens, based
on data from Perersox (1952). The ore specimens
from this igneous sequence which includes Lost Gulch
quartz monzonite, granite porphyry and Schultze gra-
nite remix more completely than most specimens from
the non-ore areas. Two of the specimens from this
group show two potash-rich phases which are indica-

the Inspiration mining area where the geographic se-
paration of ore and non-ore specimens is very small.
Other figures could be drawn, such as one for the
Castle Dome area, which would show that the nor-
thernmost sample remixes like a sanidine, the
southernmost has two potash-rich phases, and the two
ore-area specimens lie somewhere inbetween, so that
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the variation appears systematic with geographic posi-
tion. A similar general variation with geographic po-
sition holds for the Copper Cities intrusive area.
Another illustration which might be prepared is to
compare the remixing rates of the more porphyritic
(Lost Gulch quartz monzonite and granite porphyry)
rocks and the less porphyritic Schultze granite (note
that both groups contain equally large perthite pheno-
crysts, but the Schultze granite has a coarser matrix,
in general, and therefore appears less porphyritic).
Here too the general amount of remixing of the Lost
Gulch and granite porphyry specimens is greater than
that of the Schultze granite.

Data on the relative remixing of four perthite spe-
cimens from the Tertiary soda granite near Questa,
New Mexico (ScHILLING, 1956) are presented in Fi-
gure 11. Here too, the three ore-area specimens re-
mix more readily and more completely than the speci-
men from a non-ore area.

Variation of perthitic remixing of twelve specimens
from the La Sal Mountains, Utah, shown in Figu-
re 12, conforms closely with the intrusive sequence
and temperature deductions as worked out by Hunt
and Warers (Hunt, 1958; Waters, 1955). The
intrusive sequence is: diorite porphyry; monzonite
porphyry; syenite; and feldspathoidal syenite, aege-
rine granites, and soda rhyolites. The latter stages of
intrusion, on the basis of Hunt’s and WATERS' stu-
dies, are thought to have occurred at a higher tempe-
rature than the early stages. Examination of figu-
re 12 shows a systematic variation of remixing with
the various rock types. Furthermore, those perthites
from rocks occurring late in the intrusive sequence at
a higher temperature and more eruptive stage show
a faster and more complete remixing.

Figure 13 shows the relative remixing of three per-
thite specimens from Tertiary intrusives into the
Idaho batholith. The relative remixing of a large
number of perthite samples from the Twin Buttes
quadrangle, Pima County, Arizona is presented in Fi-
gure 14. The five rock names shown in Figure 14
are tentative field names used by J. Cooper for sligh-
tly different textural varieties. Tt appears that all the
Twin Buttes samples are rather homogeneous in bulk
composition and that there are no significant differen-
ces in rate or completeness of remixing. Such uni-
formity in remixing relations may result from (1) a
real primary homogeneity, (2) inadequate sampling
spread over 153 square kilometers of the guadran-
gle, (3) selecting a temperature of heat-treatment either
too high or too low to cause differences in remixing
rate, or (4) a complete recrystallization of the per-
thites.

CONCLUSIONS

Perthitic alkali feldspars from a single intrusion
show a considerable compositional range (Table T).
The fact that most of the orthoclases are optically
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homogeneous and have bulk compositional ranges
which do not extend across the minimum temperature
trough of the system-NaAlSi;O.-KA1Si,O4 (TurTLE
and Bowex, 1958) suggests that these compositions
are the result of a primary magmatic (including hydro-
thermal} crystallization.

All homogeneous alkali feldspars here measured,
regardless of structural state, have about the same

(201) linear thermal expansion in the range 20 to
750°C, which involves a change in 26 (CuKe) of about
0.20 == .05°. In a general way, the closer a perthite
Is to its original homogeneous or high-temperature
state, the more readily and completely it will remix
upon proper heat-treatment, on the basis of the study
of the microcline and sanidine perthites. The fore-
going statement must be modified to exclude bulk
compositions outside the unmixing range, and meta-
somatic and other perthites which may have crystal-
lized under conditions deviating considerably from the
idealized orthoclase-albite system. Orthoclase per-
thites show every intermediate variety of remixing.

Perthites from a single intrusive or intrusive se-
quence show such variation in their remixing rates,
that unmixing is probably considerably affected by
other factors, such as impurity ions and lattice defects.
In spite of this, the comparitive remixing rates appear
to be of petrographic value. For mosts igneous
rocks here studied, the more pegmatitic, the more ore-
bearing, and/or the more eruptive or high-tempera-
ture stage, the more readily and completely the per-
thite will remix. Most of the rocks studied here are
porphyries, so that when the term “more porphyritic”
is used, it means that the perthitic feldspar pheno-
crysts are larger, more abundant, more conspicuous
and/or fresher in appearance. The fact that more-
porphyritic specimens remix more readily and com-
pletely than other perthite specimens can only be re-
conciled with the greater ease of remixing of speci-
mens from a more hydrothermal facies, if these occur-
rences have something in common. One explana-
tion might be that the phenocrysts of the more-por-
phyritic facies crystallized or recrystallized late in the
magmatic cycle rather than intratellurically. There-
fore two types of phenocrysts may occur in many
hypabyssal porphyries, one intratelluric and another
formed or re-formed at a late hydrothermal stage.
An alternate explanation is that crystal growth and
unmixing occurred so rapidly during the hydrother-
mal stage that a more high-temperature type of unmi-
xing was preserved. Experimental studies by Jamws
and BurnmaM (1958) suggest that a late hydrother-
mal and rapid growth of larger crystals may readily
occur. Crystals grown rapidly in a hydrothermal
stage might contain more impurities and lattice defects
which would affect remixing rates. The foregoing
analytical prodedure may thus provide an important
tool for differentiating perthitic alkali feldspars for-
med during various stages of magmatic crystallization.
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DISCUSSION

Kaus (Pasadena):

Have you remixing data on microclines of various tri-
clinicities?

KuELLMER (Socorro). Answer:

Todate I have no data on the remixing of microcline

perthites, in which the potassium phase has less than the
maximum triclinicity. A few preliminary studies of some
microcline perthites suggest that the deeper and ¢more plu-
tonicy (using these terms in a very general way) specimens
contain perthites which remix more slowly and reluctantly
than those microcline perthites from «less plutonicy, or
younger rocks. However, there are conspicuous exceptions
to this generalization, and the number of specimens studied
to date is small.




Kuerimer (Socorro). Answer to Mr. Mrrer (The
question was not received):

No I have not compared the matrix alkali feldspar with
alkali feldspar phenocrysts from the same specimen. Some
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of the specimens from the Ajo, Arizona area contain no
phenocrysts of alkali feldspar and matrix alkali feldspars
were used. In most cases the phenocrysts, because of inclu-
ded impurities, required considerable microscopic sorting so
that separation of alkali feldspars from a very fine-grained
matrix was not attempted at this time.
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Einfluss des geologischen Alters und des tektonischen Drucks
auf die Art der Alkalifeldspate

von ST. KARAMATA
Institut fiir Mineralogie und Petrographie der Bergbau-Geologischen Fakultit, Beograd, Jugoslavien.

AUSZUG

Messungen optischer Achsenwinkel werden dazu benutzt,den Zustand von Kalifeldspaeten (Sanidin-Orthoklas-Mikrok-

lin) in jugoslawischen Gesteinen zu ermitteln. Beziehungenzwischen dem Zustand der Feldspaete einerseits und dem
geologischen Alter sowie der tektonischen Beanspruchung andererseits werden aufgefunden und diskutiert..

In Jugoslavien sind granitische Gesteine verschie-
denen Alters: altpaliozoische, hercynische und palio-
gene, vorhanden. Es ist sehr charakteristisch fiir diese
Gesteine, dass sich die Arten der Alkalifeldspate in
ihnen ganz wesentlich unterscheiden.

In den altpaliozoischen Orthogneisen ist an Kali-
feldspaten nur Mikroklin vertreten. Der Mikroklin
dieser Gesteine ist teilweise gitterartig verzwillingt,
teilweise homogen.

In den hercynischen Graniten, Granodioriten, Quarz-
monzoniten und Syeniten sind an Kalifeldspaten
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Abb. 1—Der Charakter der Kalifeldspite in Eruptivge-
steinen Jugoslaviens,

Zeichenerkldrung ; 1, homogener Mikroklin; 2, Tamellarer
Mikroklin; 3, Orthoklas; 4, Sanidin; 5, Kalifeldspite in
den altpaldozoischen Orthogneisen; 6, Kalifeldspite in her-
cynischen Graniten, Syeniten, Quarzmonzoniten und Grano-
dioriten; 7, Kalifeldspite in paliogenen Graniten, Syeniten,
Quarzmonzoniten und Granodioriten; 8 Kalifeldspite in per-
mischen Quarzporphyren; 9, Kalifeldspite in neogenen Quarz-
latiten, Latiten, Trachyten und Rhyolithen.

Orthoklas und gitterartig verzwillingter Mikroklin
vorhanden. Uebergiinge zwischen Orthoklas und Mi-
kroklin sind in diesen Gesteinen immer vertreten.

In den Paldogenen Graniten, Syeniten, Granodio-
riten und Quarzmonzoniten kommt an Kalifeldspiten
nur ein Na-reicher Orthoklas vor. Dieser Orthoklas
zeigt immer sehr feine Albitausscheidungen, so dass
er einen Krypto- oder Mikroperthit darstellt. Die
Orthoklase dieser Gesteine weisen fast immer Anfang-
sphasen einer Umwandlung in gitterartig verzwilling-
ten Mikroklin auf.

Diese Angaben sind am hbesten aus der Abb. 1, die
den Charakter der Kalifeldspite in einzelnen Gesteinen
Jugoslaviens zeigt, ersichtlich.

Die oben angegebenen Daten werden sehr gut durch
die Angaben iiber den Charakter der Kalifeldspite in
den permischen und neogenen Ergussgesteinen Jugos-
laviens ergdnzt. Die permischen Quarzporphyre fiihren
an Kalifeldspaten nur Orthoklas, und die neogenen
Quarzlatite, Latite, Trachyte und Rhyolithe immer
einen typischen Sanidin.

Die Art der Kalifeldspite in einzelnen Kalifeld-
spat fithrenden Gesteinsgruppen kann man sehr leicht
aus den Werten des optischen Achsenwinkels ersehen.

Die Werte der optischen Achsenwinkel der Alkali-
feldspdte in einzelnen Gesteinsgruppen sind in der
folgenden Tabelle angefiihrt:

Optischer Achsenwinkel
Gesteinsgruppe . i Bemerkung
vombis | et | el
Altpaliozoische wenig
Orthogneise ... ... ... ...| 73-80 77 | Angaben
Hercynische Granite, Sye-
nite, Quarzmonzonite und
Granodiorite ... ... ... ...| 53-85 | 65-85 75
Paliogene Granite, Sye-
nite, Granodiorite und
Quarzmonzonite ... ... ... 42-76 | 52.83 | 57
Permische Quarzporphyre.| 51-73 57-70 | 63
Neogene Quarzlatite, Latite,
Trachyte und Rhyolithe.| 10-40 | 17-35 | 27
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Diese Angaben sind graphisch in Abb, 2 dargestellt.
Sehr interessant ist jedoch der Einfluss des tekto-
nischen Druckes auf die Art der Alkalifeldspite in

Abb. Z—Die optischen Achsenwinkel der Kalifeldspite in
Eruptivgesteinen Jugoslaviens.

Zeichenerklirung; 1, in altpaliozoischen Ofrthogneisen;
2, in hercynischen Graniten, Syeniten, Quarzmonzoniten und
Granodioriten; 3, in paliogenen Graniten, Syeniten, Quarz-
monzoniten und Granodioriten; 4, in permischen Quarzpor-
phyren; 5, in neogenen Quarzlatiten, Latiten, Trachyten und
Rhyolithen.

den Gesteinen desselben Alters. So sind, zum Beispiel,
die Alkalifeldspite in den Gesteinen des Granodio-
ritmassivs von Boranja (Westserbien) typische Or-
thoklase (Mikroperthite) mit nur Anfangsphasen einer

Abb. 3—Shematische Darstellung des Einflusses der tek-
tonischen Druckwirkungen auf die Art der Kalifeldspite.

Zeichenerklirung'; 1, homogener Mikroklin: 2, lamellarer
Mikroklin; 3, Orthoklas; 4, Sanidin; 5, Kalifeldspdte in der
Granodioriten und Quarzmonzoniten des Boranja-Massivs;
6, Kalifeldspite in den protoklastischen und kataklastischen
Granodioritgdngen um das Boranja-Massiv; 7, Kalifeldspite
in den Graniten des Massivs von Ograzden; 8, Kalifeldspite
in den tektonisch stirker beanspruchten Teilen des Massivs
von Ograzden; 9, Kalifeldspate in den Graniten und Syeni-
ten von Lojane; 10, Kalifeldspite in den Graniten von Stip.

ST. KARAMATA

Umwandlung in Mikroklin. Tn den granodioritischen
Géngen, die um das Massiv liegen, jedoch gleichalterig
sind, und die sich von den Gesteinen des Massivs nur
durch eine protoklastische und eine nachtriglich ge-
bildete kataklastische Struktur unterscheiden, findet
sich fast ausschliesslich gitteriger Mikroklin. In den
Graniten des Ograzden-Massivs (Mazedonien) sind
die stdrker tektonisch beanspruchten Teile auch viel
mikroklinreicher und orthoklasirmer, als die Teile,
die nicht kataklasiert sind (Tomré J., 1936). Ebenso,
von zwei altpaldogenen Granitmassiven, des von Lo-
jane und des von Stip (Mazedonien), sind in dem

tektonisch fast unbeanspruchten Massiv von Stip nor-
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Abb. 4—Die Lagen der optischen Messungsergebnisse der
Albite (in einem Quadrant-Diagramm).

Zeichenerkldrung; 1, Angaben fiber die Albite aus dem
tertidren Albit-Trachyt von Brestovatka Banja; 2, Angaben
tiber die Albite aus den Albit-Quarzporphyren Jugoslaviens;
3, | (010)-Kurve der Tieftemperatur-Plagioklase mit 0 — 20 %
An; 4, | (010)-Kurve der Hochtemperatur-Plagioklase mit
0—20% An; 5, Bereich der Angaben iiber die Albite aus
dem tertiiren Albit-Trachyt von Brestovaika Banja; 6, Be-
reich der Angaben iiber die Albite aus den permischen Quarz-
porphyren Jugoslaviens.

male krypto- und mikroperthitische Orthoklase, und
in dem tektonisch stirker beanspruchten Massiv von
Lojane immer teilweise bis stark mikroklinisierte
Orthoklase vorhanden. Dies ist in Abb. 3 graphisch
angegeben.

Im Gegensatz zu diesen Angaben, die eine ausges-
prochene Verschiedenheit der Art der Kalifeldspite
mit dem geologischen Alter und den tektonischen
Druckwirkungen, denen die Feldspite unterworfen
waren, aufweisen, konnen bei den Albiten aus Ge-
steinen verschiedenen Alters keine wesentliche Ver-
schiedenheiten bemerckt werden. Ein Beispiel dafiir
sind die Albite aus den tertidren Albit-Trachyt von
Brestovacka Banja (Ostserbien) und die Albite aus
den permischen Albit-Quarzporphyren Jugoslaviens.
In Abb. 4 wurden die Lagen der optischen Messungs-
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ergebnisse aller dieser Albite in ein Quadrantdia-
gramm eingetragen, woraus man sieht, dass keine
wesentliche Unterschiede zwischen tertiiren und per-
mischen Albiten bestehen. In Abb. 5 sind die optischen
Achsenwinkel derselben Albite eingetragen, und auch
hier sieht man, dass die tertidiren und permischen
Albite identisch sind.

-
s N
/\1 2V,= 76 - 82 - 89° s N3

2V 72- 805 - 86° I

Abb. 5—Die optischen Achsenwinkel der Albite aus dem
tertidren Albit-Trachyt von Brestovadka Banja (1) und deren
Mittelwert (2), sowie aus den permischen Quarzporphyren
Jugoslaviens (3) und deren Mittelwert (4).

2Vi, bezieht sich auf die Albite vom Albit-Trachyt; 2 V.,
auf die Albite aus den Albit-Quarzporphyren. Dic Zahlen
geben das Variieren des optischen Achsenwinkels und den
Mittelwert (unterstrichen).

Auf Grund der angefithrten Angaben und der geo-
logischen Stellung einzelner Massive kann man fol-
gendes feststellen :

In emnem rasch abgekiihlten Sanidin, mit ungeord-
netem Si/Al-Gitter, wickelt sich die Si/Al-Diffusion,
wenn keine wesentliche nachtriigliche Druckwirkun-
gen oder Metamorphosen stattgefunden haben (wie es
bei den Quarzporphyren Jugoslaviens meistens der
Fall ist), sehr langsam ab, so dass es in mehr als
150 Mill. Jahren nur bis zur Umbildung des Sanidins
in einen krypto- bis mikroperthitischen Orthoklas
gekommen ist.

Bei langsamer Abkithlung, ohne Einwirkung eines
teltonischen Drucks, bildet sich zunichst ebenfalls
ein krysto- bis mikroperthitischer Orthoklas (wie zum

Beispiel im Granit von Stip). Falls diese Gesteine auch
spater keinen wesentlichen Druckwirkungen unter-
worfen wurden, geht die weitere Si/Al-Diffusion sehr
langsam vor, so dass es im Laufe von mehr als 150 Mill.
Jahre nur bis zu einer teilweisen Mikroklinisierung
der Orthoklase kommt. Beispiele dafiir sind die Kali-
feldspite in den posttektonischen oder spattektonischen
Graniten und Granodioriten von Cer (Westserbien)
und Gornjane (Ostserbien), dic nach ihrer Verfe-
stigung keinen besonders starken orogenen Drucken
unterworfen wurden,

Bei langsamer Abkiihlung syntektonischer Granite
und Granodiorite wird schon bei der Abkiihlung, oder
sehr schnell danach, der Orthoklas teilweise mikro-
Klinisiert (wie zum Beispiel in den granodioritischen
Gesteinen des Boranja-Massivs in Westserbien). Es
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scheint sehr wahrscheinlich, dass sich dieser einmal
eingetretene Prozess leichter fortsetzt, so dass bei ana-
logen syntektonischen hercynischen Intrusionen, auch
wenn sie keinen stirkeren (wie z. B. das Granodio-
ritmassiv von StraZanica in Westserbien) oder keinen
besonders starken [wie z. B. das Granit-Massiv von
Bujanovac in Siidserbien (DmartryeEvI¢ M., 1958)]
tektonischen Druckwirkungen spater unterworfen
wurden, der Orthoklas vollkommen mikroklinisiert
wurde.

Nachtrigliche tektonische Druckwirkungen besch-
leunigen, ebenso wie die Drucke bei der Abkihlung,
die Si/Al-Diffusion und fithren wahrend sehr grosser
Zeitrdume nicht nur zu vollkommener Mikroklinisie-
rung der Orthoklase, sondern auch zur Homogeni-
sierung der gitterigen Mikrokline.

Insgesamt betrachtet kann man sagen, dass die
Si/Al-Diffusion ein sehr langsamer Prozess ist, der
bereits fiir die Anfangsphasen der Mikroklinbildung
aus Orthoklas sehr grosse, iiber 100 Mill. Jahre lange
Zeiten braucht. Die tektonischen Druckwirkungen
beschleunigen diesen Prozess und beeinflussen ihn
ganz wesentlich.
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DISCUSSION

Kaue (Pasadena):
Haben Sie in Ihren Proben rontgenographisch bestimmt,

ob es sich um Orthoclas oder Mikroklin handelt, oder haben
Sie das nur optisch untersucht?

Karamara (Beograd). Answer :
Die Alkalifeldspate aus paliogenen Granodioriten usw,
wurden optisch und réntgenographisch (Lugovié, S., 1960) ;

die aus den herzynischen und vorherzynischen granitoiden
Gesteinen nur optisch untersucht.

LavEs (Ziirich) :

Sie schreiben des ofteren stirkere Mikroklinisierung er-

héhten Druckeinflitssen zu. Sind vielleicht auch Anzeichen
dafiir vorhanden, dass dort wo stirkere Mikroklinisierung
beobachtet wird, auch ein héherer Wasserdruck eine Rolle
gespielt haben konnte?

Karamara (Beograd). Answer:

Der Einfluss des Wassergehaltes im Magma auf die Art
der Alkalifeldspiate, die bei der Kristallisation entstehen,
wurde nicht besonders berficksichtigt, weil die paldogenen
Granodiorite usw. immer Hochplutone sind, in denen die
Wassergehalte dhnlich und relativ klein waren, wihrend
es bei den dlteren (herzynischen wund vorherzynischen)
granitoiden Gesteinen sehr schwer ist, den primdren Wasser-
gehalt im Magma abzuschitzen.
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ABSTRACT

The two-feldspar geothermometer indicates that the a
peratures slightly above 500°C in the areas studied by the
ture between 500-600°C; and amphibolite facies rocks are in the

mphibolite to granulite facies transition takes place at tem-

author. Granulite facies rocks show a range in tempera-

400-500°C interval. 720-780°C' is indicated as the

crystallization temperature for anatectic granites in granu lite facies rocks, whereas late red granitic veins in the am-

phibolite facies seem to have crystallized at about 300°C.

Measurements of variation in the 2V, and in the (131 ) doublet separation indicate that monoclinic (or pseudo-

monoclinic) orthoclase is stable in granulite facies rocks,
Apart from temperature, variation in H.O pressure,
tion between order-disorder transformation of potassiam

INTRODUCTION

An understanding of the physical and chemical con-
ditions of feldspar formation, the mutual relations bet-
ween the feldspar minerals and their structural va-
riations, would go a long way towards solving some
of the most intricate problems of petrogenesis; parti-
cularly those connected with the orogenic basement
rocks: gneisses and granites. In all these rocks feld-
spar is a major constituent.

Structural and chemical work in the feldspar group
of minerals during roughly the last 10 years indicates
that the feldspars may be used to explain diverse pe-
trological aspects of metamorphic rocks, especially
those of the amphibolite and granulite facies.

Aplications of experimental and theoretical data on
the feldspar minerals to the study of metamorphic
rocks : gneisses and granites. In all these rocks feld-
of authors (Barta, 1956; DierricH, 1960; HErier,
1956, 1957, 1960; Heier and Tavror, 1959 a and
b; TavrLor and Heier, 1960).

This paper discusses some variations in the symme-
try of alkali feldspars, and in the relations between
alkali feldspar and plagioclase within the PT interval
usually asigned to amphibolite and granulite facies.

TEMPERATURE OF FORMATION OF THE
ALKALI FELDSPARS.

BarTn (1934, 1951, 1956) proposed to use the dis-
tribution coefficient ;

mol fraction of albite in alkali feldspar

|

mol fraction of albite in plagioclase

while microcline is stable in amphibolite facies rocks.
and in the confining rock pressure may influence the rela-
feldspar and metamorphic grade.

as a geological thermometer for rocks where K- feld-
spar and plagioclase coexist in equilibrium. The
coefficient depends chiefly upon temperature but is
also influenced by the chemical environment and, as
shown by YODER et al. (1957) and BoweN and TUTTLE
(1950), by pressure.

A discussion of factors other than the above which
may interfere with the validity of the thermometer
is given by DierricH (1960).

It is obvious that only the most recent lowest tem-
perature at which equilibrium existed between the
feldspar phases is recorded. This is important with
respect to an application of this thermometer to ge-
netic considerations of problematic igneous vs. meta-
morphosed sedimentary rocks, as a magmatic tem-
perature can be cited as evidence for a magmatic
origin while a submagmatic temperature cannot be
cited as evidence against an ultimate magmatic origin
(DreTRICH, 1960, p. 46).

Despite the limitations of the two-feldspar geother-
mometer the fact remains that the temperature indi-
cated by rocks so far checked do fall in the ranges
into which they would be put by most petrologists
on the basis of other considerations.

In theory it would seem that the two-feldspar geo-
thermometer would be especially suitable for record-
ing temperature variations in rocks of granulite facies
and the higher part of amphibolite facies. BarrwE
(1956) suggested that the geothermometer could be
used to advantage for rocks in which “plagioclase is
in the range 10-30 An. and the alkali feldspar in the
range 10-30 Ab.”. These are the typical composi-
tions of feldspars in rocks from the said facies. The
feldspars in this facies range are also typically free of

(*) Present address: Rice University, Texas, U. S.
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secondary alterations which are characteristic of the
lower grade metamorphic rocks, and also of plutonic
igneous rocks approaching granitic composition,

Thus Herer (1960) investigated an ares where
amphibolite facieg gneisses are succeeded by similar
gneisses in granulite facies and determined tempe-
ratures in the 400-500°C range for amphibolite facies
rocks, with temperatures Increasing towards the meta-
morphic houndary. A minimum temperature of 300°C
is indicated by a young red granitic vein which is
genetically not directly related to the country rock
gneisses.

The analogous gneisses in granulite facies yield tem-
peratures in the interval 510-570°C, and sfill higher
temperatures (570-600°C) are reached by some por-
phyroblastic hypersthene monzonites within this area.

Magmatic temperatures are indicated for another
type of monzonites, and for some red granites within
the granulite facies area. These rocks were assumed
from field considerations to be of an igneous origin,

The red granites are especially interesting in this
connection and are plotted on the projection of the
quaternary system NaAlSi;O. (Ab)-KAISi,O, (Or)-
CaALSi,Os (An)-H,O at 5000 bars water pressure
(Fig. “1). “The dominant minerals are quartz and
alkali feldspar mesoperthite. Some independent al-
bite grains are typically present. Biotite and iron ore
are accessory minerals (ca. 2 %).

It is interesting that the plots of the granites on
Fig. 1 cluster around the cotectic curve defining the
composition of magmas yielding simultaneously alkali
feldspar and plagioclase as primary phases upon
cooling. The one granite which plots at an appre-

An

Weight %

Fig. 1.—Normative Or+Ab+An of some red granites
oceurring with granylite facies rocks on Langey, Northern
Norway, plotted on the projection of the quaternary system
NaAISiaOa(Ab)~KA1Si,Og(Or)-CaAL;Sian(An)—HzO at 5000
bars water pressure (YopER et al) 1957). x, separated
alkali feldspar from no. 2; tieline connects it with the coe-
xisting plagioclase (optically determined).
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ciable distance away from the curve (1, Fig. 1) is the
only one in which mesoperthite is the only feldspar
phase. This indicates that the rock composition is
closely identical to that of the crystallizing magma,

The 750 and 800°C isotherms are indicated on
Fig, 1. If the rocks crystallized under physical con-
ditions similar to those for which the diagram was
constructed the crystallizing temperatures should be
between 725 and 800°C.

In the case of no. 2, Fig. 1, the alkali feldspar was
separated from the rock and analysed (x, Fig. 1).
The coexisting albite is of composition An 12, Using
the two-feldspar geothermometer 3 temperature of
780°C was derived, As read from Fig. 1 this tem-
perature should be about 725°C 4t 3000 bars. A Io-
Wer pressure would increase the temperatures in
Fig. 1. (3000-4000 bars was suggested by BarTm
(1952) for the confining rock pressure during granu-
lite facies metamorphism). The similarity between
the two temperatures is quite satisfactory.

A temperature of ahout 300°C for the amphibolite-
granulite facies transition is in agreement with the
temperature asigned to this facies transition by a num-
ber of authors (BarTm, 1952; RamBERG, 1952; Ro-
SENOVIST, 1952). In conjunction with this it is
appropriate to note that DisTrRICH (1960) using the
same method found temperatures someéwhat less than
400°C for some banded gneisses with the mineral
parageneses corresponding to epidote amphibolite
facies.

Possible use of the chemical feldspar thermometers.

The distribution law of Nernst furnishes the theo-
retical basis for the two-feldspar geothermometer.
The distribution law is showed to be valid only for
ideal dilute solutions, and is not strictly applicable to
the distribution of albite between coexisting potassium
feldspar and plagioclase. Theoretically the distriby-
tion of elements present in only trace amounts, and
having crystal chemical properties which make subs-
titution in the two types of feldspar lattices roughly
equally feasible, would make a better geothermome-
ter. Very little work has been carried out along this
line. This is partly because of the more difficult mi-
neral separation involved, and partly because of the
more complex analytical technique. BarTm’s geother-
mometer has the advantage of being generally usable
from the standpoint that equipment necessary for
analyses is available in most geological institutions.

Some indicative work has been done by Hgrirr
(1960). He found for a restricted number of rocks
that the distribution of St, Ba and Pb between coex-
isting feldspars shows similar trends as the albite
geothermometer (Fig. 2).
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Fig. 2a—Relations between Ca and Sr in potassium feld-
spars (X), plagioclase (o), and rocks (+) from Langoy,
Northern Norway. (m) mesoperthitic alkali feldspars. Thin
lines connect coexisting minerals and/or rocks.

Fig. 2b~—S8lope of tieline hetween plots of Ca/Sr in pla-
gioclase and Ca/Sr in potassium feldspar plotted vs. tem-
perature of formation of the potassium feldspar as determined
by the <albite geothermometery, (Barri, 1956).

SYMMETRY VARIATIONS OF POTASSIUM
FELDSPARS IN PROGRESSIVE
METAMORPHISM

The work by Govpsmrre and Laves (1954) on
hydrothermal heat treatment of microcline showed a
monoclinic phase to form at about 500°C after 500
hrs. heating. A temperature of 500°C is considered
by several authors to be close to the temperature of
the amphibolite-granulite facies transition. This then
would make a study of the symmetry variations in
potassium feldspars in this PT range look especially
rewarding.

Hrrer (1957) discussed the phase relations of po-
tassium feldspars in metamorphism and showed “that
the symmetry of potash feldspars is affected by the
degree of rock metamorphism in such a way tha:
rocks with mineral combinations corresponding to the
granulite facies or the higher part of amphibolite facies
contain potash feldspars which appear monoclinic™.
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Further he found that the transition “monoclinic—
triclinic potash feldspar seems to take place at PT
conditions a little below the transition between gra-
nulite and amphibolite facies”, and “when the PT
conditions fall below those of high grade amphibolite
facies, the complete ordering of the potash feldspars
seems to take place within a narrow PT field. Thus,
for rocks of undoubted amphiholite facies, nearly all
ranges of triclinicities may be found.”

A monoclinic potassium feldspar, or orthoclase, was
defined as a potassium feldspar appearing optically
monoclinic and showing no splitting of the (131) re-
flection on X-ray powder diagrams. [The (131)-
doublet reflection was used by GorLpsMITHE and LAVES
(1954) as measure of deviaticn from monoclinic sym-
metry; the triclinicity (A) defined as 125 (d (131)-
d (131)]. This is also the definition of an orthoclase
used in the subsequent discussion.

HEerer (1960) studied the symmetry variations of
feldspars from rocks in the amphibolite-granulite fa-
cies range.

The ordering of the potassium feldspar structure
would result in an increase of the 2V, other con-
ditions being equal. The amphibolite facies rocks
studied by Herer (1960) have potassium feldspars
with 2V never less than 55-60°, and with a spread
between 55-85°. TIn potassium feldspars from gra-
nulite facies rocks the 2V, has not been found to
exceed 50-55°, and is typically between 45-50°. Es-
pecially in the amphiholite facies gneisses 2V, has
been found to vary considerably even within the same
crystal. A wvariation between 55-80° in the same
grain has been recorded. Such variation seems to
be characteristic of intermediate microclines (GoLp-
smite and Laves, 1954 h). :

Fig. 3a shows the relationship between 2V, and
temperature of formation as determined by the two
feldspar geothermometer. Only progressively meta-
morphosed rocks wich have not been subjected to
any refrograde metamorphism are considered on
Fig. 3a.

The same series of feldspars was also examined by
the X-ray powder method. The feldspars from the
granulite facies rocks showed no separation of the
(131) doublet, and are characterized by a somewhat
broad and diffuse single reflection.

Some of the feldspars from the amphibolite facies
rocks also showed a single diffuse reflection: these
had the lowest 2V, in the group, and microcline
twinning was not seen in thin sections. However,
most of the amphibolite facies feldspars have large
trichinicity values. Fig. 3 b shows plots of triclinicity
ws. temperature of formation. If this figure is com-
pared with Fig. 3 a it seems that 2V is more sensitive
1o symmetry variations than is triclinicity; i.e., the
2V undergoes a rather marked change before the
splitting up of the (131-131) reflections is noticable.

The latter shows no splitting up above 470°C, but
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directly below that a high triclinicity obtains. Inter-
mediate triclinicities are rare and it seems that ordering
of the potassium feldspars takes place within a narrow
PT field. The dotted line on Fig. 3a and b indi-

cates that approximate maximum ordering of alkali
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crocline. Thus it will be of interest shortly to consi-
der the various parameters which affect the order-
disorder process in feldspars.

During metamorphism the feldspars in rocks are
subjected to variations in three independent variables
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Fig. 3a—Relationship between 2V, and temperature of formation of potassium feldspars from progressively meta-

morphosed rocks from Langey, Northern Norway.

Fig. 3b—Relationship between triclinicity (A) and temperature of formation of potassium feldspars from progressi-

vely metamorphosed rocks from Langoy, Northern Norway.

feldspars was achieved at temperatures a little less
than 300°C. Based on other evidence BarTa (1959)
concluded that the temperature at which disorder
becomes apparent in the potassium feldspar struc-
ture is around 300°C.

FACTORS INFLUENCING THE ORDER-
DISORDER TRANSFORMATION

The study of potassium feldspars in metamorphic
rocks by HETEr (1956, 1957, 1960) indicates that the
microcline-orthoclase transformation in regional meta-
morphic rocks defines closely the transition between
granulite and amphibolite facies. This conclusion
agrees with findings from elsewhere (WiLson, 1954;
Parras, 1958) but cannot be claimed to have a gene-
ral vahdi’w Howie (1955) reported the potassium
feldspars from the Madras charnockites, which are
granulite facies rocks, to be dommantl} microcline
perthites, even though closer examination often showed
them to be intermediate between orthoclase and mi-

acting on the system; P (pressure), T (temperature).
and X (composition).

In the preceeding discussion only variations in T
have been considered, and without doubt increasing
temperatures favour the disordered orthoclase strue-
ture.

The influence of variations in composition is more
difficult to ascertain. The temperature of the gradual
transition from microcline to orthoclase (i.e., from
triclinic to monoclinic symmetry) will probably in-
crease with increasing content of sodium. However,
this point is probably irrelevant to this discussion as
available analyses of potassium feldspars from diffe-
rent granulite facies areas show them to be chemically
closely similar.

Water is included in the X parameter, and varia-
tions in water pressure may be significant. As far
as the stability of orthoclase in granulite facies areas
is concerned its influence may be twofold.

(1) The temperature of the transition amphiholite
facies-granulite facies is dependent upon the water
pressure, A low water content would lower the tem-
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Perature of the facies transition, and thus microcline
M=y remain as the stable feldspar structure into the
lower part of granulite facies in rocks with an ahnor-
mally low water content.

(2) Variations in water pressure may influence
the temperature of the microcline-orthoclase transfor-
mation. Some experimental work by GorpsmITm
and Laves (1954 a) may be interpreted in this way,
though a different interpretation of their results is
probably more likely.

The effect of variations in confining pressure is
usually neglected, or regarded as insignificant in dis-
cussions of this kind (apart from the associated cata-
Iytic effect of water and /or other volatiles). Generally
speaking pressure should have the opposite effect of
temperature in order-disorder transformations. Re-
cently CRowLeY and Rov (1960) found that increasing
formation pressures on sheet structures caused con-
fraction of the structures brought about by Al-Si
ordering in the tetrahedral layer coupled with a defect
in the structure.

Whether or not this effect would be operative in
the case of the order-disorder transformations in the
potassium feldspars (and if so to any significant
extent) is as yet not well known. However, it seems
to be relevant in this connection that MacKenzie
(1957) reported that increased pressure had the same
effect as increased time in prompting better AI-Si
ordering in hydrothermally synthesized albites.

Thus a number of factors may possibly influence
the order-disorder transformation in feldspars, and
it is not strange that otherwise similar rocks possess
feldspars with some structural differences. As disor-
dered feldspar structures are metastable in surface
rocks the post metamorphic history will obviously he
of extreme importance for the metastable retainment
of a disordered structure.

SOME OTHER CONSIDERATIONS

The tendency for increasing disorder of the struc-
ture with increasing degree of metamorphism (i.e.,
increasing temperature) harmonizes with all general
tenets. However, in studying the electrostatic charge
distribution in the alkali feldspars, FERGUSON et. al.
(1958) stated ““that an enhanced degree of AL-Si or-
dering need not necessarily be associated with greater
stability in the potassium feldspars”. They interpre-
ted their data as suggesting that in the series “max-
imum microcline” to orthoclase stability increases as
order decreases; i.e., orthoclase is the stable low tem-
perature form. MAcKENzIE and Smite (1959) have
questioned the wvalidity of this statement both om
theoretical and empirical grounds without their eri-
ticism being entirely accepted by Frrcusox et al
(1959). A crucial point to concider seems to be the
statement of FERGUSON et al. (1958) that the presence
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of sodium during cooling is essential to the formation
of a microcline. MacKenzie and Swmrrw (1959)
imply this to mean that the presence of sodium in the
lattice actually favours the formation of a microcline
perthite over an orthoclase perthite and they point to
available published data which show orthoclase per-
thites to be typically considerably higher in sodium
than microcline perthites, and thus contradict this
view. Fig. 4 also shows the microclines from am-
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Tig. 4—Alkali feldspar compositions from Langey plotted
on the projection of the quaternary system NaAlSi,Os(Ab)-
KAI1S#0s(0r)-CaALSi:0s(An)-H:0 at 5000 bars H.O pres-

sure (YopER et al, 1957). Dashed line separates between
feldspars from amphibolite (right) and granulite (left) facies
rocks. [, mesoperthitic alkali feldspars.

phibolite facies rocks studied by Heier (1960) to be
characteristically lower in sodium (albite) than the
orthoclase of granulite facies.

FerGusox et al. (1959) state that the implication
made by MacKenxzie and Swmrrw (1959) about the
higher sodium contents in orthoclase perthites is not
strictly relevant to their hypothesis. Their discussion
of the K-Na-feldspars was meant to involve the
separation of the cooling range into two regions; “in
the upper, the Si, Al distribution (and so the geome-
fry of the crystal structure) may vary in accordance
with the K-Na ratio and with the cooling rate; in the
lower. migration of K and Na ions may continue
although no further change in the Si, Al distribution
can take place”.

Although this statement may be difficult to dispute
as far as feldspars from gradually cooling igneous
rocks are concerned the data from rocks examined by
Herer (1960) where feldspars from progressively meta-
morphosed rocks are considered, are clearly at varian-
ce with their hypothesis. All data show that increas-
mg temperatures stabilize the disordered orthoclase
structure, and increase the amount of sodiym which
may be incorporated in the structure,



136
REFERENCES.
BarTH, T. F. W.

1934. Temperaturen i lava 0g magma masser, samt et
nytt geologisk termometer. Nafuren, 187-192.

1951. The feldspar geologic thermometers. Neues Jahrb.
Mineralogic Abh., 82, 143-154.

1952.  Theoretical petrology. John Wiley & Sons, Inc.
New. York, 387 p.

1956.  Studies in gneiss and granite 1 and 2. Skr. Vid.-
Akad. 4 Oslo 1, 1, 1-35.

1959.  The interrelations of the structural variants of the

potash feldspars. Z. Kristallogr., 112, 263-274.

Bowew, N. I, and Turrzs, O. F.
1950. The system NaAlSi:0«KA1S;,0:-H.0. J. Geol.,
58, 489-511.

CrowrEy, M. S, and Roy, R.
1960. The effect of formation pressure on sheet structu-
res-a possible case of AI-Si ordering. Geochim.
et Cosmochin. Acta, 18, 94-100.

DierrIcH, R. V.
1960. Banded gneisses of the Randesund area, Southeas-
tern Norway. Norsk Geol. Tidsskr, 40, 13-63.

Fercusown, R. B, Tramr, R. J., and Tavror, W. H.
1958. The crystal structures of low-temperature and high-
temperature albites. Acta Cryst., 11, 331-348.
1959. Charge balance and the stability of allalj feldspars :
a discussion. Acta Cryst., 12, 716-718.

GorpsmrtH, J. R, and Laves, F.
1954 a. The microcline-sanidine stability relations. Geo-
chim. ¢t Cosmochim. Acta, 5, 1-19,
1954 b.  Potassium feldspars structurally intermediate bet-
ween microcline and sanidine. Geochim. et Cos-
mochim. Acta, 6, 100-118.

Herr, K. S,
1956. The geology of the (Grsdalen district. Rogaland,
- Norway. Norsk Geol. Tidsskr, 36, 167-211.

1957.  Phase relations of potash feldspars in metamorphism.
J. Geol., 65, 468-479.

1960. Petrology and geochemistry of high-grade metamor-
phic and igneous rocks on Langsy, Northern
Norway. Norg. Geol. Unders., 207, 246 p.

ENUT s.

HEIER

Hrrer, K. S, and Tavior, S. R.

1959 a. Distribution of Li, Na, K, Rb, Cs, Pb and Tl
in southern Norwegian pre-Cambrian alkali
feldspars. Geochim. et Cosmochim. Acta, 15,
284-304.

1959 b, Distribution of Ca, Sr and Ba in southern Nor-
wegian pre-Cambrian  alkal; feldspars. Geo-
chim. et Cosmochim, Acte, 17, 286-304.

Howie, R. A,
1955. The geochemistry of the charnockite series of India,
Trams. Roy. Soc. Edin., 62, 725-768.

MacKenzie, W, S.
1957. The crystalline modifications of NaAlSi,0s Am.
J. Sci., 255, 481-516.

MacKexnzie, W. S, and Swmrrm, J. V.
1959. Charge balance and the stability of alkali feldspars.
Acta Cryst.,, 12, 73-74,

Parras, K.
1958. On the charnockites in the light of a highly meta-
morphic rock complex in southwestern Finland.
Bull. Comm. Geol. Finlande, 181, 1-137.

Ramerre, H.
1952.  Origin of metamorphic and metasomatic rocks. The
University of Chicago Press, 317 p.

Rosewgvist, T. Th.
1952. The metamorphic facies and the feldspar minerals.
Universitetet i Bergen, Arbok 1952, Natury. rekhe,
4.

TavrLor, 8. R., and Her, K. 8.
1960. The petrological significance of trace element varia-
tions in alkali feldspars. Proc. X X7 Int. Geol.
Congr. Copenhagen Pt. X1V, 47-61.

Wrrson, A, F.
1954. Charnockitic rocks in Australia-a review. Proc. Pan
Ind. Ocean Sci. Congr., Perth. Section C, 10-17.

Yoper, H. S, StEwarr, D. B, and Surre, J. R.
1957.  Ternary feldspars. Carnegie Inst. Washington, ¥earb.
56, 206-214.

DISCUSSION

Howre (Manchester) :

T have taken X-ray powder patterns of about 30 potas-
sium feldspar from charnockites from Madras and elsewhere
and find that in almost all cases the feldspar in these gra-
nulite facies rocks is a microcline. In only one case was
orthoclase found, and this was in a hornhlende-biotite-bearing
variety, perhaps nearer to the amphiholite facies. How
would you explain this discrepancy with your results?

Hrerer (Houston). Answer:

The odd behaviour of the K-feldspars from the Madras
charnockites is mentioned and discussed in the prepared
paper. Because of time this was not read at the meeting.
I will, however, refer to the paper, and add that Dr. Kuno

from Japan Tater informed me that my data agree with
what they have found in-Japan.

Dretrrcn (Blacksburg):

How do you propose to account for lack of correlation bet-
ween 2V and obliquity (triclinicity, A-value) ?

J. V. Smrrr (Chicago):

Concerning the lack of correlation between 2V and A
observed by Hergr, T should Iike to say that 2V depends
on short range order and A on long range order. PFactors
such as. Ca probably cause variability in the domain structure
that results in lack of correlation between long and short
range order.
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Herer (Houston). Answer to DIETRICH: HEeier (Houston). Answer:
Question was answered by Dr. SwmrTH. The feldspar in the plagioclase field on Fig. 4 are consi-
= dered as originally having crystallized as a homogeneous
MacKenzre (Manchester): phase and having formed metasomatically (today they are

One of the plagioclase feldspars on TFig. 4 seems to he mesopertl}ltes). Tl‘{e reason for this B that they are
unusually rich in the orthoclase molecule. Does Dr. HEIER depleted. in Rb which only can be explained to r esu'It. from
consider that this feldspar was ever one homogeneous feld-  geometrical reasons (HEIER and Tavror, 1959, Geochim. et
spar phase? Cosmochim. Acta 15, 284-304).
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The structure of anorthite

by C. J. E. Kempster, H. D. MEcaw, and E. W. Rabostovica
(University of Cambridge)

ABSTRACT (%)

Arnorthite, CaALSi:Os, has an ordered structure with 8 formula units in the unit cell, which fs built up from 4
albitoid subcells. The structure was derived in two stages from trial coordinates given by the albite structure: in
the first stage, reflections with h H- k even (1 even or odd) were considered, giving the <base-centred approximation?,
and in the second stage those with h 4- k odd, ‘which were systematically weaker, were included to give the true
primitive lattice. At each stage the signs of the systematically weak reflections were first found by supposing them
due to Ca contributions only, and then corrected during refinement by inclusion of the other atoms (effectively a heavy-
atom thechnique). No assumptions ‘were made about (Si, Al) distribution; in the later stages, these atoms were distin-
guished by their size, the standard deviation of the mean tetrahedral bond length being about 0.012 A,

It is found that Si and Al alternate, each O atom having one Si and one Al neighbour. The order is perfect,
within the limits of experimental error, which are fairly narrow. There are differences of coordinates of all atoms bet-
ween the four subcells, most marked for Ca; three Ca’s have 7 neighbours in the range 23 to 28 A, while the
fourth has 6 only.

Geometrical differences between subcells related by a body-centring translation cannot be attributed to difference
of (Si, Al) occupation, and are in fact larger than between subcells with different (Si, Al) occupation. They must be
explained as a mechanism of reducing strain in the (Si, A-O framework, and attention is called to their importance.
The conspicuous difference of sites for |Ca fin the four subcells follows as a consequence. Since these atoms make the
largest contributions to the difference intensities they provide sensitive indicators of the subcell differences without being
physically important in relation to their cause.

DISCUSSION

Kawus (Pasadena):

How does the degree of agreement between calculated
and observed structure factors for the «as» reflections com-
pare with that for the subsidiary <b», «c» and «ds re-
flections ?

Mecaw (Cambridge). Answer:

It is not easy to make a clear comparison for two reasons:
(a) the errors due to incomplete refinement in the F.’s of
the difference reflections are hy no means random, but tend
to make F, systematically low, so that adjustments to the
scaling factor are meeded; (b) the experimental errors in
the Fo's are relatively much larger for the weak difference
reflections than for the strong main reflections. The R-factor
for the difference reflections was always larger than for the
main reflections, but decreased in the same way and much
more rapidly. In the final stages the two were not calcu-
lated separately. :

Kawme (Pasadena):

Does your primitive anorthite structure provide ‘hond-angle
data in support of the idea that the puckering-deformation
of the structure improves the Si-O-Si angle over that of
the <averages structure?

Mzcaw (Cambridge). Answer:

We have not yet calculated the bond angles for anorthite
but hope to do so.

We ido not expect to find any easy answer to the question
of stability. Too little is yet known about the dependence
of bond angles on electrostatic valence and repulsive force.
There is in general a wider range of Si-O-Si bond angles
between different O’s in the same feldspar than hetween
comparable O’s in different feldspars, which suggests that
each atomic site must be considered separately, and we
cannot say which changes of bond angle are in the direction
of lower energy.

I would like to emphasise that T do mot think it is only
the Si-O-Si angles which must be considered; each angle,
and each length, in the structure contributes to the energy,
and the resultant structure represents a halance between
them. T called particular attention to the Si-O-Si angles
because they are often disregarded; if they were completely
free the whole framework would be more flexible than I
believe it to be.

1 should also like to make it clear that in anorthite the
eaverage structures has no physical meaning, whatever it
may have in materials where it represents the solution oh-
fained wusing all the available diffraction evidence, Primitive
anorthite is a perfect structure (to the best accuracy to
which we can work) and the <average structures here is
merely a convenient fiction for handling the refinement by
successive approximations,

(*) Reprinted from the program, distributed in Copenhagen, August 1960, as no manuscript was received,
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Structure of «body-centred anorthite»

5. CHANDRASEKHAR, S. G. Freer and H. D. Mrcaw
{University of Cambridge)

ABSTRACT (¥

«Body-centred anorthite» is a plagioclase feldspar of composition about AbzmAne with 2 14 A c-spacing and systema-
tic absences for reflections with h ~- k - 1 odd. It has been refined by Fourier methods, from three-dimensional
data, taking as independent starting points the structure of albite and the structure of anorthite; both methods give re-

sults which are in substantial agreement.

The observed electron-density distribution can best be explained as an average of two arrangements resembling,

but not identical with, the two halves of the anorthite cell related by the wvector 1/2a-+1/2b+1/2c¢.

This implies

that the true unit cell consists, like anorthite, of four different albitoid subcells, but that there are out-of-step domains,
related by this vector, with dimensions so small that the difference reflections not common to the two are smeared out

and lost by diffraction broadening,

There is (Si, Al) segregation of the same kind as in anorthite, i.e. there is a perfectly regular alternation of Si-

rich and Al-rich sites. At the present stage of refinement, however, the segregation appears to be less complete than

in anorthite.

DISCUSSION

Kams (Pasadena):

Is it not possible that an incorrect assignment of signs
to the subsidiary reflections could give rise to the observed
failure to resolve the elongated peaks in the <averages
structure by a simple splitting into two subcells?

MEecaw (Cambridge). Answer :

There seems no possible way in which incorrect assignment
of signs can produce the effect. We have tested all the
possibilities as far as we can.

In any case, if the two-subcell structure were the true
one, it would raise a difficulty in explaining why there is
no evidence of a discontinuity between it and the four-subcell
structure of pure anorthite. 'We did not use this argument
in deriving the structure, but it is important nevertheless.

Gay (Cambridge):

T would like to comment on the occurrence of the bodv_
centered anorthite whose structure is described. This ma-
terial is what would be called «a transitional anorthites.
though by neglecting the diffuse (¢) reflections vou will
get a body-centred structure. With regard to true body-
centred anorthite, T would like to point out that it does mos
seem to exist as a low temperature mineral, for the diffuse o)

reflexions oceur right down to 50 ‘9% An. Body-centred
anorthite may exist as a high temperature form, but that
is in accord with the present picture.

Mxrcaw (Cambridge). Answer:

I agree with Dr. Gay that this is not a true body-centred
anorthite; I used the name, in inverted commas, with some
hesitation, because it has been used of this material in the
past. I also agree with him in thinking that true body-
centred anorthite does not exist at low temperatures, but
not for the reason given in his remark. The appearance
of diffuse-c reflections down to about 50 % An is, I believe,
a consequence of the structure of the e-plagioclases, which
is essentially different from that of the b-anorthites. The
disappearance of diffuse-c reflections with increasing Na
content is almost complete before the transition at which
‘b’ reflections are replaced by ‘¢’; their subsequent reappea-
rance is irrelevant. On the other hand there is no suggested
structural change which could account for the increasing
diffuseness of ‘¢’ reflections and still culminate in a truly
body-centred structure; this is why I think the body-centred
structure does not occur. Our material was as nearly an
‘absent-c anorthite’ as we could get; it did not show any
obvious diffuse-c reflections on Weissenberg photographs
with long exposures, but only a few weak streaks. Since
it was thus empirically very nearly an end-member, T do
mot like to call it “transitional. The existence of the streaks
is in agreement with our interpretation in terms of a four-
subcell structure like that of primitive anorthite, but with
antiphase domains.

(*) Reprinted from the program, distributed in Copesh gen, August 1960, as no manuscript was received.
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The structure of the intermediate plagioclase feldspars

by HerLex D. MEecaw
Cavendish Laboratory, Cambridge, England.

ABSTRACT

The ideal plagioclase structure has a unit cell made up of 18 albitoid subcells, 16 of which belong to one or other of
the four types found in anorthite, and are arranged so as to give extensive blocks of anorthite structure. Sets of stacking
faults on several different fault planes occur with probabilities depending on the composition, and have the effect of
displacing the systematically-weak intensity maxima («difference reflections») from their ideal lattice positions, in three
dimensions. These results, with a detailed quantitative description of the stacking faults, are deduced directly from
the diffraction effects, without the use of any hypotheses about atomic «ordering». With the assumption that faults in
annealed material have their origin in site mistakes which necessarily occur at non-stoichiometric compositions, it is then
possible to make some generalisations about the (Si, Al) and (Ca, Na) distributions throughout the series, with the help
of the observed resemblances to anorthite. It is shown that the geometrical or «puckeringy effects noticed in anorthite
plays a more fundamental part than does the (Si, Al) ordering, though the latter is also important.

The theory provides a complete quantitative explanation of the positions of the intensity maxima and the variation with
composition of all three reciprocal-space coordinates; it explains qualitatively their variation of hreadth and intensity
with composition and with heat treatment; and it shows the relationship of the intermediate plagioclases to high and low
albite on the one hand, te low anorthite (¢primitive anorthite®), high anorthite and «bodycentred anorthites on the other.

[t opens up possibilities for further understanding of the potash feldspars in their relation to the soda feldspars.

In the time at my disposal I can only give an outline
of this work ; the full paper is to appear shortly in the
Proceedings of the Royal Society. Here I shall have
to skip all the mathematics and much of the detailed
argument, concentrating on the conclusions, but
I would like to emphasize that the arguments do exist.

The materials dealt with here are those feldspars
lying in the range between roughly 25 % An and
75 % An which show “extra reflections”. These
have been studied extensively by many workers, in-
cluding Tavror; Cork, Sgrum and TAvVLOR; LAVES
and Gorpsmrre ; Gay ; Gav and Bown. The present
work aims to give an explanation of the observed
results.

The experimental facts are briefly as follows. The
b-type reflections of primitive anorthite (h -+ k odd,
1 odd) are replaced in these plagioclases by symmetri-
cally-placed pairs of about the same intensity, which
are called “e”; and other pairs, which are called “f”,
appear symmetrically about the main or a-type reflec-
tions (h + k even, I even). The vector joining the
points in reciprocal space corresponding to he “e”
pair increases and changes direction with increasing
albite content; the corresponding vector for the “f”
pair is always parallel to it and of twice the length.
These results are usually described in terms of the
reciprocal-space coordinates of “e”-reflections with
respect to one or other of the types of primitive anor-
thite reflections as origin. The spots are sharp down
to about 50 % An, becoming more diffuse towards
25 % An.

It is convenient to define new axes by the transfor-
mation :

a, = a
b, = 1/2(a+b)
¢cc = 3/2a+1/2b+ec

where a, b, ¢, define the conventional unit cell of albite.
Then, of the new coordinates of “e”, (8a), varies
from 0° to 40°, while (8b), remains constant at 40°
and (dc), remains nearly constant at 0° (with a slight
trend which we can ignore until later). Hence it is
possible to draw a new reciprocal lattice with sides
1/9 b* and 1/2 ¢.* as in Fig. 1, carrying all the
observed reflections. Tt corresponds to a direct cell
of dimensions 9 b, X 2 c,. The doubling of e, is
necessary fo explain the continued existence of the
(diffuse) c-type reflections. It is also found later to
help in explaining the intensities quantitatively.

‘We have now to explain the systematic absence of
some of the reflections to be expected from this reci-
procal lattice. Of the sequence of 8 points in the
direction of the b,*- axis between two a-type reflec-
tions, the 1st and 8th are “f”, the 4th and 5th “e”,
but the others are absent. This regularity in reci-
procal space can be explained by postulating a suitable
regularity in direct space in the arrangement of
subcells within the true cell (1). (Each subcell is
closely similar to a primitive unit cell of albite) We
consider first a 4-element line grating, each element
consisting of a pair of slightly different subcells 1, 2;
and next a 2-element grating, each element consisting

(1) 'The absences along (c), F—=180° are explained, like
the diffuseness of the c-type reflections, by antiphase domains
caused by faulting on (010),.
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of four subcells 1, 2, 3, 4, the separation of the elements
being 2b, in both cases. If the transforms of these

Iig. 1.—Reciprocal lattice of plagioclase structure.

gratings are constructed and sampled at points corres-
ponding to the maxima of a lattice of spacing 9 b,, the

PLAGIOCLASE

b s 2/1/2/1/2797/
//3/{/{/{/ 1/2/3/4/f

oa,,
northite
: ’ Eﬂ An

Fig. 2—Unit cell of plagioclase structure, and comparison
with anorthite.
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heights of the 2nd, 3rd, 6th and 7th maxima are low.
A combination of the two arrangements, as in Fig. 2,
is still better. Tt can be shown quantitatively thai
this set of subcells can explain (i) the unobservably
low values of the intensities at reciprocal lattice points
between “e” and “f”, (ii) the independent variation
of the intensities of “¢” and “f”, (iii) if subcells 1,
2, 3, 4 are identified with those in anorthite, the
resemblance of the “e” intensities to the b-type inten-

sities of anorthite.
Table I.
CALCULATED AND OBSERVED INTENSITIES.
Calculated intensities = P*F,? H Q”ng,

where F, F, are functions of the differences of the subcells
(F, neglected) and P, Q are functions of the reciprocal-space

coordinate.
Observed intensity
Order P Qo =
of maximum Near Near
75 % An 50 % An

1—«f» 83 01 Strong Absent

2 0.3 07 Absent Absent

3 1.0 3.0 Absent Absent
4—<ey 04 321 Medium Medium

The outline of this calculation is shown, slightly
over-simplified, in Table 1. The intensity is here
given as the sum of two terms, each itself a product
of two factors. One, the trigonometrical function
P or Q, is determined wholly by the transform, ie.
by the sequence of subcells. Hence, where P and Q
are small, the intensity can never he large, whatever
the value of the other factor F\, or F.. These, howe-
ver, are themselves rather small, as they are structure
factors depending on the difference between the sub-
cells; their magnitude of course varies with their
position in reciprocal space.

To explain the movement of reciprocal-space maxi-
ma with composition we must postulate the existence
of stacking faults. The observed movement in the a,*
direction depends on stacking faults parallel to (100),.
It can be shown mathematically that it is proportional
to the frequency of occurrence of faults; and that the
observed values require a “‘slip vector”” of -2b,. This
is illustrated in Fig. 3. If the faults are fairly regu-
larly distributed the spot remains sharp; if they are
random with a high average frequency it becomes
broadened. The observed sharpness at compositions
above 50 % An indicates regularity,

The value of (8 ¢), does not remain exactly zero.
This can be explained by assuming a second set of
stacking faults, parallel to (001), intersecting the
(100), set and independent of them. Here again the
slip vector is -2b,. The effect is smaller than that
on (100),, but seems unmistakable.




There is probably a third intersecting set on (010)..
less well defined, with slip vector c,, responsible for
the diffuseness of the c-type maxima.

So far, the argument, except for one point, has
been entirely restricted to lattice effects and no evi-
dence has been introduced which could give informa-
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subcells 90 and 91 (cf. Fig. 2), where a change of step
must occur. Secondly, even when stacking faults
occur the same alternation is preserved except near
the bridging subcells. This gives a reason for the
somewhat unexpected result that the slip vector for
faults on both (100), and (001) is -2, a result which
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Fig. 3.—Illustration of fault planes on (100),.

tion about individual atoms 'within the repeat unit.
It may be thought of as the counterpart, in the study
of periodic structures, of a phenomenological treatment
in thermodynamics.

To learn anything about the atomic positions we
must know the individual intensities, not merely gene-
ralisations referring to the “e” or “i” class as a whole.
Here we have available the piece of evidence mentio-
ned as an exception in the previous paragraph —the
fact that the “e’” intensities are very like those of the
h-type reﬂectlons of anorthite. From this it has heen
possible to deduce that 16 of the 18 subcells closely
resemble those_of anorthite (as illustrated in Fig. 2)
and since the structure of anorthite is fully known we
can go on to consider the structure of the plagioclase
in more detail.

In anorthite, the Si and Al atoms alternate perfectly.
This means that in two of the four subcells the occu-
pation of particular sites is reversed with respect to
the other two. Rows of subcells parallel to ¢, are
alike in their Si/Al occupation, and are reversed with
respect to adjacent rows. In the plagioclase strue-
ture, two important effects are noticeable. Firstly,
even where the sequence of subcells differs from that
of anorthite the Si/Al alternatiggeot. anorthite is
retained everywhere except at the'two “bridging”

was derived geometrically and with no forethought
what its effect on the Si/Al arrangement would be,
and which therefore provides an interesting confir-
mation of the physical importance of the arrangement
with perfect Si/Al alternation.

We now consider the bridging subcells. . If they
contain only Si, while the other 16 subcells have the
exact 1:1 ratio, the composition is Abya Anzs, ie.
78 % An. This fits so well with the not-very-well-
deﬁ"lﬂd composition at which the “e” reflections give
way to b-type and (8 a), extrapolates to zero that we
take it as the composition of ideal low plagiocl®se.

Whether the ideal structure is ever actually achieved
is uncertain. It seems likely that there are sfacking
faults on (001) and (010), even at this compm1t10n
But it is certainly useful, as in much of the felspar
work, to have a well-defined ideal structure to which
to refer actual materials.

We have still to ask the question, why and how
do stacking faults depend on the composition? T be-
lieve we can answer that in general terms, which may
be of wider application than just to the fe]spars

Consider a material whose unit cell contains a pum-
ber of atoms which, while similar chemically, are not
related UEOmetncally. Then they will not necessarily
behave identically in the way they allow of replace-
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ment by guest atoms. For some the probability of
replacement may be negligibly small. For others,
where it occurs readily, the consequences may differ.
In some cases the guest atom may be accommodated
with very little disturbance. Tn some, the disturbance
will be greater; it may even give rise to compulsory
interchange of Si and Al on certain neighbouring

sites, but will not spread far beyond them —it is so
to speak a closed-circuit effect. But in some the dis-
turbance will not be levelled out within the dimen-
sions of the subcell. Instead it serves as a nucleus
for the development of a fault plane, which is in fact
a region of two-dimensionally perfect periodicity,
fitting on to, but not an exact repeat of, the parts
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Fig. 4—Comparison of calculated values of #c (full curve) with experimental observations. (Dot-dash lines show cal-

culated values if only (100), faults were present.)




of the perfect structure on either side. One site-
mistake per cell on the appropriate site may be enough
10 give rise to a fault plane. But the fault plane itself
s mof the result of 3 tendency to disorder: the site-
mistakes may initially be disordered, but the growth
of fault planes from them is in fact a stage in an
ordering process, which requires suitable annealing
conditions.

We assume as a working hypothesis that all sites
which admit guest atoms of the same chemical species
do so with the same prabability, which is proportionai
to the number of guest atoms available and hence to
the composition. Some sites may not admit guest
atoms at all. (Al crystallographically-equivalent sites
will of course hehave in the same way statistically.)
This explains why the frequency of faults is propor-
tional to the composition. The constant of propor-
tionality depends on what value we assign to the rela-
tive number of sites allowing replacement, and also
on which faults we attribute to Si/Al replacement
and which to Na/Ca replacement. This part of the
work is somewhat tentative and may need modifica-
tion. But making reasonable assumptions we can
calculate the fault frequency from the composition,
and hence calculate the displacement coordinates to
compare with experiment.

It is perhaps most interesting to display the result
in terms of the conventional axes, when all three
reciprocal-space coordinates vary with composition.
For 8a and 8b, the calculated curve is nearly a stra-
ight line, lying close to the experimental points but
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rather towards one side of their somewhat scattered
feld, an effect which may plausibly be ascribed to in-
completeness of annealing. For 8¢, shown in Fig. 4,
the effect of the (001) fault is to make the curve bend
upward at the anorthite-rich end. Below 50 % An,
another kind of stacking fault may set in, with slip
vector bs, but the increasing diffuseness of the reflec-
tions makes it impossible to say whether this gives
a significantly better fit.

To sum up, T would say that the large unit cell
with its array of anorthite subcells and its set of
stacking faults is a direct deduction from the expe-
rimental observations and seems the simplest model
which will explain them. The general principle of
the dependence of stacking faults through site mistakes
on composition (and on annealing) is necessary, but
the detailed mechanism is not known and any sugges-
tions are tentative and incomplete. The interpreta-
tion is an attempt to find a way between two opposite
dangers: on the one hand the assumption that all
atoms of the same kind —for example, all Si atoms—
behave in the same way in the structure, and on the
other an over-emphasis on particular atomic details
which may happen to catch attention experimentally
without being very important physically.

T have tried in this paper to restrict myself to one
line of experimental evidence —the X-ray diffraction
effects observed in these particular materials. Con-
sideration of other work in the light of the conclusions
reached here is left to a later paper.

DISCUSSION

J. V. Smrrw (Chicago):

Having been privileged to see the manuscripts of Dr. M-
GAW’s papers on this subject, I should like to congratulate
her on her success in dealing with this very difficult problem.
Secondly, I should like to point out that Iast week I saw
electron diffraction patterns of the CuAu T alloy phase
showing exactly the same type of (e) and (f) non-Bragg
reflexions as those found in intermediate plagioclase. Third-
Iy, T should like to ask if it is possible to combine the
separate slip vectors proposed by Dr. Mrcaw into a single
irrational plane on a statistical basis. I do not like the
idea that these slip vectors are independent, and wonder
whether strain energy might link them thus giving rise to
a chemical and temperature control. Fourthly, T wonder if
Dr. MEcaw has any ideas for explaining the optical effect
known as labradorescence.

MEecaw (Cambridge). Answer:

T also have seen the very pretty work of Pashley and
Glossop on the Cu-Au alloy, and while the resemblances of
some features are certainly interesting T think they are
not strictly analogous.

Tt is possible to describe the system of fault planes and
slip vectors in a number of different ways, as I have shown

in my full-length paper published elsewhere; T would not
hesitate to say that the kind of description suggested by
Professor SMITH is impossible, but T doubt if it would be
useful. The single plane would change direction with com-
position: and also the interpretation of the effect in terms
of atomic bonds and atomic environments might be much
more confusing. T am sure that the idea of surface strain
energy is relevant, but it will take us nowhere unless it is
expressed in atomic terms, and as yet we have no theory
which will take us very far towards formulating it quanti-
tatively,

T am afraid I cannot say anything about the origin of
labradorescence.

Gay (Cambridge):

‘We have heard this afternoon an account af a theory to
explain one of the most difficult problems in X-ray crystal-
lography. With few exceptions, it seems possible to explain
all the facts, but T will feel happier when there is some
direct evidence for the existence of stacking faults. This
can be attempted by electron microscopy, and T hope that
some work of this kind will be done in the mear future.

Gay (Cambridge) :

I would like to guestion the idea that the spread of the
experimental results of the satellite displacements can be
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correlated with incomplete annealing of the specimen. All
the experimental evidence that we have suggests that the
position of the (e) spots in reciprocal space is determined
by the composition of the plagioclase and is unaffected by
heat treatment; the intensities of the satellites are, of course,
changed by heat treatment.

Mecaw (Cambridge). Answer:
Dr. Gay is right in saying that the attribution of the
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spread of the experimental results to incomplete annealing
is unjustified. It can however he seen that the departures
irom the theoretical values indicate a reduced irequency
of (100), faulting. This might arise if impurity atoms such
as K caused local segregation of Si in sites which de not
give rise to faults, thus reducing the amount available for
entry into fault-producing sites. The effects are in any case
fairly close to the experimental limits of error, and expla-
nations at this stage cannot be much more than guesses,
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Effects of temperature and composition in the plagioclases
and other felspars

by HeLexn D. Mecaw
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ABSTRACT

An attempt is made to discuss energy relations in the feldspars in terms of their structures.
cive transitions introduces new factors to be taken into consideration.

The recognition of displa-
Quenching from above the transition temperatu-

res will tend to produce antiphase domains, in which the difference between subcells is still recognisable. Annecaling may

or may not bring about «orderings» of atoms.
fluenced hy the displacive transition.

«Ordering» is not a simple phenomenon, and the kind of ordering is in-
At any general composition, numerous different ordered structures may be postu-

lated, many of which will have nearly equal energies, but the detailed distribution of energy values will depend strongly

on the geometry of the framework.,
rough phase diagram for the plagioclase feldspars. The
feldspars.

This paper is an attempt to put together the facts
about structure reported in the earlier papers of this
series, and to see how they are related to other
knowledge of felspars.

It seems that there are two independent efiects to
be considered, the effect of Si/Al ordering which is
well known and has received much attention, and
what T may call the geometrical puckering effect,
which has hitherto hardly been taken into account
but which it now appears is of primary importance.

The puckering effect occurs in a continuously-
linked structure, and is characterised by the fact
that successive groups of atoms are nearly but not
exactly repeated by some symmetry element, the exact
repetition being achieved after a fixed number of ope-
rations of the element, most commonly two. When
the symmetry element in question is a lattice transla-
tion —the case with which we are concerned here—
the result is that the unit cell is doubled in that
direction, and consists of two subcells which are
nearly but not quite identical. Fig. 1 illustrates this:
the linkages are essentially similar but the whole
framework is slightly distorted so that it takes two
units to make a true repeat. The effect may occur
in two or more directions simultaneously. Tt is not
peculiar to silicates, and it does not depend on order-
ing relationships between chemically-related atoms: it
can happen in perfectly ordered chemical compounds.
We have examples in materials like NaNbQ, and
CaTiO,, where the structural units are octahedra lin-
ked by their corners. The most obvious and impor-
tant example for the present discussion is anorthite.
where the unit cell consists of four albitoid subeells.
and the pairs with opposite Si/Al arrangements re-
semble each other much more closely geometrically
than do the pairs with identical Si/Al arrangement.

‘With the help of these

ideas, the empirical results available are used to sketch a
iscussion is extended to include the potassitm and barinm

One can suggest a reason for such a puckering
effect. Suppose you were required to build a model
of a structure given ideal values not only for the
interatomic distance and the bond angles at Si but
also for the bond angles at O. You would probably

AL N

5
F AN

‘\/ Bl %
Length of edge of true cell
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Length of edge
of subcell

Fig. 1 Tllustration of a hypothetical puckered structure.

Gnd yourself unable to do it without distorting some
of the lengths or angles or both. You would need
0 rely on the elastic properties of your materials to
give certain limits of tolerance to the values specified.
If, however, you were allowed to double the cell edge
before making an exact repeat, you could manage
with less tolerance at some or all of the atoms. In
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the actual structure the bond lengths and bond angles,
and also what corresponds to their elastic tolerance,
will be controlled by the wave functions of the atoms
and the local electrostatic field. In the present state
of knowledge it may not be possible to calculate them
theoretically. But if we recognise that the bond an-
gles at oxygen are not infinitely soft, we can see why
large-cell structures may be energetically favourable
at low temperatures.

At higher temperatures the increased energy of
thermal vibrations is likely to lead to greater tolerance
in the hinge angles, (which may perhaps be associated
with an increasing degree of ionic character. This
allows a transition from the puckered structure to a
straightened-out structure with a smaller number of
subcells. This is effectively an increase of symmetry
even if the space group remains unaltered.

It seems that this straightening out is what happens
in anorthite about 1200° C (1). Probably at high
temperatures it becomes truly body-centred. It is ge-
nerally believed that no Si/Al rearrangement takes
place in anorthite below the melting-point, and a
straightening-out transition of this kind would not
require any. It is a displacive transition, in which
there is no diffusion of atoms to new sites.

Now displacive transitions cannot easily be quen-
ched in; at the lower temperature, the material auto-
matically reverts to the low-symmetry form. If this
has a lower point group, a number of different orien-
tations are possible, and by choosing all of them it
gives polysynthetic twins. Similarly if it has a larger
repeat unit, a number of different origins are possible,
and by choosing all of them it gives anti-phase do-
mains. If the domains are small, the difference re-
flections are broadened by diffraction, while the
main reflections stay sharp. The example of celsian
(NewnuAM and Mecaw, 1960) shows how very weak
difference reflections may be even when there is no
disorder or diffraction broadening; in cases where
broadening occurs they might well be unobservable.

This process can explain the effects in quenched
anorthite, if it is assumed that high anorthite (i.e.
anorthite at a temperature above say 1200° C.) is
body-centred. It also explains the annealing, because
the domain boundaries are not fixed by any differences
of composition, and so can move easily till the whole
becomes a single domain.

Now consider the intermediate anorthites: felspars
with compositions 80 to 100 % An. The domain
boundaries will contain sites which are different in
energy from those within the domain; they may be
better for Si, or they may be worse, but in any case
they ‘will favour a particular Si/Al arrangement,
Hence movement of the houndaries to anneal out do-
mains is sluggish compared with pure anorthite where

(1) (Note added in proof, May 1961) I now think that
the actual transition temperature may be higher than this
— see later discussion.
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no diffusion was needed. Thermodynamically there
will still be a tendency to have the boundaries spaced
as regularly as possible; but the best laboratory an-
nealing conditions may not be as good as those in
nature.

Let me return to consideration of the puckering
effect, whose importance I want to emphasise, I be-
lieve that it exists throughout the plagioclase series
from anorthite to high albite (I leave low albite out
of consideration for the present). The evidence for
it is as follows.

1) Continuity of macroscopic properties through-
out the series, and lack of any well-marked brealk.

2) Effects found in the study of the e-plagioclases,
notably the resemblance of ‘¢’ intensities to the b-type
intensities of anorthite and the need for 4 kinds of
subcell in order to explain the relative values of ‘e’
and f’ intensities.

3) Comparison of structural details. At present
it is only the Ca/Na atom whose changes are suffi-
ciently conspicuous to be informative. It has been
seen how in ‘body-centred anorthite’ the average
structure had each Ca/Na replaced by two half atoms,
each half atom being recognisably close to one of the
four Ca positions of anorthite. In some uncompleted
work on a high-temperature andesine of 7 A spacing
(KempsteR, 1957) there are indications that each
Ca/Na atom should be replaced by four quarter atoms.
There is a continuous movement of the four positions
with composition which can be extrapolated so as to
end at the two Na positions in high albite (assuming
that this too can be interpreted as an average struc-
ture).

It is of course assumed in this argument that the
presence of four quarter Ca/Na atoms in the average
structure implies also the presence of four geometri-
cally different pieces of Si/Al-O framework ; the fra-
mework is physically more important than the Ca/Na
atom in determining the stability, but the Ca/Na atom
1s a more sensitive and easily-observed indicator.

All this suggests that the puckering effect is, at
least to a first approximation, independent of any
question of Si/Al order or even of Si/Al ratio. It is
there whether the Si and Al are ordered or disor-
dered —geometrical differences due to different Si/Al
arrangements, which must of course exist, are, accord-
ing to this argument, less than the differences due
to the overriding puckering effect.

There is independent evidence for the suggestion
that geometrical effects exist in the feldspars which
supersede or take priority of any effect of Si/Al order.
This is the observation of JoNes and TAYLOR
(forthcoming) that there are resemblances in the shape
of corresponding tetrahedra not only in orthoclase
and microcline with the Si: Al ratio of 3:1, but also
in celsian with the 1:1 ratio.

‘When we turn to the question of Si/Al order, we
have to remember that each crystallographically-inde-




EFFRCTS OF TEMPERATURE AND COMPOSITION

pendent set of atoms may have a different value for
the energy of Si/Al substitution, and that these values
may vary with the temperature as well as with the
extent of replacement of neighbouring atoms, and
may even change their relative sequence. It is clear
from the evidence of the plagioclases, and in particular
the e-plagioclases, that perfect alternation of Si and
Al is a stable and satisfactory arrangement. But this
requires a 1:1 ratio. What happens to the extra Si
at other compositions? There are three different
possibilities, each of which may play a part: (i) ran-
dom entry into some sites without disturbance of any
neighbours, (ii) concentration in anti-phase bounda-
ries which may later be organised by annealing into
stacking faults, (iii) closed-circuit reversal of Si/Al
sequence over small groups of atoms, so as only to
give Si-O-Si in particularly favourable places. Using
these it is possible to derive a continuous series from
anorthite to high albite, but not to low albite.

At the albite end, where the 3 : 1 ratio is approa-
ched, the different ordered groupings are likely to
have smaller energy differences and hence a more
complicated temperature dependence. We may illus-
trate it as follows.
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Suppose we have a completely disordered material,
and plot its energy against any geometrical parameter
—say an obliquity. ‘This is shown in Fig. 2 a for one
particular temperature. Actually instead of a linear
curve we should have a surface of as many dimensions
as there are independent geometrical parameters, but
one will suffice for illustration. The minima in the
curve represent equilibrium positions; the deeper the
minimum the more stable the equilibrium. The shape
fo the curve will be sensitive to temperature, even if
disorder remains complete. At another temperature,
the relative depths of the minima may be changed,
as in Fig. 2b. If there is no change in the ordering,
it is easy to go reversibly from Za to 2 b; this would
be true also for a perfect structure or a partly disor-
dered one. But suppose the conditions are such as
to allow interchange of atoms, even if slowly. The
structures corresponding to the lowest minima of 2a
and 2b are different. Consequently there may be
differences in the extent to which any particular site
favours 5i, and annealing may bring about different
patterns of ordering. In each case the deepest mi-
nimum will become deeper, perhaps changing its po-
sition continuously as it does so, as shown in Figs. 2 ¢

(a) (b)
1 I
i ! | |
: o .
5 (c) (d)
|
: \
: |
: i_
! |
i ! |
: i i :
4 i | 1

Gecmetricel parameter (e.g. obliquity)

Fig. 2—Plot of energy (ordinate) agzinst 2 peomusticml

(abscissa) for a hypothetical material; (a) and (b)

: PErEmeter
represent completely disordered states =t caffementl Senmpewefmres, (c) and (d) the equilibrium ordered states obtained

by annealing at the two temperatures.
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and 2d. If now material annealed at the first temp-
erature is brought to the second temperature, the
energy surface will change, but probably not so such
as to destroy the minimum; the changes of parameter
are more likely to be comparable with those of ordi-
nary thermal expansion. If annealing is continued,
there may be some changes in the degree of order.
but in general the state of 2b (or 2d) can never be
regained from 2c, except wia a temperature where
the equilibrium state is one of complete disorder,
because the path to it has been closed by the deepen-
ing of the different minimum in the first annealing.

This picture enables one to understand how the
state of a felspar may depend on its thermal history.
It does not include any account of the puckering
transition, which is in some ways more fundamental.
For this, we may consider a second geometrical para-
meter plotted at right angles to the paper, so that if the
plane of Fig. 2 is put vertical the general trend of the
energy surface is more or less horizontal. Suppose
that the profile of Fig. 2¢ or 2d does not vary much
with this new coordinate; then the grooves traverse
the surface like a road with ruts in it., travelling
roughly perpendicular to Fig. 2 but going up and
down hill, with one deep valley representing equili-
brium. But the whole surface is temperature-depen-
dent, and at the transition temperature the section in
the plane of the second parameter shows a large chan-
ge, the position of the deep minimum changing dis-
continuously. The profile in this section is little
affected by ordering, though ordering effects in other
sections have their influence on the result. Tt is not
necessary to suppose that the grooves run accura-
telly parallel to one another or maintain a constant
depth, but it is easiest to picture the effect if they
remain recognisable.

I will now try to use these ideas to derive a rough
phase diagram for the felspars. It seems only pos-
sible to do it in two separate parts —a high-temper-
ature field deduced from studies of the quenched ma-
terial and a low-temperature field deduced from stu-
dies of natural felspars. Since these latter have
never been synthesised it is not clear how the twa
fields are connected.

The difficulty of recognising the true high-temper-
ature phase from a study of quenched material is of
course well known. Here, however, we see that a
displacive transition can be detected by the existence
of anti-phase domains. It is these transitions which
form the most important boundary lines on the dia-
gram. We assume that they are unaffected, or only
affected to a minor degree, by any changes in Si/Al
order from that of the equilibrium state at the melting-
point. On the low-temperature side of the transition,
it may or may not be possible to reméve the anti-phase
domains by annealing. Where it is not possible, the
evidence for the existence of the low-symmetry form
is of course more controversial. - One has to assume
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that in many cases diffraction broadening is sufficient
to render the characteristic difference reflections com-
pletely unobservable in experimental work so far.
In support of this are the observed facts in the anor-
thites, where we have a progressive series of interme-
diate cases culminating in the effective disappearance
of the set of spots concerned. Further experimental
work with long exposures or new techniques may
reveal other examples, but large-cell structures with
very small domains might still escape direct detection.
Fig. 3a represents the quenched material. The
curves are very roughly sketched ; only near the anor-
thite end are the temperatures known. Here there
is clear-cut evidence for the existence of the 14 A pri-
mitive structure and the transition above 1200° C.,
and there seems no reasonable doubt of the existence
of the 14 A Dbody-centred structure, continuing up to
the melting-point over an appreciable composition
range (2). The initial rapid drop of temperature with
decreasing anorthite content is also experimentally
established. By Ang, only the a- and b-type reflec-
tions characteristic of a 14 A body-centred structure
remain, hut detailed investigation shows that these
correspond to an average structure containing two
pairs of half atoms, indicating that the boundary line
still lies above room temperature. At Ans, the ave-
rage structure (which has the symmetry of the high-
temperature phase) is 7 A face-centred, but the exis-
tence of four quarter atoms shows that the room-
temperature structure is still 14 A primitive. In
quenching this, two boundaries have been crossed
(though in twhich sequence is not known). The de-
tailed structure of ‘high albite’, more correctly named
‘quenched high albite’, shows two half atoms, and has
thus only crossed one boundary. The idea that the
room-temperature form is 7 A primitive rather than
14 A body-centred was suggested to me by the e-pla-
gioclases, where there is evidence for persistent diffe-
rences between subcells related by the C-face-centring
vector; this is not conclusive and it remains a possi-
bility that the two boundary lines shown by the dashed
curves should be replaced by a pair which do not
intersect. At the albite end, it seems rather likely
that the displacive transition is that studied by Mc-
ConNeLL and McKie (1960), because (i) no other
transition which could represent a displacive boundary
has been noticed in any thermal study (so far as I am
aware), (i) no heat treatments in their work (or any
other) have ever been shown to give low albite,
There may be further boundaries at high temper-
atures corresponding to displacive transitions from
triclinic to monoclinic symmetry. TIn the quenched
material, evidence for these would come from studies
of twinning. They have not been included, because

(2) (Note added in proof, May 1961.) Though T now
think that the actual transition temperature is well above
1200°C (see discussion below) the general argument holds
good., ; .




EFFECTS OF TEMFERMIURE AND COMPOSITION

they represent a separate large problem not directls
related to the experimental work on structures under
lying this paper, and also because empirically we can
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g attention to the importance of displacive transi-
Hions, and in so far as it is speculative or only roughly
formulated I hope it may serve as stimulus to further

always get (though sometimes with difficulty) matersal investigation.
I
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Fig. 3.—Sketch phase diagrams (a) of quenched material(b) of naturally annealed material.

Dashed lines in (a) in-

dicate boundaries of displacive transitions between structuretypes; arrows show composition of materials studied in de-

tail at room temperature.

which is untwinned and therefore has effectively been
annealed below any such boundary.

[t is possible that there are further boundaries
corresponding to transitions hetween different states
of order still to be added to the diagram, but there
is no evidence yet demanding it.

The low-temperature field is shown in Fig. 3b,
for completeness; it summarises commonly-accepted
facts. No attempt has heen made to put in upper
boundaries, or show how it fits on to Fig. 3 a, because
of the difficulties already mentioned.

In conclusion, it may be said that this paper is an
attempt fo correlate some of the results of recent
structure work and use them to elucidate general
principles. It provides a new point of view in direct-
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It is gratifying to note that the results of full structural
determinations on anorthite reported here by MzcAw in sum-
mary form fully confirm our conclusions (Acta Cryst. 7, 1954,
465-472 and Z. Kristallogr. 106, 1955, 213-226) which ‘were
drawn from the comparison of the intensities and shapes of
X-ray reflections from single crystals of CaALSLO: and
synthetic anorthites in which Al and/or 8i were replaced
by Ga and/or Ge. 'We observed that Al and Si are or-
dered up to the melting point in such a way that doubling
of the c-axis and body-centering of the doubled cell is requi-
red, and that an <out of steps-domain structure is developed
at temperatures above appr. 1100° C. in which the domain
«size» is a continuous and reversible function of temperature
dependent on the Ca-atom positioning within the ALSLO.-
framework. It was also shown that the domain size is a
function of Ab-content; an increase in NaAlSi,Os has the
effect of decreasing the domain size.

It would thus appear that the criticism of our work by
MEecaw (Min. Mag. 32, 1959, 234-235) based at that time on
her unpublished information 'was perhaps due to a misin-
terpretation of our statements.

Dr. Mreaw and her coworkers have recently carried out
research on the anorthite structure in much greater detail
than we had up to 1955. Indeed, our experimental method
could not lead to the detailed knowledge of the geometry
of the Al:Si:Os Hramework that now appears to be at hand.
It is hoped that these structural data will soon be published.

There does however appear to be a difference of opinion
as to the structural mechanism that produces the observed
effects. In our discussion we considered only the Ca-atoms
as being responsible for the fact that at temperatures below
1100° C. anorthite is primitive (with the obvious consequence
that the fopologically body-centered ordered Al.Si:Osframe-
work loses its structural body-centering) whereas Dr. Mecaw
stresses the point that the ALSLOs-framework itself is res-
ponsible for the structural behaviour (with the obvious con-
sequence that the Ca atoms also cannot be structurally orde-
red in a body-centred array). Actually, it would appear that
both ¢componentss, the ALSi,Qs-framework and the Ca
atoms cooperate in producing the primitive symmetry, That
the Ca plays a not inconsequential role is strikingly shown
by the fact that BaALSi:O: is precisely body-centred

(Newwsaam and Mgzcaw: Acta Cryst. 13, 1960, 303-313),
possibly due to both the larger size of the Ba ion and its
lower polarizing power.

The difference in MEGAW’s and our views is in a sense
analogous to the question as to why sanidine is monoclinic
whereas analbite is triclinic? In both structures the Al/Si-
distribution is such that the AlSisOx framework is monocli-
nic from a topological point of view. Decisive roles are
played by the sizes of the jons (K, Na: Ba, Ca) and by the
temperature. High temperature has the same effect as enlarg-
ing the ions, as can be seen by comparing the analbite-monal-
bite transition with the Na-K exchange leading from anal-
bite, triclinic at room temperature, to sanidine, monoclinic at
room temperature,

Another point may be stressed in this connection. The
¢puckerings behaviour of the ALSLO: framework as des-
cribed by MEcaw in her paper on «Fifects of temperature
and composition in the plagioclases and other feldsparss
(this volume), is very closely related to BUERGER’s concepts
of «displacive transformationsy and «distortional disorders.
In this sense the ALSLOs framework of anorthite at high
temperatures which is virtually body-centered at the melting
point, may be considered to possess some distortional disorder
changing to a primitive anorthite framework at low temper-
atures by a sort of displacive transformation. If it were a
purely displacive transformation as proposed by Mrcaw,
without any control or influence induced by rearrangement
of the Ca atoms (which we consider to be important), it
should be expected that the high-temperature state could
not be quenched in. CaAl:Si.Os might thus be expected to
behave like NaA1Si,0s where the monalbite-analbite-transfor-
mation cannot be suppressed either during quenching or rapid
heating through the inversion temperature. But, it docs not
do so. The fact that we were even able to measure the “out-
of-step» domain sizes qualitatively in anorthite as a function
of temperature, by X-raying at room temperature, indicates
the important role of the Ca atoms in the process of domain
enlargement. This enlargement ultimately leads to the primi-
tive anorthite structure at low temperatures ; below 1100° C,
the domains become so large that the diffuseness of the
c-type subsidiary reflections, indicative of the domain develop-
ment at higher temperatures, is no longer observable.

DISCUSSION

MEcaw (Cambridge):

I recognise the value of the experimental work of Professor
GorpsMITH and Professor Laves reported in the papers quo-
ted, and their proof of the dependence of domain size on tem-
perature above 1100°C. T cannot, however, accept all their
arguments in drawing conclusions, in particular those pur-
porting to show that domain size is «dependent on the Ca atom
positioning 'within the ALSi.Ox framework®. T believe their
whole concept of out-of-step domains to be different from

mine. Having assumed two equivalent sets of sites for Ca,
relative to an effectively unchanged ALSLO. framework,
they define domains as ¢volumes within the crystal in ‘which
A sites on the one hand, and B sites on the other predomi-
nate», and they state that «the energy required to shift an
individual atom from an A site to a B site is very small»,
Against this, structural evidence shows that the Ca have spe-
cific, non-equivalent sites, closely gripped by the O atoms of
the framework; with their surrounding sections of the fra-
mework they alternate perfectly within a domain, change of
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step from PQPQP .. to QPQPQ ... taking place only bet-
ween domains, at the boundaries. I think the present discus-
sion confirms that there is a real difference of viewpoint, a
difference which I tried to make clear in my 1959 paper.

T agree that neither the Ca atoms alone mor the AlSi.0s
framework alone can be thought of as «responsible for» va-
riations in the structure. But if the energy of the structure
is considered (in the usual empirical way) as built up from
independent contributions associated respectively with the
cation-oxygen repulsive forces, the rigidity forces of the
framework, and the cation-oxygen ionic or semipolar attrac-
tive forces, we can assess their relative importance. Repla-
cement of Ca by Ba, while keeping the framework unchan-
ged, would alter very greatly the large contribution from the
repulsive forces; it is not surprising that this outweighs the
energy needed for angular distortion of the framework and
makes stable a different configuration. On the other hand,
the framework distortion energy is likely to he large compa-
red with the Ca-O attractive energy. In this sense the fra-
mework is more important than the Ca atoms. It is true that
Ca cannot take up a configuration wihich fails to provide an
energetically reasonable environment for each it atom, but still
less can the Ca’s impose an energetically unfavourable confi-
guration on the framework. T believe that there is a greater
variety of permissible Ca environments than of framework
configurations, and therefore that the balance achieved is best
considered as determined essentially by the framework though
modified by the large cation. The same argument will apply
to other felspars also.

In my view the anorthite transition 4s a displacive transition,
differing from the displacive transition described by BUERGER
only in that the symmetry lost in the low-symmetry (‘deriva-
tive’) structure as compared with the high-symmetry (‘basic’)
structure is a translation repeat instead of a symmetry axis
or plane. Just as in Buercer’s example the derivative struc-
ture may appear with either of two orientations, in anorthite
it may appear in either of two parallel positions, with dif-
ferent choice of origin, which we may call ‘translation states’.
Where the two translation states occur together they form an-
tiphase domains, just as where two orientations of BUERGER’s
example occur together they form twin components. Within
a domain, the structure is perfect, though there may be strain
at the domain walls.

The application of these ideas to the anorthite transition
explains the experimental work of Laves and GorLpsMITH
without attributing special powers to the Ca atom. As the
temperature rises above 1100° C,, the free energy of the body-
centred phase becomes comparable with, though still greater
than, that of the primitive phase. Thermal fluctuations will
then bring about local transitions, and the crystal as a 'whole
will consist of a shifting mosaic of small domains of the
two translation states of the primitive structure separated by
small domains of the hody-centred structure. The experi-
mental results, T now recognise, suggest that this two-phase
region continues to near the melting point. The higher the
temperature, the greater the proportion of material instanta-
neously in the body-centred phase. On quenching, this phase
reverts at once to primitive, adopting the translation state of
the domain adjacent to it; if it separated two domains of
different translation state, an antiphase domain boundary re-
mains to mark its place. Thus large volumes of body-cen-
tred material in the two-phase region mean large areas of
domain walls on quenching, and hence, for a given volume,
small domains. This explains the observed dependence of do-
main size on quenching temperature,

According to this view, the texfure of a high-temperature
material near a displacive transition can be quenched in — as
is indeed familiar in many xamples of polysynthetic twinn-
ing — but the structure of the high-temperature form cannot
be quenched in (unless the domains are so small that the
surface energy of their walls becomes a preciable).

This implies that the structure of quenched ‘high anorthite’

F. LAVES AND j. R. GOLDSMITH

is the same as that of primitive anorthite. I believe that it
is so. This prediction can be tested experimentally, though
because of the diffuseness of the c-type reflections it will he
necessary to examine a superposition of the two translation
states rather than one alone. 'Work on the subject has been
started, in collaboration with Mr. P. H. Rissg. The predic-
tion is that ‘high anorthite’ will not differ significantly from
primitive anorthite.

Laves (Zirich), reply:

1. Dr. Mucaw distinguishes between PQPQP... and QPQ-
P()... domains. 'We distinguished AAA... and BBB... domains.
Whether a domain is a PQ or a QP domain (in MEcaw’s
definition), or if it is an A or a B domain (in our definition)
depends on the choice of the origin or the signs of the system
of the coordinates. (Cp. Z. Kristallogr. 106, 1955, 222-225)
The only difference twe can see right now is that mwe only
could propose (1954, 1955) a schematical model (for illustrat-
ing the principle) whereas Dir. MEGAW may now be able to
give a more specific picture on the basis of Cambridge work
as yet unpublished, and that Dr. Mrcaw puts more weight
into the metrics of the Al, Si-framework, whereas we (on the
basis of reflected intensities of the c-spots) considered predo-
minantly the metrics of the Ca-positioning. Dr. Mrcaw and
'we now agree that (to be more rigorous) both metrics should
be considered.

[t may be mentioned, however, that :we have been aware of
the fact that the metrics of the AlSiOs-framework is not
independent of the metrics of the Ca-positioning. (We consi-
dered the c-reflections as «reflections that have structure fac-
tors made up predominantly of Ca contributionsy; note the
word «predominantly», we did not say <onlys.)

Z. Another point needs clarification. Dr. Mgcaw states
in her reply: «Against this, structural evidence shows that
the Ca atoms have specific, non-equivalent sites», implying
that 'we missed this point. However, we did not exclude this
obvious necessity, for we 'were aware of the fact that a cell
of primitive 14 A-anorthite contains 8 Ca jons, i.e. there have
to be at least four Ca lattice complexes which are not equi-
valent. We expressed our awareness of this by stating (A.
Cryst. 7, 1954, 468) «There are two euivalent sets of lat-
tice complexes that can be occupied by calcium ions; either
arrangement produces an identical anorthite structure. These
two sets can be called A and B». Thus, we did not talk of
two equivalent <sets of sitessy (as Dr. MzEcaw is quoting us)
but of two equivalent «sets of lattice complexes». Perhaps
it would have been better to use the word <«indistinguishables
instead of equivalent in which case this misinterpretation by
Dr. MEcaw might not have happenend. No evidence against
this concept has yet been put forward by Dr. MEcaw.

3. 1In the first paragraph Dr. MEcaw argues against our
definition of domain size. However, it is an experimental
fact that the «domain size» is a function of temperature,
This means: raising the temperature leads to a smaller size,
Le. new out-of-step boundaries must be formed. This may
tale place in the following way: Within a large A-domain
a small nucleus of a B-domain may be formed (and vice
versa). A preliminary stage (before a definite B-domain is
formed) might be a structural fluctuation showing some ten-
dency in the direction of a B-domain (¢distortional disorders
within the A-domain). To allow for such possibilities we
defined our domains as «volumes within the crystal in ‘which
A sites on the one hand and B-sites on the other hand pre-
dominate». Translated into the language of Dr. Mecaw this
definition would read: «Volumes within the crystal in ‘which
exact PQPQ... sequences on the one hand and exact QPQP...
sequences on the other hand predominate». For example a
sequence .. PQPQPQO.QP.PQPQPQ... would be in our sense
a PQ domain in ‘which the exact PQ sequence predominates,
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Even if such small sequence mistakes would not occur (a
proof might be hard to provide) our definition would not be
wrong, as we did not specify the «amount» of predominance,

4. In this connection another suggestion of Dr. Mrcaw
should he discussed. She writes in her comment: «The expe-
rimental results, T now recognize, suggest that this two-phase
region continues to near the melting point. The higher the
temperature, the greater the proportion of material instanta-
neously in the hody-centered phases. This sugeestion (not
accompanied by any additional experimental work) comes
quite near to our earlier definition of domain size: as the
sizes of A and B domains become smaller the amount of
boundary material will increase, because 'we do not believe
that there is a sharp boundary between an exact A-domain
and an exact B-domain. 'We believe that af an A-B-domain-
boundary there is a more (at high temperature) or less (at
low temperature) continuous change from A-orientation to
B-orientation, passing through a <«body-centred siructures.
(To avoid further discussions of a semantical character we
have put the words body-centered siructure between quotation
marks because at this stage and before X-ray investigations
have been carried out a# high temperature 'we are disinteres-
ted in the question how thick a wall should be to be recog-
nized as heing made up by body-centered material, and how
many mistakes may it be allowed to contain for said recog-
nition; or, the other way around, we are disinterested in the
question of decision, where a domain ceases to be a domain
of primitive anorthite structure. — To describe the whole
story rigorously, quantitatively and completely the develop-
ment of a rather complex, temperature dependent, formula
—based on energy and probability considerations— would be
necessary). A middle (probably irregular) plane within the
«body-centered wall regiony divides A-domains and B-doma-
ins in which the A-state and the B-state ¢predominates.

5. As to the second last paragraph of Dr. MEGAWS com-
ments we fully agree (see point 4 above). Certainly quench-
ing from high temperature may not prevent but most pro-
bably enhance the perfection of the A-state and B-state within
the A- and B-domains. During such quenching the <average
sizey of the A and B domains may even become somewhat
enlarged.

6. In this connection a general remark may be permitted.
We do not know much about the actual shape of the dotmains
[except the elongation of the c-spot streaks indicates some
preference of platyness parallel (010)]. Additional work is
necessary to answer this question. The domains may be finite
or infinite in one to three dimensions (in the extreme, they
may be but two interwoven frameworks that are unlimited in
all three dimensions). Thus, talking of a ¢sizes of the do-
mains may sound rather vague and undefined. In realizing
this we have been frequently rather hesitant to use the word
¢sizey and, therefore, we frequently preferred to stress more
the increase of the amount of boundary material with in-
creasing temperature rather than the increase of the domain
size.

7. In the fourth paragraph of her answer Dr. Mecaw
states that she can explain our 1954 experiments «Without
attributing special powers to the Ca atom». We believe any
reader of our papers will realize that we did not attribute
«special powerss to the Ca atom. What we did was to point
to those consequences of our experiments which suggested
that Ca jons have to move (by small amounts) when an area
of A-state changes into one of B-state, and vice versa. As
we realized —see the last paragraph of point 1 ahove— that
in coanection fwith the Ca movements the AlSi;O— frame-
work has to change too, Dr. MucAW’s explanation of our ex-
periments on the «anorthite-transitiony does not deviate from
our explanation as far as the principle is concerned. It is
true, Dr. Mrcaw developed a more detailed (but not difie
rent) picture of the «transition»-process, however in part o
describing it with wwords «differents from those we had used,

8. The problem, whether the <anorthite-transition is a

displacive transitiony (as Dr. MEcaw says) or whether it is
«very closely related to BUERGER’s concepts eof displacive
transformation and distortional disorders» (as we pref i
say in our comments) appears to he a matter of 4
semantics ‘which can only be solved at this stage
on the following question: Should we call thi
«transitiony a displacive one or not. 1f we should
call it a displacive transformation, the original def
ven by Buerckr should be amended in several respects. e
cially with respect to the point of the domain— «sizes bei
a reversible function of temperature. 'We believe (at !
for the present time) it ‘would be wise to discriminate bety
the concept of displacive transformation (as defined by B
GER) and the kind of transition here in question. A word like
«districty transformation might not be a bad one; it would
indicate its most important feature, ie. the change of the do-
main (district)-size as a function of temperature. It may be
admitted that later work may show that all displacive trans-
formations in the sense of BUERGER have a small temperature
range just below <«the transformation temperature» (or even
above?) in 'which a twin size dependency 'with temperature
could be observed by carefull measurements. However, if
this 'would be so the states within such temperature range
may perhaps also fit the definitions Buercer gave for his con-
cept «distortional disordery. Thus, it may finally turn out,
that a distinction between displacive and district transforma-
tion 'would be meaningless as far as principles are concerned,
but such a distinction will certainly be convenient for practical
purposes. (Whereas to the best of our knowledge anorthite
was the first example in which a ¢district transformations
was observed, some ferroelectric materials have ben reported
in recent years that show an analogous behaviour: a domain
size-temperature dependency).

9. Tt is hoped that the critical discussions above will con-
tribute to a better understanding of the transitions taking
place in anorthite when heat-treater, and will indicate that our
1954, 1955 suggestions are in line with Dr. Mecaw’s liter and
more detailed work but not incorrect as implied by Dr.
MEecaw’s 1959 criticism. We consider Dr. Megcaw’s point
of view (derived from the full structure determinations here
reported on) that the puckering tendency of the Al-Si-O-
frameworks in the feldspars (and in other silicates) plays an
essential role as far as symmetry and transitional behaviour
is concerned as a very important step in the devolopment of
our knowledge of the feldspars (and silicates).

;JA\J

Mecaw (Cambridge), comment to point 3:

Professor T,aves” further explanation of his earlier work,
which carries the implication that he there used the word
¢sitey in an nunsual way to mean an extensive piece of
structure, has made it clear that the differences hetween our
concepts are much less than I had originally supposed. I
agree in thinking that the discussion has served a wuseful
purpose of clarification and T am very glad of it.

I agree that I ought to have been content at the present
stage to say that the transition ¢is very closely related to» a
displacive transition rather than that it «isy a displacive
transition. My conception of «displacive transition» proba-
bly involves an addition to BURGER's picture, namely the
assumption that with further increase in temperature the
whole of the material is transformed into the more symme-
trical or «open» form, so that transient domains of the less
symmetrical form are no longer recognisable. This is com-
parable to effects in ferroelectrics and implies a transition
range in which the «opens form coexists with shifting do-
mains of the two orientations of the less symmetrical form.
Burrcer describes the state near the lower end of this co-
existence range; in anorthite, from the evidence of Laves’
results, the upper end would seem to lie above 1500° C. I
would regret the introduction of new names for transition
types until more is known.
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Some recent work on the plagioclase feldspars

by P. Gay
Dept. of Mineralogy and Petrology, University of Cambridge.

ABSTRACT

Now that the general features of the sub-solidus relationships of the plagioclases have been established by X-ray stu-
dies, more detailed work is being undertaken. Two aspects of this work are referred to in the present paper.

Firstly it is necessary to elucidate more carefully the nature of the various phase changes which can take place, 'Whilst
the detailed analyses of the atomic structures of the various phases are invaluable to a complete understanding of the
transformations, other evidence can be obtained by a study of the dynamics of the transformation process. A review
of some of the methods employed and the results which they have yielded are given in the first part of this paper.

Previous work thas clearly established that the structural state of a plagioclase can be determined both by optical and
X-ray methods. A combined optical and X-ray study of the plagioclases of the Skaergaard intrusion, E. Greenland, has

been made both to correlate the results of optical and X-ra
could be of use in the interpretation of the cooling history o

given in the second half of this paper.

In the last decade, it has become apparent that the
plagioclase feldspars have complex sub-solidus rela-
tionships. The general features of these relationships
have now been estahlished, and now various kinds
of more detailed study must be carried out. Funda-
mentally it is a problem of defining the fields of the
various phases, their stability relationships and the
nature of the structural re-organisations which occur
with the transformation of one phase to another ; only
when this has been completely done will it be possible
fully to assess the usefulness of the plagioclases
in petrological interpretation. Tn this contribution
I shall outline two aspects of this work which are
being investigated at the Department of Mineralogy
and Petrology, Cambridge; I shall make specific refe-
rences to my colleagues who are engaged on this
work at the appropriate places in the paper.

We have heard about the detailed analyses of the
atomic arrangements of the various structural modi-
fications being carried out in the Cavendish Labora-
tory under Dr. TAYLOR’s direction; these will un-
doubtedly prove invaluable for the complete under-
standing of the various phase changes that take place.
However, much useful information can be obtained
by a study of the dynamics of the transformation
process, and it is with this approach that I want to
concern myself in the first half of this paper.

THE STUDY OF EQUILIBRATION RATES

a) Methods.

The kinetics of chemical reactions have been exten-
sively studied by physical chemists. The simpler ideas
of reaction kinetics have been used in the present
work on the plagioclases, for there are many parallels
between the transformations and ordinary chemical

y determinations and to see if a detailed study of the {eldspars
f the complex. An account of the results of this study are

reactions. Principally, we shall use the fact that at
a given temperature and pressure the transformation
rate varies with time, so that from a study of the
rate of approach to equilibrium under different phy-
sical conditions it is possible to obtain constants cha-
racteristic of the transformation at each temperature
and pressure etc.

Formally the kinetic analysis follows closely that
adopted for ordinary chemical reactions. The rate
of approach to equilibrium is likely to be dependent
in a simple manner on the departure from equilibrium
at that time. Thus if we take some quantity ¢ as
a physical measure of the transformation, it will he
probable that the rate law for the transformation will
fit the simple form.

—dy/dt =k (§ —y )

Yoo is the value to which the quantity ¢ tends at
infinite time i.e. when the system is completely equi-
librated, k is the rate constant which is fixed for
given physical conditions, n defines the order of the
rate law. In ordinary chemical reactions, n is 1, 2
3, etc., for first, second, third order reactions depend-
ing on the number of molecules involved. In our
case the order of the reaction will be defined by the
precise mechanism of the transformation which is not
known. This is not important, however, as the rate
law can be empirically determined for particular phy-
sical conditions by observations of the change in ¢
with time; the significance of the order of the rate
law need not concern us. As an example of proce-
dure, it was found that a second-order rate law con-
trolled the high-low albite inversion, for the data fit
the expression

kt = o9/ — V) (o fion)
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derived by integrating the rate law for n=2 and
inserting the limit ¢ — ¢, as t— 0. Fig. 1 shows
the variation of log (do— ¢)/( — ¥eo) vs. log t for
synthetic NaSi;AlQ; treated hydrothermally at 700°
C.,pn,n = 28000 1b/in2. '[The character of the para-
meter ¢ used in this case will be discussed later].

log.w_ o
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character of the transformation. In solid state trans-
formations, those that show classical discontinuity in,
for example, measured specific heat and molar vo-
lume as a function of pressure and temperature,
can be distinguished from continuous transformations
that show no such discontinuity. UsseLomDE (1957)

<1 0

T
1

T
2 3

log. t ~

Fig. 1.—Logarithmic plot of (G —d) /() —de, )=kt (bo—dg, ) for 700° C., Pup.o=28000 Ib/in2.

From this plot, the value of the rate constant, k, can
be derived for these experimental conditions.

Having derived the different rate constants for va-
rious physical conditions, the temperature dependence
of the rate processes is described by the Arrhenius
relationship

Ey

k:Ae_ﬁ‘“

where k is the rate constant at absolute temperature
T, E., the activation energy for the rate controlling
mechanism, R, the gas constant, A, commonly called
the frequency factor, is a term including the entropy
of activation. Within the temperature range of. a
transformation, A may change in value owing to a
change in the mechanism of the diffusion process;
outside such a temperature range A should be relati-
vely independent of temperature. By plotting Ink
vs. 1/T we should get a linear plot, from which the
activation energy E, can be found. Furthermore the
nature of this plot can give information about the

has applied the term “smeared transformation” to
transformations where continuity can be associated
with the stable co-existence of two or more closely
related . structural modifications over a range of tem-
perature. The Arrhenius plots may therefore provide
direct evidence on the character of the transforma-
tion (Fig. 2).

b) . Experimental Results.

Similar methods for the derivation of rate constants
have been used by other workers employing measu-
rements of electrical conductivity and diffusion coeffi-
cients for the physical parameter ¢ (see URBELOHDE).
McKrg (1959), in a study of the high-low transfor-
mation of yoderite, an alumino-silicate, first applied
the treatment to X-ray data; in this work, he used
the fading in intensity of certain subsidiary X-ray
reflexions as a measure of the rate of transformation.
Later 'McConnerr, and McKrie (1960) started the
present work on the feldspars with a kinetic analysis
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Fig. 2. - Hypothetical Arrhenius plots of discontinuous (1)
and continuous (2) transformations.

of the data of MacKENzIE (1957) on the hydrothermal
treatment of NaAlSi;Og under isobaric, isothermal
conditions. Here again X-ray data provided the
physical parameter, but this time the variable separa-
tion of two lines on the diffractometer trace was used
as a measure of ¢. Since then there has been further
experimental work done with a view to obtaining
similar analyses of other transformations in the pla-
gioclases, but the amassing of the data is tedious and
often difficult, so that T am able only to give a progress
report on this work. Firstly

Log. k

Fig. 3.—Plot of logk vs. T-.
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The hydrothermal treatment of NaSi;AI0s: Mc-
ConNeLL and McKie (1960) found evidence irom
MacKenziE’'s data (1957) for a smeared thermal
transformation of considerable magnitude probably
in the range between 575° C. and 625° C. for P=.0
14000 1b/in* (Fig 3). The activation energy for the
transformation was determined as 60 keal./mole.
The discontinuous or smeared transformation at about
600° C. implies that there is a rapid change in the
degree of order of Al and Si, with slower changes
above and below the critical region. The activation
energy for the transformation is compatible with a
rate-controlling diffusion mechanism involving Al-Si
order in the structure. The Si-O bond energy has
been previously estimated as of the order of
90 kcal./mole. This does not imply, however, that
the réle of the sodium atoms in controlling the trans-
formation can be discounted.

Dry heating of NaSi.AlOs: From some data on
dry heating obtained by MacKEenzIE, it was found
that there is a profound difference between the equi-
libration rates for dry and hydrothermal transforma-
tions, being 200-2000 times slower under dry condi-
tions. It seems probable that this must be directly
associated with the direct participation of water or
its dissociation products in the transformation me-
chanism. McConNeLL and McKie have begun to
investigate this further by obtaining more data for
dry heating.

Dry  heating of intermediate plagioclases: We
thought that the rate constants could be best deter-
mined by measuring the rate of disappearance of the
subsidary type (e) reflections in the manner that had
previously been done for yoderite. A specimen from
the Stillwater complex, Angs, has been used for this
difficult work. To date, a satisfactory rate curve has
been obtained at one temperature (1050° C.) by Bown,
but results at other temperatures have not been con-
sistent.

Dry heating of anorthites: We have also looked
into the possibility of investigating the rapid, rever-
sible transformation primitive — transitional — body-
centred anorthite in this manner. As a measure of
the transformation, both the rate of disappearance of
the (111) reflexion, and the change in the B angle
of SMITE and Gay (1958) have been used. In both
cases, limitations of experimental accuracy have so
far prevented any rate curve from being determined.

c) Petrological Considerations.

Clearly at the present stage of the work the petro-
logical applications are very restricted. The impli-
cations of their work on the albites have been summa-

11
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rised by McConNeLr and McKig, but they add very
little to what we have already known about the occur-
rence of low and high albites. Nevertheless fuller
studies are likely to yield much more specific infor-
mation which will ultimately be of value in petrolo-
gical interpretation.

In the second half of this contribution I want to
discuss a different topic with which Dr. I. D. MuIR,
as well as some of my other colleagues already men-
tioned, has been concerned.

THE FELDSPARS OF THE SKAERGAARD
INTRUSION

So far as we know, modern techniques have not
been applied to the detailed study of the feldspars of
an igneous complex. We have examined the struc-
tural states of plagioclase feldspars throughout a sin-
gle intrusion, and have attempted to relate these,
where possible, to any other thermal data available
from studies of associated minerals. In this way, we
can find out how much light is thrown by such an
investigation on any interpretation of the cooling his-
tory of the complex. The well known Skaergaard
intrusion is ideally suited for this type of work, for
the careful and detailed study of WaGeEr and DEeer
(1939) together with the work of later authors, has
resulted in its petrology being better known than
that of any other complex. We are indebted to Pro-
fessors WAGER and DEER for their kindness in pro-
viding specimens.

a) Scope of the present work.

Examination by some physical method, usually
optical or X-ray, gives properties which reflect the
atomic configuration which exists within the feldspar,
and we can then assign some structural category, high,
high-transitional ... low: but these determinations do
not fix the previous history of the specimen with any
certainty. Thus deductions concerning the thermal
history of rocks in which the feldspar occurs must
necessarily be supported by other evidence, which can
often be provided by a study of the associated mine-
rals in the rocks.

With these limitations in mind, we have studied
the feldspars, mainly plagioclase, from about 30 rocks
selected as typical of the chilled margin, the marginal
border group and the laminated and wunlaminated
layered series of the intrusion. The feldspars from
each rock have been examined by optical and X-ray
methods. Thin sections cut from each specimen were
studied by universal-stage methods, whilst the X-ray
examination has been carried out mainly on selected
single crystals typical of the feldspar of the selected
rock. The optical and X-ray examinations can be
regarded as complementary, each yielding independent
data to correlate and combine to give a reliable
assessment of the structural state of the particular
feldspar. Our results show that there is an excellent
correlation between the optical and X-ray determi-
nations, so that the structural states must be regarded
as established with some certainty.

Table 1 (a).

Pracrocrases oF THE MARGINAL Rocks.

Optics X-ray
Rock Type No. Location S
Comp. State Comp. State

Marginal Border Group., ..... 1837 30 m. from contact Ang, L-T Ang, L-LT

4500 Ang; L Angs + 5 L-T (®)
Perpendicular Feldspar Rock . . 1849 Ange— o3 L n.d. n.d.
Chilled Matgin . owntec ivuie, 4507 25 m. from contact Angs — 46 LT Anos 42 LT

1724 25 m. from contact Ang, Al ANgy + 2 T

1825 3 m. from contact Angg T Ang, i

Classification of Struciural State.

L = low; T = transitional; H = high, with combinations e.g.; LT = low-transitional; L-LT = low to low transitional.
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Table 1 (b).

PLAGIOCLASES FROM THE LAYERED SERIES.

Optics X-ray
Rock Thpe No. Height (in m.) e =
Comp. State Comp. Staie
Unlaminated Layered Series......... 4136 2750 Ang,, L-T Ang, (3) T @)
4139 2600 Any, L-LT — TH
1883 2500 An,. TH — TH-H
BEGTOgabbros . sl vs i s e 1881 2450 An,, H = H
4142 2450 An,, TH — H
1713 2450 Ang, LT Ang, L
4143 2400 Ang, T — TH
1974 2375 Ang, LT Angy+y LT
4144 2300 Ang, TH — H
4145 2200 An,g TH — H
4146 2100 Angg TH — H
4147 2050 Angy T An,o T
4272 2000 Ang, LT Anys 42 L-LT
1907 1800 Ang T Ang; 4o Ar
2580 1700 Anyy LE Angg+o LT,
Middle Gabbrosiae: e, ons s i .o 3655 1500 Any, L-LT Ang 4z L
3661 1200 Angg L Angst L
1691 1050 Ang, L Angz+a L
Hypersthene-Olivine Gabbros..... ... 2307 8s0 Ang, E Ange+2 I
4077 500 Angs L n.d. n.d.
4084 350 Angs L Angg +2 L
Transitional Layered Series ......... 4087 o Angs i L Ang; + » L

Classification of Structural State.

L = low; T = transitional; H = high, with combinations e.g.; LT = low-transitional; L-LT = low to low transitional.

b) Experimental Results.

The results for plagioclase feldspars are very briefly
summarised in Tables 1 (a) and 1 (b).

Leaving aside any significance of the results for
the moment, it is interesting to compare the correla-
tion between the optical and X-ray determinations.
For structural state, with one exception, there is very
good agreement between the two methods; for com-
position determination, the discrepancies are more
marked. This is probably due to the marked zoning
which occurs in many of the plagioclases. Summa-
rising very briefly these and other results, the plagio-

clases of the marginal rocks all seem to deviate -

slightly from the low state; it has not really been
possible to establish any systematic trend in the struc-
tural state with distance from the contact. Within
the layered series, ignoring minor variations, we may
summarise by saying that up to the level of the top
of the middle gabbros the plagioclases have a low
structural state, but in the lower ferrogabbros transi-
tional structural states have been observed. In the
upper ferrogabbros, the plagioclases approach a high

structural state; at about the level of the purple band .

at the top of the laminated layered series, a change

towards low states is encountered locally. From the
unlaminated layered rocks, the plagioclases are in
transitional states, whilst we have also found similar
states in both the sodic plagioclases and alkali-feld-
spars, of the still Jater formed granophyres.

i. i s |
c) Associated Minerals.

In this intrusion a magnificent range of pyroxenes
is found, which have been extensively studied in
detail (Mur, 1951; Browx, 1957; Bown and Gay,
1960). We have made additional observations rele-
vant to the present work. Other associated minerals
which can be valuable in the present study are the
iron ores and the silica minerals. We shall not
comment further on these minerals here save to say
that all these observations help in the interpretation
of the significance of the structural states of the
feldspars.

d) Cooling Hypothesis for. the . Iﬂ_z?tms'ioﬂ. :

There is not the time here to discuss how all the
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lines of evidence may be fitted in an attempt to obtain
a coherent picture. I will attempt only to summarise
the present position. :

In the chilled margin most of the feldspars deviate
slightly but significantly from the low state. If the
intrusion is pictured as being injected quickly into
the surrounding mass of cold rock, whereas the ex-
treme margin would be chilled rapidly initially, there
would soon be established a temperature gradient in
the margin rising towards the inner contact with the
still molten magma. Thus although we may expect
to find deviations from the low state in feldspars near
the outer contact, these deviations should become
smaller with increasing distance from the country
rock. On the whole, the experimental evidence tends
to support this.

By the time the lowest exposed rocks of the layered
series were formed, a vigorous convective circulation
had been established in the magma chamber due to
the predominant loss of heat through the roof (WAGER
and DEER, 1939); this would prevent the development
of any considerable temperature gradient in the liquid.
In this way fresh supplies of hot liquid would be
kept in contact with the newly crystallised rocks, and
the temperature gradient in these, once established,
should be maintained for a considerable time with the
temperature at any one point decreasing very slowly.
Thus in the lower part of the layered series we find
feldspars in the low structural state (and regular
exsolution in the pyroxene). When the lowest ferro-
gabbros were forming, the temperature of the remain-
ing magma wou'd be slightly lower than it was
initially and only 10-15 % of the original liquid would
remain. [t is about at this stage in the intrusion
that the plagioclase begins to deviate from the low
state: also in this region there are changes in the
exsolution textures of ore minerals and pyroxenes.
All the gradual changes in the mineralogy suggest
that it is the rate of cooling of the magma through
a critical temperature range which was responsible
for the plagioclase not being able to invert completely.

At about the level of the purple band, there seems
to have heen a breakdown in the convective circula-
tion in the remaining magma chamber, together with
an increase of the volatile content of the magma. The
plagioclases of the rocks examined at this stage fall
into two categories, a group which are effectively
high, and a group which deviate only slightly from
the low state. It seems possible that the explanation
of these two groups is related to their position within
the remaining magma chamber. It is difficult to
assess the precise dimensions of the magma chamber
at this stage but it would seem that specimens within
the high group have probably come from the margin,
whereas those in the low group seem to have been
nearer the centre of the magma pool. It could then
be suggested that those nearer the margin would cool
more rapidly through the critical temperature range,

whereas the increased volatile content and the slower
cooling near the centre of the magma might account
for ‘ghe low structural state of the second group of
specimens.

In the latest stages, represented by intermediate
and acid granophyres injected into the still hot rock
of the intrusion, both sodic plagioclases and alkali
feldspars are common. The plagioclases are in a low
structural state in nearly all cases. The alkali feld-
spars are unmixed into an effectively peristeritic pla-
gioclase and a potash-feldspar component; the latter
is triclinic with an obliquity varying from almost zero
in the intermediate granophyre to maximum micro-
cline in the acid granophyre.

e) Conclusions.

In the short space available to us here, it has only
been possible to develop one aspect of this work; we
have omitted all the detailed supplementary and inter-
related evidence which can be obtained from studies
of minerals other than feldspars. Nevertheless it is
clear that even with our very imperfect knowledge
of the plagioclases, we can confirm and extend the
ideas of the cooling history of the Skaergaard Intru-
sion first put forward by Wager and Deer (1939).
We believe that detailed studies such as the present
could be applied with profit to other similar problems,
provided that the rocks containing the feldspars had
also been as carefully examined as those of the
Skaergaard Intrusion.
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DISCUSSION

Laves (Zirich): dynamical considerations with respect to the albite (high-

low) transformation rates as represented in Gay’s paper by

As Prof. SmitH mentioned before (a written remark of fig. 3 could be correlated rather nicely to the model of struc-

this was not handed to the chairman, however) it is interest- tural Al/Si-distribution changes proposed by me. (Z. Krist.
ing that McCoNNELL and McKiIg's results of the thermo- 113, 1960, p. 280, fig. 7).




Instituto <Lucas Malladas, C. S. I. C. (Espafia).
CURSILLOS Y CONFERENCIAS. Fasc. 'VIII, pp. 167, septiembre 1961.

Bibliography of papers dealing with structure analyses of felspars

by HELEN D. MEcaw
Cavendish Lahoratory, Cambridge, England

This List is restricted to papers concerned with the description of structures in terms of detailed coor-

dinates. Papers concerned with reciprocal-lattice geometry and its interpretation in more general terms,
or with effects of texture, are not included.
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FIRST

The first Session of the General Business Meeting of
Delegates of the different Member Societies of the Associa-
Hion was held in Copenhagen on August 22nd., 1960. 36 Vo-
ting delegates and about 100 mineralogists were present re-
presenting all the Member Societies of the Association (*).

After the calling of the Delegates by the President, the
session proceeded according to the agenda.

Opening.
The President, Prof. Parker, presented the following :
«ReporT on THE PrESENT State oF THE [ M. A

Tt is not proposed to devote the present report to specific
happenings of the past year as these are dealt with in the
reports of the Secretary and Treasurer, but rather to certain
matters of principle which have called for our attention and
which by their nature seem likely to be topics that will
ficure also on the agenda of the newly-elected Council.

1. Composition of the I. M. A—TIn Madrid the I. M. A,
was conceived as a free Association of National Mineralo-
gical and similar Societies and this we believe to have been
a most happy decision. We hope that this composition will
continue to be a characteristic feature of the 1. M. A. We
must, however, express the belief that the active participation
in the affairs of the Association of the Member Societies
as such (in contra-distinction to that of the delegates as
individuals) should be more pronounced than hitherto. Dis-
cussions on matters of T. M. A. policy, etc., held at internal
meetings of the various Member Societies and motions res-
pecting policy, status, etc., tabled in the name of a Member
Society and not of individual delegates should be encouraged
as much as possible. Any increase in the number of such
motions would be a welcome sign of increasing general
interest in the activities of the I. M. A. Certain suggestions
for thus stimulating the participation of Member Societies
and for increasing their responsibility for the functioning
of the T. M. A. will be made presently.

IT. Constitution of the I. M. A—The original constitu-
tion as drafted and approved at Madrid was in some respects

(*) With the exception of Bulgaria.

Commission on mineral data.

Museums commission.

Commission on new minerals and mineral names.
Appendix : Recommendations of the Commision on mineral

data. !
Preliminary annotmcement. 1962 TMA Meeting, Washington
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SESSION

inadequate and required the revision accorded it at the
Ziirich meeting. Though the revised constitution was for-
mulated with much care and after detailed discussion ELTS
likely that certain improvements in wording and substance
can still be effected. Thus, to give an example, it would
seern that the rules of procedure for nominating Candidates
for election to the Council might well be stated more sharply
than is the case at present and formulated in the Bye-Laws.
The only rule in this connexion laid down in the present
Statutes states that
«Persons occupying ... post (in the Council) must
be Members of a Member Society.
There shall not be more that one Member of the
Council from any Member Society, nor shall any one
person hold two offices simultaneouslys.

Further guiding principles are left entirely to the discretion
of those in office. In the present instance the following direc-
tives were suggested by the President:

(6] Tt is desirable to retain in the Council Members who
by their activity and knowledge of the affairs of the
Association are particularly capable of carrying on its
business.

(i) Tt is desirable (with the restriction just mentioned)
ta allow as many Member Societies as possible to par-
ficipate in the conduct of the affairs of the Association.
As the number of offices is very limited this principle
involves asking several present members to the Council
to make way for colleagues from other countries.

These principles have, however, not met with general accep-
tance and it has been urged that the interests of the Associa-
tion would be better served by appointing new men to all
offices. The rule restricting to one the participation of mem-
bers of any given Member Society has considerably added to
the difficulties experienced in setting up a suitable list of
candidates for presentation to the Delegates at the Business
Meeting and may call for revision. In any case we feel that
those in office should be provided with more adequate gui-
dance on the desirable mode of procedure.

A notable innovation in the revised Constitution is the
method of assesing the dues of Member Societies. It is as
vet too early to judge whether the modified system will prove
satisfactory, but the matter should, we think, be kept under
review with the object of ascertaining whether the scheme
adopted is in effect beneficial to the Association.
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TIT. Activities of the I. M. A—The activities of the Asso-
ciation as provided for by the Constitution, namely the main-
tenance of Commissions to deal with certain organizational
and scientific aspects of mineralogical practice and the hold-
ing of Symposia on various mineralogical themes are, we
helieve, proving entirely satisfactory and have already provi-
ded excellent results. The reports that have come in from
the Chairmen of Commissions are most encouraging and indi-
cate that real headway has been made toward the resolution
of numerous problems affecting the day-to-day work of mine-
ralogists the worldover. Care, must, however, be taken to
prevent overlapping in the terms of reference of the indivi-
duals Commissions. Steps have been taken to correct some
existing instances of this kind and others may well be neces-
sary in future also. Motions to create new Commissions to
deal with petrographical matters and the teaching of minera-
logy have our full support and we think that vet others lying
within the scope of the I. M. A. may usefully be created in
the future and will through the channel of international dis-
cussion bring clarification where it is needed. A commission
on Meteorites has heen suggested and ‘would be a case in point.

The symposia hitherto held have been very satisfactorily
supported and the Volume lately published in Madrid con-
taining the proceedings of the Ziirich Meeting which is the
first printed publication of the Association testifies to the wide
variety of topics treated at the 1959 meeting. In this conne-
xion the opinion may be recorded that the I. M. A. Sym-
posia seem particularly appropriate occasions for discussing
controversial matters, the treatment of which before an inter-
national audience may do much to promote understanding and
clear up misconceptions. 'The Symposia on Twinning (1959)
and Feldspars (1960) are good examples of this kind and
show that the impact of different opinions imay be quite as
important and interesting as the communication of specifically
new material. Speakers in the discussions should always be
asked to give summaries of their remarks for publication.

For the satisfactory future functioning of the Commissions
as also for obtaining the desired speakers in Symposia, ques-
tions of finance are likely to play an increasingly important
role.

IV. General Meetings of the I. M. A—We believe that
the individuality of the Association can best be maintained
by holding its meetings apart from those of other bodies.
Independent meetings enable delegates to devote their atten-
tion solely to I. M. A. affairs beside facilitating the so
necessary intercourse of the delegates among themselves.
Unfortunately practical reasons of time and expense and
the overburdened schedule of International Congresses tnake
it essential for some degree of mutual adjustment of the
times and places of congresses to be arrived at. In our
opinion such adjustments should aim at reaching a reaso-
nable distribution of congresses rather than their concentra-
tion at the same times and places. The 1960 meeting of the
I. M. 'A. has {in spite of the misgivings of a minority) been
timed to coincide with the International Geological Congress.
For reasons beyond our control our programme has had
to be concentrated into 4 days which accordingly are so
filled as to leave no time for Delegates to attend the sessions
arranged by the Congress for those same days. This to
a certain extent makes illusory the supposed advantages of
holding the two meetings simultaneously. Further draw-
backs of large congresses are the problems of accomoda-
tion, etc., that inevitably arise.

A convenient distribution of congresses would be much
easier to achieve if the chief International Bodies dealing
with the earth and crystal-physical and -chemical sciences
could come to an agreement regarding the scope of their
respective activities. Tt is suggested that the 1. M. A.
should strive to arrange a meeting of representatives of the
various International Bodies at which efforts would be made
by mutual concessions to reach a measure of agreement in
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this matter. ‘The I. M. A. would endeavour to obtain for
itself the monopoly of certain subjects that are by tradition
assigned to Mineralogy and Petrology. A rota of Congres-
ses could then be worked out, the choice between the one
and the other of which would he made easier for scientists
by the fact that any specified field of interest would, at
least in the main, figure on only one of the programmes.

Experience gained in connexion with the Madrid, Ziirich
and Copenhagen meetings shows clearly the advantage of
having a responsible member of the Council on the spot
who is able to promote the interests of the Association by
making full use of local interests and amenities. Steps to
make these considerations effective are suggested in para-
graph V1.

V. Finances of the I. M. A—The fundamental fact to
be faced in connexion with the finances of the Association
is that the membership dues are the only ordinary source
of income available at present and that these are hardly
sufficient to pay all those working for the I. M. A. their
day-to-day (office) expenses which by common consent have
priority over all other forms of expenditure such as travel
expenses, etc. In view of this it is most gratifying to note
that the Committee and Commission meetings hitherto held
have been satisfactorily attended even when held apart from
a General Meeting (as 'was the case for the Council meet-
ing in Ziirich in January 1959 and for the meeting of
the Abstracts Commission in Paris in February 1960). It
is also to be noted that hut few discussions and differences
of opinion about financial matters have arisen. The fact
remains, however, that there is a limit to the demands
for the self-financing of journeys that can be imposed on
the Officers, Councilors, Commission Executives, and invi-
ted Speakers and it is feared that if steps to facilitate their
attendance at meetings are not taken such attendances
will inevitably decline. In principle the revised statutes
envisage the payment of travelling expenses. In practice
funds have hitherto been lacking to provide help equitably
and on an adequate scale. While the opinion has been
expressed that those desiring to attend a meeting in one
of the official capacities mentioned above will generally
be able to obtain financial help from outside sources, e.g.,
their National Organization (National Research Council,
National Mineralogical Society, etc) an entirely opposite
view has also been voiced. The latter stresses the fact that
applicants who are not delegates of a Member Society (and
this applies to a majority of the Officers, Commission Exe-
cutives and invited Speakers) will find it hard to induce
their National Organization to meet expenses which are
incurred in the service of the I. M. A. and which by rights
should be born by the I. M. A. itself. Remedies for this
state of affairs which (in contrast to those involving outside
help) lie in the hands of the Association itself include the
following :

€)) The adoption of a notable increase in the value of
the suscription wunit.

(i) The restriction in number of General Meetings so
that the surpluses from subscriptions over a number
of years could accumulate and be used at least partly
to defray expenses.

Of these possibilities the first should, in our opinion, be
rejected. To be really effective the increase in subscriptions
dues would have to be on so large a scale as probably to
be prohibitive at least for the smaller Member Societies.
Because it must certainly remain our aim to attract and
retain as wide and comprehensive a membership as possible,
subscriptions must be kept reasonably low and any increases
made in the walue of the unit remain small. On the other
hand, the second possibility should, we think, be carefully
considered and meetings should be planned to take place at
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intervals long enough to allow a certain accumulation of
funds but not so long as to lead to a loosening of the ties
formed at each meeting and to a drifting apart of the Mem-
ber Societies. All things considered it seems possible that
a three-year period between meetings might be the most
generally satisfactory. Such a period would lead to the
I. M. A. meetings coinciding periodically but not regularly
with those of other bodies the meeting of which are based
on a two or four-year rhythm. Even ‘'with this rather
wide spacing of meetings it would be necessary to economise
in travel expenses as much as possible.

VI. Future development of the I. M. A—Though the
future development of our Association will be a matter for
the attention of the newly-elected Council, it will, we be-
lieve, he in order to pass on for its consideration certain
premises for the satisfactory future working of our Asso-
ciation :

(1 The National Societies composing the I. M. A.
should participate as actively as possible in the con-

- duct of its affairs.

@ The I. M. A. can only fulfil its functions if it holds
rather frequent meetings and symposia.

(3) Such meetings should have as wide a geographical
distribution as possible.

(€)] (General Meetings should be held at the invitation
of a Member Society and under its direct auspices
and organization.

(5) No general Meeting can properly be held at which
the Members of the Executive Committee {President,
Secretary, Treasurer) and the Commission Executives
are not present. (There will, of course, be exceptions
for health and personal reasons.)

) It would be wholly undemocratic to elect as Offi-
cers, etc., persons of whom it is taken for granted
that they will be able to pay their own expenses for
travelling to and staying at the places where the
meetings are held.

The President made also some remarks on_the procedure
of the Sessions. After this, the following Report of the
Secretary was taken as read.

REPORT OF THE SECRETARY.

The rapid development of the Association in 1958-59 made
apparent the need for a General Meeting of Delegates.
Such a meeting was held in Ziirich from August 29th. to
September 7th. 1959.

The Ziirich Business Meeting.

Very important for the progress of the Asociation was the
Ziirich Meeting. Delegates from the following Mineralo-
gical Societies assembled:

Union Minéralogique Belge (Belgium).

The Mineralogical Society of Canada (Canada).

Dansk Geologisk Forening (Denmark).

Koninklijk Nederlands Geologisk Mijnbouwkundig Ge-
nootschap (The Netherlands).

Deutsche Mineralogische Gesellschaft (Germany).

Societa Mineralogica Ttaliana (Italy).

Grupo de Mineralogia — Real Sociedad Espafiola de Histo-
ria Natural v Sociedad FEspafiola de Ciencias del Suelo
(Spain).

The Mineralogical Society of America (U. 8. A.).

Mineralogical Society of Japan (Japan).

Norsk Geologisk Forening (Norway).

Bulgarian Geological Society (Bulgaria).
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Société Francaise de Minéralogie et de Cristallographie
(France).

The Mineralogical Society of Finland (Finland).

Osterreichische Mineralogische Gesellschaft (Ausiria).

Ceskoslovenska SpoleCnost pro Mineralogii a Geolog
(Czechoslovakia).

All-Union Mineralogical Society (U. S. R).

The Mineralogical Society of T,ondon (GreaL Bn‘rain}.

Schweiz. Mineralogische und Petrographische Gesellschaft
(Switzerland).

Geologiska Féreningen (Sweden).

and the Meeting was attended by more than 100 active
members.

Among other things, a revised Constitution was adopted
and the four Commissions (Abstracts, Mineral Data, New
Minerals and Mineral Names and Museums) reported to the
Assembly of Delegates.

A, full report of the minutes of the Business Meeting as
well as the new Constitution were published in «Cursillos
vy Conferenciasy of the Instituto Lucas Mallada. Madrid.
Spain (7° (1960) 101-106).

Symposia on Twinning and Alpine Fissure Minerals.

Two Symposia ‘were held at this meeting: One on
«Twinningy where M. J. Buerger, H. 'Curien, J. {D. H.
Donnay and H. Curien, P. Hartman, W. T. Holser 1. Kos-
tov, A. von Neuhaus, and T. Sunagawa presented papers; the
other on «Alpine TFissure Mineralsy where G. Fagnani, D. P.
Grigoriev, M. A. Kaschkai, J. Lietz and M. R. Hanisch, Ro-
bert L. Parker, and T. von Schadlun presented papers. Prof.
M. J. Buerger 'was Chairman of the Symposium on «Twinn-
ings and Prof. H. E. Wenk of the Symposium on «Alpine
Fissure Minerals».

Excursions.

Two field excursions were also held with about 25 par-
ticipants in each. The Fast excursion was lead by Burri,
de Quervain, Wenk and Weibel and the West excursion was
lead by Niggli, Nowacki, Hilgi and Styger.

New Members.

The Executive Committee of the T. M. A. accepted the
membership of the following Mineralogical Associations:

Mineralogical Society of New Zealand.
The Geological Society of Egypt.
Mineralogical Society of India.

Convmissions.

The following persons were added to the different Com-
missions:

1. Abstracts.
Mrs. J. Mincheva-Stefanova (Bulgaria).
Dr. R. Van Tassel (Belgium).
Prof. I. Oftedal (Norway).
Dr. W. A. Watters (New Zealand).

2. Mineral Data.
Mrs. V. V. Breskovska (Bulgaria).
Prof. M. E. Denaever (Belgium).
Prof. 1. Oftedal (Norway).
Prof. D. S. Coombs (New Zealand).
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4. Museums.
Prof. Tvan Kostov (Bulgaria).
Ing. A. Hubaux (Belgium).
Dr. Henrich Neumann (Norway).
Dr. J.-J. Reed (New Zealand).

3. New Minerals and Mineral Names.
Prof. Ivan Kostov (Bulgaria).
Prof. J. Thoreau (Belgium).

Dr. Henrich Neumann (Norway).
Prof. D. S. Coombs (New Zealand).

Iinanszes.

Prof. D. Jerome Fisuer presented the following treasurer’s report:

ReporT oF THE TREASURER CovEerING JurLy 1, 1959 to Jury 1, 1960.

Receipts.
Dues for July 1, 1958 - June 30, 1959 (Note 1).

MineralogicaliSocieties of Japanu8M)anils 8. S 3R AI0) o .o, o o o i Snis e it e e e 160.—
Dues for July 1, 1959 - June 30, 1960 (Noze 2).
Mineralogical Societies of Austria (20), Belgium (20), Canada (30), Czechoslovakia (20), Denmark (20), Fin-
land (20), France (70), Germany (50), Great Britain (40), India (20), Italy (40), Japan (30), Netherlands (20),
Norway(20):Sweden 0) rand the W SESTREA0), Uit s o vvpin e S hai i s wa iy faein e e S e T R 590, —
Dues for July 1, 1960 - June 30, 1961.
Mineralogical Societies of Czechoslovakia (30), Denmark (30), Finland (30), Germany (90), India (30), Italy (80),
Norway«30)5:Spaini(30), Switzerland:(30), andifthe U..5. A (150) o Lo on s winmas o oodismiitn paniin 510. —
Total receiptS...vsvnss AR S N L N e e R e e A R B 1,260. —
Gashtop han dsas o g B L erins o vvaieh s, am sita die R R R SR e e 377.35
Gran e L e s O e L i ey e e A L e e e . 1,637.3%
Disbursements.
President’s office (Note 5).
Bostaoe s e L R s e e e el T T e o ST e 15.98
Printing: "Reportiof Znmichime cbingiin N ELIEE . o wes v s ssin diste by g Sia e i = o slfe (AT S ot Lot 10.38
PrinfingsProsrametfor Eopenhap e MM e el ROy e, e L L i i e (e b e ine ol s e e ek 132.33
Bank Exchange (0.58) and advance from Tresurer (0.73)..... o b LN Gl s e 1.31
Total Vs dnnie s Sinns ws 160.—
Secretary’s office.
Posiaoedin. oaliine A siiat st tis wl e Sl st ol s e N Lk L AL A e L S AT 66.67
ShationefyEs e feliain Fol s RIS a L AR P B et Sl T R B B 8.33
Daplicating i i e L8 o R Sk e e e s e e L e VR A 12.50
Ly pigtei. Spat ool So n it e sl p i s i o e o0 40 SRR L BE BRI TS S S T 66.67
Fotalina St te s 154.17
Treasurer’s office.
e o e R o P i v R S 22.38
1. M. A. letterheads (2000) ... ...vuven.- R T L e S e R Gy 30.21
Bariceh atoesronsdraltie Saaie Snfatibdan b harl S0 o s o e e Dl s S e 1.15
hatal: St Lo 53.74
Motaledishursemae nlisiel S ite By Sl B Se e LA ted o gl on s SCHR S SSRASR Ul i ek 367.91
Eash odthandiasseiflnlyaCaiga0:=: . oo mde el S LaRilie o T R e 1,269.44
Grand totalBNRSTATAallars) o n ok i i e g e 1,637.35

Respectfully submitted

D. JzroME FisHER

Treasurer
Note 1. Payment of dues by the societies of the other only costs of the Ziirich meeting to the Association
12 countries represented at Madrid (April 1958) were printing bills totalling $ 46.29. OQOutlay on
appeared in last year’s report. this modest scale was made possible by the hospi-
Note 2. Payment of dues by Spain (20), Switzerland (20), tality of the town of Ziirich, by very generous
and the U. S. A. (120) appeared in last year's finalcial aid accorded President Parker by various
report. Swiss firms, and by the voluntary help of nume-
Note 3. Particular attention is called to the fact that the rous peaple,
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OtuEr [rEMS.
Auditors.

Adopting the proposal of Prof. Font Altaba, the Delega-
tes appointed Drs. Clausen and 'Wenk as auditors and scruti-
neers to the Association for the period of the Second General
Business Meeting.

Commassions.

Since several Commissions had meetings later in the day
after the Assembly, the President suggested delaying the
reports of the Chairmen of the Commissions until the second
session of the Business Meeting.

In relation to the question raised in Ziirich of merging
the Commissions on New Minerals and on Mineral Data,
the President informed the Business Meeting that a meeting
was held by the Chairmen of both Commissions and that
after a fruitful discussion of the different points of view
the need of maintaining both Commissions was agreed on.
The question of limiting the work of each commission was
also decided. Thus the President considered that both Com-
missions must continue being independent, and this was
approved by the Delegates.

Revission of the Constitution.

The following changes in the Constitution were moved and
adopted by the delegates:

The last sentence under Article 4 B. The Council, Sec-
tion @) changed to read: Not more than one resident member
of any Member Society may be a member of the Council ;
nor shall any one person hold more than one office.

Article 5. Finances. Delete consecutive from the second
line of Section ¢). Add a new Section f). The Member So-
ciety shall be re-instated in the membership of the Association
and again assume the rights and duties of members after
having paid all out-standing dues.

New Commissions.

The President reported on the work of the Committees
that studied the desirability of creating new Commissions.
The formation of a Commission on the Teaching of Mine-

SECOND

The second Session of the Business Meeting of the Dele-
gates was held on August 24th. at 9.30 am. at the same
place. The President opened the Session by calling the roll
of Delegates, after which Business proceeded according to
the agenda.

Report by the Auditors.

The Auditors moved the acceptance of the Treasurer's
Report as presented. The motion was seconded and accep-
ted unanimously.

The Treasurer explained the financial status of the I. M.
A., and suggested that the value of the unit remain at US

15.—This was approved.

Reports of the Commissions.

The Chairmen of the four Commissions reported on the

ralogy (suggested in Ziirich) was discussed, and the Dele-
gates agreed that such a Commission should be formed.
On the contrary, the President stressed the point that the
proposed Commissions on Petrographic Nomenclature and
on Meteorites should await the development of the existing
commissions in the International Geological Congress, and
suggested appointing Liaison Members to both Commissions
of the I. G. C,, and that they should report in future to
the I. M. A.

Prof. Font Altaba suggested the appointment of a Liaison
Member to the International Union of Crystallography, and
Prof. ORrciL another to the Geochemical Society.

Accordingly, the President was empowered to nominate
suitable people for these activities, and the nominations were
to be made public for approval at the Assembly in the
Second Session of the Business Meeting.

Elections.

The President reminded Delegates of Art. 11 and 12 of
the Constitution regarding nominations for elections to the
Counecil.

Publication of Ziirich Symposia.

An announcement was made by the President that the
papers presented at both Ziirich Symposia were already pu-
blished as an issue of «Estudios Geoldogicosy in its series
«Cursillos ¥ Conferenciassy by the Instituto Lucas Mallada
Madrid (Spain) and that orders could be placed at the sell-
ing price of $ 1.50 (or 90,— Pesetas) to the Secretary.

Next Meeting.

The President called the attention of the Delegates to
the possibility of receiving an invitation for the next Meeting
of the I. M. A. Prof. Fisher on behalf of the Mineralogical
Society of America invited the Association to hold a
Meeting in 1962 in Washington, D. C. at a suitable time.
After a discussion, the Assembly tendered their hearty
thanks to the inviting Society and agreed to hold the meeting
at Easter time,

Prof. Guillemin raised the question of the great number
of Congresses that are being held, and of the necessity of
having longer intervals between Meetings.

The Session was ajourned, to be continued on August
24th. at 9.30 am.

SESSION

“work done by their Commissions. All the reports were
followed by discussion and accepted. See reports.

Elections.

Having been posted in due time by the Secretary, the
following were declared nominated for election as officials
of the I. M. A.:

President: D. J. Fisher, M. J. Buerger; lst. Vice-Presi-
dent: C. E. Tilley; 2nd. Vice-President: D. P. Grigoriev,
G. P. Barsanov; Secretary: J. L. Amords; Treasurer:
L. G. Berry; Councillors: P. R. J. Naidu, Th. G. Sahama,
H. G. F. Winkler.

Commission on Abstracts: Chairman: E. Omnorato, M.
Fornaseri; Secretary: N. F. M. Henry, R. van Tassel.

Commission on New Minerals and Mineral Names:
Chairman: M. Fleischer; Secretary: C. Guillemin.

Commission on Museums: Chairman: C. Frondel; Secre-
tary: F. Leutwein.

-]
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Commission on Mineral Data: Chairman: H. Strunz;
Secretary: A. Pabst.

Commission on Teaching: Chairman: J. Orcel, C. S.
Hurlbut; Secretary: H. J. de Wijs.

Chairmen of Liaison Commitiees: Petrography: C. Burri;
Meteorites: ‘'D. ‘P. Grigoriev; Geochemistry: 'W. E. Heinrich;
Crystallography: F. Laves.

The election proceeded according to the Bye-Laws. The
President explained that the election of those nominees who
were uncontested was automatic and required no vote.
Prof. Onorato pointed out that he and Prof. Henry were
unwilling to serve longer as Chairman and Secretary res-
pectively of the Commission on Abtracts; therefore M. For-
naseri and R. van Tassel were automatically elected as the

QOFFICERS.

D. Jerome Fisher, President.
Rosenwald Hall.

University of Chicago.
Chicago 37, Illinois.

C. E. Tilley, First Vice-President.
Dept. of Mineralogy and Petrology.
University, Cambridge, England.

G. P. Barsanov, Second Iice-President.
Mineralogical Museum.

B. Kalujskaya 16.
Moscow, U. S. S. R.
José L. Amorés, Secretary.
Museo Nacional de Ciencias Naturales.
Castellana, 84.
Madrid, Spain,
L. G. Berry, Treasurer.
Queen'’s University.
Kingston, Ont., Canada.

officials of this Commission. Votes were cast for the other
contested nominations with the following results:

President: D. J. Fisher, 30 votes; M. J. Buerger, 5 votes.

Znd. Vice-President: D. P. Grigoriev, 11 votes; G. P.
Barsanov, 21 votes.

Teaching: J. Orcel, 18 votes; C. S. Hurlbut, 15 votes.

Therefore, D. J. Fisher was elected as President, G. P.
Barsanov 2nd. Vice-President, and J. Orcel as Chairman
of the Commission on Teaching.

After the election the new President took the Chair and
after thanking the Delegates and eulogizing the past Pre-
sident declared the meeting was adjourned.

Accordingly, the officials of the the TMA, for 1960-64. are
those given below :

CouNcILORS,

P. R. J. Naidu.

University of Madras.
A. C. College Buildings.
Guindy, Madras 25, India.

Th. G. Sahama.

Institute of ‘Geology.
Snellmanink 5.
Helsinki, Finland.

H. G. F. Winkler.
Mineralogisches Tnstitut der Universitat.
Deutschhausstr 10.
Marburg/Lahn, Germany.

Past President.

Robert 1.. Parker.
Institute of Technology.
Sonneggstr. 5.

Zurich 6, Switzerland.

COMMISSIONS

Abstracts.
Chairman: M. Fornaseri.
Secretary: R. Van Tassel.
Mineral Data.
Chairman: H. Strunz.
Secretary: IG. T. Faust.
Musewms.
Chairman : C. Frondel.
Secretary: F. Leutwein.

New Minerals and Mineral Names.
Chairman: M. Fleischer.
Secretary: C. Guillemin.

Teaching :

Chairman: J. Orcel.
Secretary: H. J. deWijs,

COMMITEES
Crystallography. Meteorites.
Chairman: F. Laves. Chairman: D. P. Grigoriev.
Geochemistry. Petrographic Nomenclature.

Chairman: E. 'W. Heinrich.

Chairman: C. Burri.

REPRESENTATIVES

Austria: A. Schiener.
Belgium : R. van Tassel.
Bulgaria: 1. Kostov.
Canada: L. G. Berry,
Czechoslovakia: J. Sekanina.
Denmark: H. ‘Clausen.
Egypt: E. M. El Shazly.
Finland: T. G. Sahama.
France: C. Guillemin.
Germany: 'W. von Engelhardt.
Great Britain: C, E. Tilley.

India: K. Rajagopalaswamy.
Italy: M. Fenoglio.

Japan: N. Katayama.
Netherlands: H. J. deWijs.
New Zealand: D. S. Coombs.
Norway: H. Neumann.
Spain: M. Font Altaba.
Sweden: F. E. 'Wickman,
Switzerland: E. Wenk.

U. S. A.: A, Pabst,

U. S. 'S R.: D. P. Grigoriev.
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REPORTS OF THE COMMISSIONS

COMMISSION ON ABSTRACTS
Meetings of the Commission.

After a preliminary meeting of five members, plus the Ge-
neral Secretary of the I. M. A. ex officio, at Ziirich on
January 22, 1959, there was a full meeting of the Commis-
sion also at Zirich on August 30, 1959. This meeting ‘was
attended by delegates from 14 of the 17 member countries
of the Commission, along with 10 observers and visitors.

After a full discussion of the problems, the following re-
solutions were passed unanimously:

(i) That 'we should work for the production of Abs-
tracts in our field of science in a single language for
western countries.

(i1) That in principle each country should abstract its
own journals and that discussions should be opened
with the delegates of the U. S. S. R. to examine the
question of an exchange of abstracts.

A Sub-committee was set up to study the details and to
establish contact with existing organisations, and it was expec-
ted that a report would be ready for the meeting in Angust,
1960. The members of the Sub-committee are:

Professor Barsanov — U. S. S. R.
Dr. Phemister — Great Britain.
Professor Ernst — Germany.
Professor Winchell — North America.
Professor Wyart — France,

The Chairman and the Secretary of the Commission are
members ex officio, and Dr. Van Tassel ‘was appointed to
the Sub-committee as Vice-secretary.

Meetings of the Sub-committee.

The Sub-committee, with all members present, held a meet-
ing later on Aungust 30, 1959. After discussion of the work
to be done, Professor 'Wyart invited the members to meet
again in Paris early in the next year.

The second meeting of the Sub-committee was held in
Paris on February 6, 1960, the members present being :

Professor Ernst, Professor Wyart, Dr. Hey (replacing
Dr. Phemister), Dr. Van Tassel, Dr. Henry, with Dr.
Hocart and Dr. Curien as observers from the Société
Francaise de Minéralogie et de Cristallographie. Apolo-
gies were received from Professor Barsanov, Professor
Winchell and Professor Onorato.

A Draft Plan ‘was worked out for presentation to the Com-
mission.

Chairman’s Comments on the Draft Plan.

1. The Draft Plan presented here is the outcome of se-
veral vears of meetings, formal and informal, many
personal contacts, the exchange of memoranda, and a
very large correspondence, all on an international scale.
Opinions have been sought from those with most ex-
_perience in the actnal production and editing of abs-
tracts in various fields of science as well as in our
own,

There is general agreement that abstracts ought to be
international, but, of course, any plan must be organisa-
tionally efficient and financially sound. We are handi-
capped by not having funds of our own with which to
launch an international abstracts organisation, but by
joining our efforts and our funds it will be possible to
malke a success of the co-operation that is proposed. It
would be easy to raise objections, from one point of
view or another, to any plan that could be proposed.
But if we are to succeed 'we must sink our petty diffe-
rences and we must start working together.

The co-operative idea has the advantage of leaving
each country to collect and select its own contribution
to abstracts. This new proposal has the additional ad-
vantage of leaving the larger countries to manage af-
fairs on a regional basis without interfering with each
other but in {ull co-operation to produce an internatio-
nal publication.

It should be noted that the Sub-committee has found
it necessary to depart from the single-language concept
accepted 1n principle at Ziirich. This has been done de-
liberately after full consideration of the technical pro-
cesses involved. In the opinion of the Sub-committee
the advantages of regional editing are so great as to
outweigh the disadvantages of tri-lingual publication.
It is not too much to expect scientists to be able to
read abstracts in their own field in any of the three
languages agreed upon, and the difficulty of indexing
a trilingual publication is likely to be considerably les-
sened ‘with the new mechanical methods of indexing
that are developing rapidly. The advantages are the
reduction of a load of translation and the availability
of regional finance and effort towards the production
of a publication that would be very costly if all the
weight had to fall on the central organisation.

The Sub-committee is well aware of the wisdom of
not destroying any well-established organisation in or-
der to set up a new project, however attractive the
latter may be on paper in a world that is increasingly
conscious of the need for international co-operation.
For this reason it has put forward the suggestion that,
if the I. M. A. should decide to proceed with this
Draft Plan (modified if necessary), then an approach
should be made to the Anglo-American organisation
with a proposal for joint work over a period of two
years without any change of ownership. This would
give us the experience of 'working together without
destroying anything, and the Sub-committee firmly be-
lieves that this experience would be very successful.

Such a scheme 'would entail only one major alteration
for the Anglo-American Organisation, and that is the
change over to photo-reproduction from electrically-
typed copy. This procedure has recently been investi-
gated by the Secretary of the Commission, who belie-
ves that it offers considerable economies, both in time
and in money, for the kind of publication in question.

The Sub-committee stress the need for special funds
for the translation of abstracts from the Russian, as
this can now only be done on a paid bhasis. All the
work of the Eastern countries is easily available to us,
provided that we have the funds for the translation.
It is. of course, open to any country of the Eastern
group to send their abstracts direct through the I. M. A.

The Sub-committee also proposed a working agree-
ment with the Bulletin Signalétique which could pro-
vide a full list of titles which would appear more
quickly than would be possible with the fuller abstracts
as these would have to be selected and, in the case of



those from the Russian Referativny Zhurnal and from
certain other countries, translated also.

9. Finally the Sub-committee proposed a working agree-
ment between the I. M. A. and the Centre de Documen-
tation in Paris. The Centre is able to supply a photo-
copy or micro-film of any publication for a small fee,
and the I. M. A. organisation could help the Centre
to obtain a copy of any paper published in our field
of science.

E. Onoraro, Chairman ; N. F. M. Henry, Secretary; R. Vax
TassgL, Vice-Secretary.

COMMISSION ON MINERAL DATA

The Commission on Mineral Data had in Zi-
rich 1959 five working sessions, in Copenhagen 1960 one work-
ing session. The meetings were open and guests were wel-
come; only one or two of the 18 members, or their alternates,
of this commission were absent.

Many problems in nomenclature, symbolism and mineral
data were discussed; the voting results were in about one
third of all items unanimous, also in about one third of the
items 'with one vote against, and in the final third with two
votes against. The results were read in the open Business
Meeting of IMA in Copenhagen on August 242 1960 by the
chairman and are recomendations of IMA. They are sum-
marized on the Appendix.

The further work of the Mineral Data Commission will
be the preparation of an International Mineral Data File, for
which the members are invited to submit proposals to the
chairman. Further special proposals of the societies should
be given by the members of the Mineral Data Commission
to the chairman up to June 15t 1961.

G. T. Fausr, ‘Secretary H. Srrunz, Chairman

MUSEUMS COMMISSION

The work of the Museum Commission in preparing a
World List of Mineral Collections continued during 1959-
1960. Representatives of several national societies newly ad-
mitted to the IMA were welcomed on the Commission, and
were informed as to our activities. The guestionnaire appro-
ved at the Zurich meeting was printed (through the coope-
ration of the U. S. National Museum) and copies were made
available in bulk to all National committees. The work
of compiling the separate National lists of collections has been
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completed or is nearing completion in a number of countries,
but much work still remains to be done. The size of the
task is illustrated by the fact thet the U. S. national com-

- mittee alone has already obtained data on about 600 collec-

tions. Possibly scveral years will be required before the
whole project can be completed.

At the Copenhagen meeting discussion will be made of spe-
cific problems encountered during the compilation of the data,
with particular regard to coverage and completeness of res-
ponse. Specific plans also will be discussed for beginning
the second main project of the Commission, that of prepar-
ing a finding-list of type specimens,

F. LevrwelN, Secretary C. Fronpgr, Chairman

COMMISSION ON NEW MINERALS
AND MINERAIL NAMES

The Commission has suffered a great loss in the death of
Prof. Ciro Andreatta, representing Italy.

The Commission has been active by correspondence. The
following topics are on the agenda for the Copenhagen meet-
ing (name of person preparing a report in parentheses):

1. Statement of purposes of Commision (Fleischer, U. IS, A.).

2. Preparation of definitions of mineral, mineral species, va-
rieties, mineral groups (D. P. Grigoriev, U. S. S. R)).

3. Statement of what should be required in the description
of a new mineral (F. Fermingeat, France).

4. Unification and rationalization of mineralogical nomencla-
ture (M. H. Hey, Great Britain).

5. TPossibility of review, before publication, of suggested
new mineral Names (W. P. pE Roevir, Netherlands).

6. Reviews of published new names. Possibility of publica-
tion of lists of approved and disapproved names (C. Gui-
llemin, France).

The Commission is also organizing a discussion of the no-
menclature of feldspars in conjunction with the I. M. A.
Symiposium, and will participate in the discussion of Clay Mi-
neral Nomenclature sponsored by the British Clay Minerals
Group. A meeting with Prof. Strunz, to correlate the work
of the Commisions on Mineralogical Data and New Minerals
will be held in Ziirich early in August

MicuagL FreiscHiRr, Chairman,

APPENDIX

RECOMMENDATIONS OF THE COMMISSION ON MINERAL DATA

1) Mgerric Dara (from lattice and morphology)

cell dimensions:

axial ratios, from cell dimensions:

axial ratios, from morphological measurements:
interaxial angles:

orientation:

a,, by, ¢, (in metric A = kX :1,002; «Internationale Tabellen
zur Kristallstrukturbestimmung 1936y give kX !);

2,5 busics

a:b:c (since 150 years!);

[34] BU Y-

Triclinic, reduced cell (shortest three translations) ‘with
¢ < a < b, with  and B obtuse (y cannot be chosen obtuse
or acute at will; its character follows from the proceeding
conditions) ;

Monoclinic, shortest two translations in plane (010), with
¢ < a; B obtuse (stumpf).
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X-ray reflections:

crystal face ndices:

crystal form indices:

crystal zone indices:

crysial zome form indices:
combination of forms (Tracht):
habit (Habitus):

microscopic morphology end electronmicroscopic morphology

interplanar (lattice) spacings.

Orthorhombic, axes along symmetry directions, with
ci<ar=gb;
Tetragonal, smallest cell;
Hexagonal-P, smallest hexagonal cell;
Hexagonal-R, smallest hexagonal cell with extra no-
121 212
des at —— and —;
333 333
Cubic, no recommendations necessary.
hkl;
(hk1), hexagonal: (hkil);
thkl{;
[uvw];
{uvw) (in carets)
$hleld - Wlells o besten ] Lo o5, :
dominant forms ; isometric (equant) (1), tabular, acicular, .....;
are to be encouraged

d-values; d,,,, from X-ray powder patterns, indexed whene-
ver possible, with intensities 0-10 (est. or calibr.), <«est.»
means estimated visually, «calibr.» means compared with
calibrated scale.

2) SvmMmerry Dara (from lattice and morphology).

The 7 symmetry systems :

J. Triclinic.
II. Monoclinic.
IT1I. Orthorhombic.
IV. Tetragonal.
V. Hexagonal-Rhombohedral.
VI. Hexagonal.
VII. Cubic.

The 32 symmetry classes:

I. 1) Triclinic-pedial.
2) ”  -pinacoidal.
II. 3 Monoclinic-sphenoidal.
4) # -domatic.
5 i -prismatic.
III. 6) Rhombic-disphenoidal.
7) ”  -pyramidal.
8 ?  _dipyramidal.
IV. 9 Tetragonal-pyramidal.
10) 7 -disphenoidal.
11) e -dipyramidal.
12) " -trapezohedral.

13) Ditetragonal-pyramidal.
14) Tetragonal-scalenohedral.
15) Ditetragonal-dipyramidal.

V. 16) Trigonal-pyramidal.
17) ”  -rhomboedral.
17) " -trapezohedral.
19) Ditrigonal-pyramidal.
20) i -scalenchedral.

VI. 21) Hexagonal-pyramidal.

22y Trigonal-dipyramidal.

23) Hexagonal-dipyramidal.
24) & -trapezohedral.
25) Dihexagonal-pyramidal.
26) Ditrigonal-dipyramidal.
27) Dihexagonal-dipyramidal.

(1) <«isometric» is more international!

(Triklin).

{(Monoklin).

{(Rhombisch).

(Tetragonal).
(Hexagonal-Rhomboedrisch).
(Hexagonal).

(Kubisch).

(Triklin-pedial).
(

”  -pinakoidal).

(Monoklin-sphenoidisch).
( % ~-domatisch).
( e -prismatisch),
(Rhombisch-disphenoidisch).
( o -pyramidal).
( 2 -dipyramidal).
(Tetragonal-pyramidal).
( i -disphenoidisch).
( " -dipyramidal).

i -trapezoedrisch).

(Ditetragonal-pyramidal).
(Tetragonal-skalenoedrisch).
(Ditetragonal-dipyramidal).

(Trigonal-pyramidal).

( " -rhomboedrisch).

( ”  -trapezoedrisch).
(Ditrigonal-pyramidal).

( i -skalenoedrisch).

(Hexagonal-pyramidal).
(Trigonal-dipyramidal).
(Hexagonal-dipyramidal).

2 -trapezoedrisch).
(Dihexagonal-pyramidal).
(Ditrigonal-dipyramidal).
(Dihexagonal-dipyramidal).

12
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VII. 28) Tetartohedral. (Tetartoedrisch).
29) Diploidal. (Disdodekaedrisch).
30) Gyrohedral, (Gyroedrisch).
31) Hextetrahedral, (Hex'tetraedrisch).
32) Hexoctahedral. {Hex'oktaedrisch).
The 230 symmetry groups (space groups):
space group symbols, f.e. D%E — Pnma Dég — Pmcn
D%g — Pnam D;g — Pmnb
16
D211 — Pbnm
D16

o, — Pemn, (100) glide plane ‘with
glide components /2
(010) mirror plane
(001) glide plane with
glide components a /2 -+ b /2
(SCHOENFLIES-symbol D% is not to be modified, MAUGUIN-symbol is to
metric orientation has priority ).
Threefold and sixfold inversion axes in stercographic projections (fig. 1) :
The symmetry center in stereographic projections (fig. 2);
In «Internationale Tabellen zur Kristallstrukturbestimmung» (1936) and «International Tables for X-

(1952) the meaning of the old morphological symbol unfortunately ‘was changed; as
be dropped; IMA gives the proposals fig. 1 and 2 to the IUC,

be modified from X-ray extinctions ;

ray Crystallography»
it has now two meanings, it should

T e R LU O N P e
[ Morpholog Jnterm. Tab. Recommended
,;'_‘-"\\ ('Jk"/ S o "
N\ /’ N , \ / A\ ’
.
7 \\ p \ ’ \ / 3 \\ }f X
i i ' i /! ' 4
3=3+4 SR ) e e s
. A : A ot o T
a ' £ i ;
i ’ \ > / \ ’ / ‘
A \ /[-‘j \\ # \ 4 X X 5
- and8 < % ~ =
o e R ?.} B e L A
. o
£ 2,
'S < Y
\ £ E) \ /
e N o \ ’
B /i N { N a \
6=3/m e s SRR 4 J
g - ()
\ By \ ; N
; 1 .
’ . /£ §
Morpholog. Jnterm. Tab. Recommended

m3m

Fig2

3
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3) Paysicarn Dara
cleavage: _|:£:
hardness :

H
density (corrected for temperatur): D = g/cm?® (D, calculated from X-ray data)
specific gravity: ‘ G
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COIOE = U EESR gL, N 0 Ll cnl el

Tasteniss s, R AT T T e e

strebloroyy imeli, AR 7y agETaaban g

fracred dafacn ol T s e S

alfeaswoleb@atass "o Vliheiesssessiriat

Huoreseences: . & Fi e AR

4 Opricar Dara
refractive indices axes of Fresnell ellipsoid
1
cubic n V(N ==9;
n
e\ 1 1
uniaxial £ w; E,OE=— 0=—);
-4 ()]
bl 1 1 1
biaxial a B v XY, ZX=—Y=—Z=—);
« B v

birefringence (max): E— w0 Yy —a;
optical angle: 2V (4, 2V (—); @V, 2Va);
extinction angle: Z./ Gl

(0]

pagqueminerals

Polishing : i

Reflectivity : R, (medium), R, (red), R, (orange), R, (yellow), R,,, (blue), R.;,, (violet);
Refledion colobs — S kiideeesiiiiagg

Reflexion pleochroism: et

Etching behaviour: e

Microchemical reactions and staining: ........................

Texture, intergrow hs: e

5 CHEMIcAL DaTa

Formulae (as simple as possible, for special purposes brackets and coordination numbers may be used):

a)

)

Proposals 5-b, -c, -d, -e, -f open for further discussion.

with noncomplex anions: no recommendation necessary.

b) with komplex anions:
calcite CaCO; or Ca[CQs]
dolomite CaMg[CO:s]:
olivine (Mg, Fe):5i0s or (Mg,Fe):[SIO.]
garnet .CaaA.]a [S‘io«] 8.
with mixed anions:
malachite Cu.[(OH)-=|COs]
chlor-apatite Cas[CI|(PO.)s]
kyanite Al.[0]Si0.]
muscovite KAL[(OH):A1Si:0x]

d)

(OH, Cl, O etc. are linked only to the cations, they are to be written bef o re the complex ions).

structural formulae with coordination numbers:

calcite cal®l [COs] aragonite cald! [COy]
il cu 2+l cul#+2)[0m), | co,)
fluor-apatite Ca, [o+5] Cs,[“S}[F | (POy),]

garnet Cay #) A—'zlﬁlismib




e)

0

2)

Crystal structure and crystal chemistry :
Crystal structure and morphology:
Crystal structure and physical properties:

INTERNATIONAL MINERALOGICAIL, ASSOCIATION

topaz a2+, 1si0,]
muscovite klo*12] o1 (2441 0m), | AL, 0,

the water in mineral formulae:

hydrogen ions, H+: nahcolite Na [CO,0H] or NaH [COq]
mercallite K [SO,0H] or KH[SO,].
hydroxyl ions, (OH)—: malachite cul?+4lcyl4+2] [(OH);| COy]
alunite k(661 51 421 0m), 50y,
coordination water, H.O: thermonadrite  Na 15+ Nal4+2] [COs]- H;0
chalcanthite cu [2+4] [50,]- sH,0
blsdite Na, (4+2]Mg13+3) (50, 1,. 41,0

hydroxyl ions and coordination water:

callaghanite  Cug 142" Mg, 1" [(Om), | CO3)- 2H,0.

2+4 . 0,33—
interlayer water% Ho E : montmorillonite (Al‘Mg)“’[ i ][(OH)3|SI“O'°] i
2 Na+ (H,0),
033
zeolitic water, 4 H.O: natrolite Na, [A1,Si;04,]+2H,0:
: o 3
hydroxyl ions and zeolitic ‘water: pharmacosiderite KI']Fe4[33°][(OH)‘l {AsO )]+ 6H,0.

hydroxyl ions, coordination water and zeolitic water; palygorskite
Mg, S Mgy [04201[(01'1)2 |51404¢]s - 4Hp0+4H,0
sepiolite, gunnbjarnite

(Mg,Fe), [2400}Mg2[0240] [(0,0H), | SigO 5], - 4H,0+8H,0

SOOBC 4500 250[!
absorption water, -+ aqu.: opal SiOy+n aqu.

(O H)4 for Si0, (ete.):

symbol of vacant sites | ~|: hydroxylgarnet CagAl,[(Si0y); -x, ( |_| (OH)]s
coffinite U [(8i0,); -x. (| T (OH)y)<]

Sequence of cations according to ionic radii decrease; in diadochic substitution according to abundance.
Formulae units in unit cell: Z.

Chemical Analysis ete.

Thermal Analysist i SRS REE 0 el o S E s s R
Bifferential ' Thetmial? Analysisasaf s e giioneile it 8 i e Bt LGy
Soliibilib i Wwatertmeieraie b aieatea Sal oo et - Fag Bl e B
Solubility or decomposition in water in acids or alcalies:  ..................
Ftchinedbehatmonr s, - ek agwese el ese vyt oy (8 L el e B Bl
Blowpipe behaviour: stk MUl e
Micrechemical reactions and staining:
Tongexchange spomwerh o o L uen RO 50 150 s e s i
Emsibilitys: Be TaRaE Gehin o sl Se Gt e s i A e sl S G
Meltingfconstantsiss &= svan S GRIeEE Sl o= 0 G0 SR e 2
Modifications : e L i

..........................................

Crystal stracture and chemical bebaviour V27 0A & 20wl il
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7) OCCURRENCES AND AITERATIONS IN NATURE

Geochemicalisequences ~. 5 - . el e L CUGERGeEe
Paragenesis:
Alterations:
Occutrences;idepositst Smaris 10T TR SR HI U et
Deposits of economic; valuesfd8E7 1 L SIS ¢ Suoditel D VOSiBae B NG Snoi
Minmge: - - - CASRISY NEeRs e gys .t ool aibinea i hee (eatdadiE e i
Topagiaphe ninemlooyidianssiinmy . | C oo gt e oie pin TSGR RSN

..........................................

8) Mingran CLASSIFICATION

Alphabetical arrangement: yes; for and index decimal-cla sification, arranged chemically; yes, for a special use clas-
sification on crystal chemistry: yes (Mineralogische Tabellen, in addition: solenosilicates).

9) InreErNATIONAL MINERAL Dara FIre.
(Proposal, open for further disccusion.)

Content:

Size of form sheets:

Organization:

References:

Hinrze, Handbuch der Mineralogie (Erginzungsband II, complete, Cruposa).

Dana, The System of Mineralogy (Silica Volume in press, Nesosilicates Volume almost ready, FRONDEL).
StruNz, Mineralogische Tabellen (a Russian Edition in press, an English Edition in preparatiomn).
Hgy, Chemical Index of Minerals (224 Edition).

Crukiirov (& Avirs), Minerals (in Russian, Volume I, Elements and Sulfides, just came out).
Frriscaer, New Minerals (American Mineralogist).

GurLLEMIN, and PrrmINGEaT, Reviie des espéces minerales nouvelles (Bull. soc. franc. crist. min.),
Bouwstepr-Kurrersxava, Neue Mineralien (Zapiski Vses Mineralog. Obshch.).

PRELIMINARY ANNOUNCEMENT 1962 MEETING WASHINGTON, D. C.

SCHEDULE

Northern Field Trip (New York-Washington) ... ... itiatis oo iie din oee by i April 14-16, 1962
WG gtonsMICetifg: -5 v il dsr it e b s b April 17-20, 1962

Commission meetings April 17

Scientific sessions April 18-20 at U. 5. National Museum

Reception welcome April 17 at Marriot Motor Hotel, 5 P. M.

Dinner April 19 at Marriott Motor Hotel, 7 P. M.
Southern Field Trip (Washington-Virginia-Washington) April 20-22, 1962

Preliminary plans (as of April 1961) for the 1962 meeting of the International Mineralogical Asso-
ciation in Washington, D. C. have been formulated as outlined in the schedule above. April is one of
the husiest months of the year in ‘Washington as far as visitors are concerned and we have been fortunate
in being able to reserve accomodations and other facilities at the Marriott Motor Hotel, on the Potomac
River in Virginia. The Local Committee (Alvin Van Valkenburg, Chairman. National Bureau of Stan-
dards, Washington 25, D. C.) is planning to provide accomodations for the maj ority of visitors from out-
side the country through the hospitality of scientists residing in the Washington area. Various activities
for accompanying family members are being planned under the direction of Kathleen Roedder. The Mi-
neralogical Society of America has applied for Snancial assistance toward travel for participants, field
trips, and publication expenses for the meeting. and as soon as it is known to what extent these funds
may be available, a more definite notice will be distributed with information on the costand other details.

The scientific sessions will include af least two symposia: 4. Sulfides (Chairman: Professor A. i
Frueh, Jr. of McGill University) and B Layered Intrusions (Chairman: Professor C. E. Tilley of Camb-
ridge University).
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FIELD TRIPS

Northern Field Trip Leader: Paul F. Kerr April 14-16, 1962

April 14: New York City. Visits to the American Museum of Natural History, Columbia Univer-
sity Department of Geology, and Lamont Geological Observatory.
April 15: Paterson, New Jersey (zeolites) and Franklin Furnace, New Yersey (zinc).
April 16: Cornwall, Pennsylvania (sphalerite, magnetite, etc.).
Total cost will not exceed $50.00 including transportation, lodging, and food.

Southern Field Trip : Leader: Richard V. Dietrich April 20-22, 1962
Leave 'Washington early evening of April 20 for Amelia Court House, Virginia, arriving later in the
evening.

April 21: Amelia Court House (pegmatite), Willis Mountain (kyanite), and Roseland (rutile).
April 22: Miscellaneous Virginia localities (unakite, clay, bauxite, manganese) Luray Caverns.
Total cost will not exceed $50.00 including transportation, lodging, and food.

Museuwm Trip.
April 21-24: Visit to museums in Washington Philadelphia, New York, New Haven, and Cambrid-
ge; details will be supplied later.




NORMAS PARA

< trabajos entregados para su publicacién seran revisados
1= Comisién de Redaccion del Instituto «Lucas Malladas,

decidira sobre su publicacion. Los autores procurardn
¢ a las siguientes normas:

vto0.—FEl texto se entregard redactado en forma definitiva,
sias mecanografiadas a doble espacio, por un solo lado ¥
m margenes amplios.

Si en el trabajo existieran figuras o cuadros es conveniente
r un pequefio espacio en blanco cen la indicacién del ni-
=0 de la figura o del cuadro en la zona aproximada donde se
mAs conveniente intercalar la figura o cuadro. También
p=de indicarse esta posicién en los margenes del texto.

Todos los trabajos estardn acompafiados de un resumen cuya
s=nsion no podréd superar al 15 por 100 de la del texto. En los
ajos escritos en espafiol este resumen se traducird al inglés;
los escritos en idioma extranjero (con preferencia inglés o
cés), el resumen serd traducido al espaiiol. La traduccién
realizada por la Redaccién en caso de que el autor no la
tae.

BisLioGraFia.—La bibliografia deberd incluirse al final del
tr=bajo; en ella sélo se deben incluir las citas realizadas en el
cto. Estard ordenada por orden alfabético de autores, y dentro
“d= cada autor por orden cronolégico. En cada cita se incluira:
1.° Autor, iniciales de su nombre. 2.° Afio de publicacién.
=% Titulo completo del trabajo. 4.° Boletin de publicacién (en
ahreviaturas usuales) o Editorial si se trata de una obra inde-
~ pendiente. 5.° Volumen. 6.° Péginas.

En las referencias bibliograficas dentro del texto se indicard
el autor y afio de publicacién, y si es necesario la pdgina del
trabajo a que se hace relerencia.

Parte GrRAFICA.—Los originales de los dibujos o fotografias
se entrepardn aislados; en ellos se indicard por detrds o en sus
mdrgenes el nombre del autor y el namero de la ilustracidn.
Los dibujos o fotogralias se proyectardn para que puedan ser
reproducidos o reducidos a las anchuras maximas de 8o mm.

LOS AUTORE

6 170 mm, (ancho de columna y de doble c2lumna, respectiva-
mente). S6lo en casos especiales (mapas, p. €.) s¢ sobrepasara
esta tltima dimension. En las ilustraciones a escala, ¢sta se ex-
presard solamente en forma gralica, con objeto de evitar errores
en caso de que el dibujo original sea reducido.

Las figuras, cualquiera que sea su naturaleza, irin numeradas
correlativamente, segin su orden de aparicion en el texto. Se
evitard, por ejemplo, dar una numeracién a las reproducciones
fotograficas independiente de los dibujos de linea.

La explicacién de las figuras se entregard en hoja u hojas
incluidas al final del texto.

Cuapros.—Los cuadros, especialmente si son de tamafio
considerable, se entregaran en hojas aisladas y vendrdn nume-
rados independientemente de las figuras.

PrUERAS.—A los autores se les entregard, para correccion,
pruebas ajustadas de sus trabajos. Las correcciones que se rea-
licen seran exclusivamente las de cardcter gramatical y errores
de imprenta; sélo se admitirin modificaciones o admisiones al
texto cuando durante el periodo transcurrido entre la entrega
del original v la correccion del trabajo hubieran surgido ele-
mentos nuevos a los que sea imprescindible hacer referencia.
En este caso las adiciones, que deberdn ser lo mds escuelas
posible, se incluirdn como nota al pie o al final del trabajo, con
la mencion: «Afiadido durante la impresion».

Las pruebas serdn devueltas en el plazo maximo de quince
dias. Transcurrido este plazo la Redaccion decidird entre
retrasar el trabajo para un numero siguiente o realizar ella
misma la correceion, declinando la responsabilidad por los erro-
res que pudieran persistir.

La Redaccién efectuard una nueva correccién de 2.2% pruebas
para cerciorarse de que han sido cumplidas las correcciones del

autor.

SpparaTAS.—De cada trabajo publicado se entregardn gratis
5o separatas sin cubiertas. 5i el autor desea un mayor nimero,
se cobrardn a los precios normales facilitados por el impresor.

Toda la correspondencia referente a las publicaciones
deber4 dirigirse a:

Secretario de Publicaciones. Instituto <Lucas Mallada-
Paseo de la Castellana, 84

MADRID
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