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Triclinic feldspars: angular relations and the representation of feldspar series
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Abstract

The rhombic section angles and obliquities of tricl inic feldspars are simple trigonometric
functions of a* and 'y. Alkali-exchange series and short-term heating experiments show wide
variation in a* but l i tt le variation in 7. Differing degrees of Al-Si order atconstant composi-
tion and temperature cause wide variations in 7 and relatively minor ones in a*. Graphical
methods are developed by which a*, ,y, rhombic section angle, and obliquity can be read easily
from a single plot. The same plot also differentiates the various types of feldspar series at least
as well as any other in current use.

The obliquity, @, is a direct measure of the departure of a tricl inic feldspar from the
dimensional requirements for monoclinic symmetry. The quantity (l - cos@) must vanish for
monoclinic feldspars and is a nearly l inear function of temperature for isochemical feldspar
series that approach a monoclinic state on heating. A new convention is proposed for defining
the rhombic section of potassic feldspars in order to make their values consistent with those of
contiguous K-Na feldspars.

Feldspars of a given composition that are in full internal equil ibrium should l ie along
unique paths in terms of a* and 7. Sufficient information is now at hand to show the general
form of such paths lor K-Na-Ca feldspars, and to provide preliminary formulations of these
paths for the end-member feldspars.

Introduction

The idealized structure of feldspar is topologically
consistent with monoclinic symmetry, and certain po.
tassium and barium feldspars are indeed monoclinic.
The most abundant feldspars in rocks, however, are
triclinic, but even in these the departures of lattice
parameters from the requirements for monoclinic
symmetry are small. Many such feldspars can be
transformed continuously into monoclinic forms, ei-
ther by heat treatment or by alkali exchange.

Departures of a triclinic crystal from the dimen-
sional requirements of monoclinic symmetry may be
described completely in terms of two independent
angular measurements. With the b-axis chosen (in the
triclinic crystals) to correspond topologically to the
D-axis of a possible monoclinic variant, a sufficient
pair would be either the a and 7 angles of the direct
cell, or the a* and 7x angles of the reciprocal cell.
Pairs such as a* and 1, or ot and 7*, however, will also
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suffice, although it may seem aesthetically unappeal-
ing, at first, to mix direct and reciprocal quantities. If
a* and 'y or ot and 7* are chosen, mathematical and
trigonometric advantages are gained (see later dis-
cussion), since angles are determined by axial ele-
ments that lie in two mutually orthogonal planes.
This is not generally true if both angles selected are
direct or both reciprocal.

We shall show that a* [which also may be regarded
as the dihedral angle between the (001) and (010)
cleavagesl and 7 [which is a measure of the obliquity
of the (001) face of the unit celll provide unique
advantages in the treatment of triclinic feldspars.
Other angles of special interest are related to them by
simple trigonomeftic equations, much more simple
ones, in fact, than the ones obtaining if wholly direct or
wholly reciprocal cell-angles are used. Changes
brought about by short-term heating, or by short-
term alkali exchange, cause wide variations in a*
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982 THOMPSON AND HOVIS: TRICLINIC FELDSPARS

with but slight variations in 7 (nearly negligible, in
fact, in many instances). The effects of long-term
heating, in feldspars as subsequently examined at
room temperature, cause wide variations in 7 and
relatively minor variations in a*. Although we are
concerned primarily with triclinic feldspars, many of
the methods developed are applicable to any mineral
group containing triclinic crystals that show continu-
ous variations about a monoclinic limit.

Obliquity

In a monoclinic crystal, conventionally oriented, it
is necessary (but not sufficient) that the b-axis and the
pole, b*, to (010) coincide, and that b : l/b* :
d(010). In a triclinic crystal, on the other hand, b and
b* do not, in general, coincide. We shall therefore
follow Donnay (1940) and designate the angle, e,
between them as the obliquity. [t follows that

d ( 0 1 0 ) : r / b * : 6 c o s d  ( l )

Inasmuch as the cell volume, V., of a monoclinic
crystal is abc sinB, that for a triclinic crystal is given
by

V" : abc sinp cos@ (2)

Similarly for the reciprocal cell volume Z|

V\ : q*['x.* sinp* cos@ (3)

Although it is necessary for monoclinic symmetry
that 4 : 0 or cos@ : l, it is possible (though we know
of no examples) that a triclinic crystal may also have
zero obliquity, despite the origin of the word "tri-
clinic". The vanishing of the obliquity thus insures
only that the geometric form of the unit cell meets the
requirements for monoclinic symmetry, and does not
prove that the crystal is indeed monoclinic. Such a
crystal, for example, might have an Al-Si distribution
that is inconsistent with monoclinic symmetry.

The obliquity as used here, in the sense of Donnay,
should not be confused with the quantity [d(l3l) -
d(13l)l which has been called the "triclinicity" by
Goldsmith and Laves (1954) and "obliquity" by
McConnell and McKie (1960; see also Martin, 1969,
1970).  Al though the quant i ty td( l3l)  -  d( l3l) lmust
vanish when @ vanishes, the reverse is not true. The
vanishing of @ is thus the more stringent requirement
for monoclinic symmetry, though not in itself suf-
ficient.

Rhombic section

The rhombic section (Rath, 1876) of a triclinic feld-
spar is defined, traditionally, as the section contain-

ing D on which the traces of the forms (l l0) and (l l0)
form a rhombus. Inasmuch as the diagonals of a
rhombus intersect at right angles, an alternative and
more practical definition is to define the rhombic
section as the plane defined by b and the line r in
(010) that is perpendicular to b. As a section of the
unit cell the rhombic section is thus a rectangular
section, which might indeed be a better name for it. If
0 + 0 there is a unique rhombic or rectangular sec-
tion, but if 6 : 6, all sections containing D are rhom-
bic sections and the rhombic section, as a unique
plane, is indeterminate. Even in this last instance,
however, we may have interest in a limiting rhombic
section when dealing with a phase transformation in
which @ - 0 continuously. The orientation of the
rhombic section may be specified in two alternate
ways: either as the dihedral angle, which we shall
designate as d*, between the rhombic section and
(001); or by the angle o, between r and a, which is
thus an angle in (010). Feldspars have low obliquities
(less than 5o ), hence the distinction between o and o*
is of little practical importance and does not exceed a
few hundredths of a degree at most.

We shall find it useful to designate the line normal
to r in (010) as s, and the pole to the rhombic section
as s*; r is thus normal to J, J*, b and b*.In addition b
is normal to J*, c* or a*, and bx to s, a or c, hence

s A s * : b 6 t b * = 6  ( 4 )

Also

r  l t a =  o :  s A [ I a i n  ( 0 1 0 ) ]  ( 5 )

s* A c* = d* :  r  l t fLb in (001)l  (6)

as shown in Figure l.If A # 0 in a triclinic feldspar
and 7 is 90o, the rhornbic section must coincide with
(001); and if a*, which is also the angle between the
(010) and (001) cleavages, is 90o, the rhombic section
must be normal to (001). In each of these special
cases o and o* are identical.

Orientation of triclinic feldspars

The crystallographic reference axes for triclinic
feldspars are chosen so as to correspond topologi-
cally to those of monoclinic feldspafs. In centrosym-
metric monoclinic feldspars, because the axes are
non-polar, there are two entirely equivalent ways of
selecting the positive ends of these axes so as to form
a right-handed array. In centrosymmetric triclinic
feldspars, though the axes are stil l non-polar, the
corresponding two ways are non-equivalent. An early
convention was to choose the orientation that made



THOMPSON AND HOVIS: TRICLINIC FELDSPARS

Fig. l .  Angular relat ionships in Amelia albite (Fl0l of Grundy and Brown, 1969). (a) Axial elements normal to b as viewed in posit ive
direction along b. (b) Axial elements normal to D* as viewed in positive direction along b*. (c) Axial elements normal to r as viewed in
positive direction along r. The crystal is in conventional orientation (a obtuse). Arrows show positive ends of axes.
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d* acute, but Laves (195 l) demonstrated that this
orientation placed microclines out of proper context
relative to other closely-related triclinic feldspars and
proposed a new convention such that a for all tri-
clinic feldspars be taken as obtuse. We shall refer
herein to the latter orientation as conuentional, andto
the orientation of feldspars so that a is acute as anti-
conuentionaL The principai ambiguities that arise are
with K-rich triclinic feldspars of very low obliquity
such that the departure of a from 90o lies within the
experimental error. If this occurs, the orientation is
consistent with those for related feldspars if y is taken
as acute. Grove and Hazen (1974), for example, give
a : 90o and "y : 90.07' for an adularia at the
temperature of liquid nitrogen. This results in the
anti-conventional orientation; the conventional one
w o u l d h a v e T : 8 9 . 9 3 ' .

The distinction between conventional and anti-
conventional orientations is useful (see Thompson e/
al., 1974) in dealing with ordering, with twinning,
and with domain structures as related to monoclinic-
triclinic transformations. A change from the one ori-
entation to the other may be effected by inter-
changing the positive and negative ends of a, a*, c
and c*, but not of b or b*. An immediate consequence
of such a re-orientation is that cosines of a, a*,7, and
7* all change sign (acute becomes obtuse and uice
uersa). Their sines, however, are unaffected. Angles
such as B and B* and their trigonometric functions,
on the other hand, are entirely unchanged. Properties
that change sign on reorientation are odd-symmetric
in the sense of Thompson et al. (1974, p.220-222);
those that are entirely unaffected arc euen-symmetric.

The angular relations aI 25"C for a typical low
albite (Fl0l of Grundy and Brown, 1969) are shown
in Figure I for the crystal in conventional orienta-
tion. The arrows indicate what we shall take as posi-
tive directions for r, J, and s*. In a K-Na exchange
series from low albite to microcline,6 and o* increase
continuously to between l00o and l05o as measured
at 250oC, and a similar effect may be observed
through short-term, reversible heating of low albite.
Long-term heating of albite, however, reduces the
values of o and o* continuously to a limiting value of
about -3o if measured at room temperature after
heat treatment. Calcic plagioclases have still lower
values of o and o*, to between -l5o and -20o for
pure anorthite. For all of these feldspars the appear-
ance of Figure lc remains much the same, despite the
wide variations in o and o*.

For feldspars placed in anti-conventional orienta-
tions, the positive and negative ends of the a, a*, c,
and c* axes are interchanged. The positive ends of D
and b*, however, remain as before. We shall find it
convenient to take @ as always positive, and thus to
permit the positive ends of r, J, and s* to rotate with
the crystal during its re-orientation. The o and o*
values for crystals in anti-conventional orientation
will then be the supplements of the values for the
same crystal in conventional orientation, so that o or
o* anticonventional : (o or o* conventional -180').

This results in values ranging from about -80o in
microcline to about -195o in anorthite when placed
in anti-conventional orientation.

The angles given in the above two paragraphs are
at variance with the tradition that q or o* always be

[ro in (Olo)]

= 32.57o



reported as acute angles, but we shall see that the
system used here leads to a simpler trigonometric
treatment and to a simpler graphical presentation
thereof. It will also prevent the o and o* values for
low albite-microcline exchange series from under-
going a l80o discontinuity near the K-end of the
series! The revisions indicated above are thus entirely
consistent with, and an extension of, the revised ori-
entation introduced by Laves (195 1), and also make
use of the obliquity as defined by Donnay (1940).

Trigonometric relations

Either r, b, and s* or r, b*,and s may be taken as a
set of mutually orthogonal reference axes for obtain-
ing the desired trigonometric equations relating
rhombic section angles and obliquity to the standard
axial angles of crystallography. The results using ei-
ther set are identical, hence we shall show the deriva-
tion only for one. In terms of r, b, and s* the direction
cosines of other axes of interest are given in Table I
(compare with Fig. l). With the aid of Table I we
then obtain the fol lowins

c o s ( a A b * ) : 0

: cos@ cosT * sin@ cos(a A s*) (7)

c o s ( a A c * ) : 0

: coslr sino* * coso* cos(c A s*) (8)

cos(aAs)  :  -s ino

:-sind cos? + cos@ cos(a A s*) (9)

And, because bx A c* : oL*, we also have

cosa* :  s in@ coso* (10)

Eliminating cos(a A s*) from (7) and (9) we obtain

cosT :  s in@ sino ( l l )

Table l. Direction cosines referred to r, 6, and s* as reference axes

L r n e  - ! -
U O S  L A T  U O S  l A D  U O S  L A S
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and

and eliminating both cosT and cos(a A s*) from (7),
(8) ,  and (9)  we obta in

cosd : tano* /tano (t2)

By squar ing both s ides of  (10)  and (12)  we may
eliminate functions of 4. Because we have defined o
and o* so that all their trigonometric functions have
the same sign (and even the same magnitude when
either a* ory is 90o ), and because a* (and also "y) are
always taken as positive angles less than 180o, we
obtain

s inax :  s ino*/s ino (13)

which has been derived by Lewis (1899). Squaring
both s ides of  ( l l )  and (12)  and repeat ing the same
procedure we have

sinT : coso/coso* (14)

The remaining equations of interest may all be ob-
tained by simple algebraic manipulation. From (10),
(12 ) ,  and  (13 )  we  have

cota* :  tan@ coso (15)

and  f rom ( l l ) ,  ( 12 ) ,  and  (14 )

coIT : tan@ sino* (16)

and  f rom (12 ) ,  ( 13 ) ,  and  (14 )

cosd :  s ina* s inT (17)

as obta ined by Donnay (1940;  see a lso Gay,  1956).
F ina l l y ,  comb in ing  (10 )  and  ( l l )  w i t h  (13 )  and  (14 ) ,
respectively, we obtain

tano*: cos^t/cota* (18)

tano: cort/cosa* (19)

Equation (18) has also been derived by Tunell (1952)
and equat ion (19) by Story-Maskelyne (1895),  Lewis
(1899) and Mtigge (1930;correcting an earlier version
by Rosenbusch and Miigge, 1927:, see also Tunell,
1952). Several of the others quite possibly appear
elsewhere in the early crystallographic literature.

It is evident from equations (10) through (19) that
no more thari two of the five angles d*,nl ,Q, o, and o*
may be taken as independent, and that these ten
equations, in fact, relate all possible sets of three out
of the five. Our choice of a reciprocal angle a* and a
direct angle 7 ralher than a and 7 or a* and T* may
be disturbing to a purist who prefers to keep direct
things direct and reciprocal things reciprocal, but it
has many advantages. Not least of these is that for-
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mulas analogous to ( l0 ) through ( l9 ) wholly in terms of
a and 7 or of a* and 7* are much more cumbersome
and require introduction of either 0 or 0*, respectiuely,
which the aboue relations auoid. a* and 7 (or e and 7*
for that matter) also have the advantage of being
angles lying in two mutually orthogonal planes (a* in
the plane normal to a, and 7 in the plane normal to
c*). a* may also be identified with the angle of inter-
section of the (001) and (010) cleavages, and thus
lends itself to direct measurement by several means,
provided crystals are of sufficient size.

Graphical relations between a* and 'y

Figure 2a and Figure 2b are graphical representa-
tions of equations (18) and (19), respectively. They
appear much the same, and even when superposed
can be distinguished only if very carefully drawn. For
a positive angle,0, near 90o we have, if d is in radians,

cosd ( (tr/2-0) < cotO (0 acute) (20a)

cosd ) (n/2-0)> cot? (d obtuse) (20b)

and all three quantities are very nearly the same. In
feldspars neither a* nor 7 departs from 90o by more
than 4.25o (0.0742 radians), for which cosd : 0.0741
and cotd : 0.0743. For angles closer to 90" the agree-
ment is even better, and the three quantities become
identical as d approaches 90o. Both diagrams also
show clearly the distinction between the conventional
and anti-conventional orientation for a given feld-
spar, as well as further justification for the revision
suggested earlier in assigning numerical values to o
and o*. Figures 2a and 2b also correspond very
closely to Figures la and lb, respectively. [n Figures
2a and 2b a line extending from the origin to a plotted
point may be regarded as a vector corresponding to
the axis r in Figure 1a or 1b. The angle subtended by
this uector and the positiue x-axis is the corresponding
rhombic section angle. There is also q close relationship
between the magnitude of the uector r and that of the
obliquity. By squaring both sides of equation (17) we
may obtain either

cot2oL*/tan26 * cos'z7lsin24: 1 (21)

cot2l /tanzQ * cos2a*/sin'A : 1 (22)

Equations (21) and (22) may be regarded as the
equations of curves of constant obliquity in Figures
2a and 2b, respectively. Both are the equations of
ellipses, centered at the origin, that are nearly circu-
lar. For a given value of d the two ellipses are con-

Fig. 2. Relations between a*, "y, o, Q, and a* for: authigenic
microcl ine (M-201-Nd, Kastner, l97l);  low albite (Fl0l,  Grundy
and Brown, 1969); analbite (307, Grundy and Brown, 1969);
anorthite (Cole et al., l95l): and sanidine. (a) corresponds to
equation (18) and (b) to equation (19).

gruent, but the foci of the ellipse for Figure 2a are
close to the origin on the x-axis, and the foci for the
ellipse in Figure 2b are at the same distance from the
origin on the y-axis. The coordinates of the foci in
either case are tsin@ tand. The ellipses are nearly
circular because @ is a small positive angle (4.5o or
less). If @ is in radians we have

o

x

x

s i n @ S 6 S t a n Q

and also, from either (21) or (22),

s i n d S  r S t a n 6

The four quantities sind, tan@, r, and @ (in radians)
are thus virtually indistinguishable graphically from
one another, and we may take the length of the uector
r,for a plottedfeldspar in either Figure 2a or 2b, as the
magnitude of Q (in radians), uery nearly. Because Fig-
ure 2a shows (as does Fig. la) the rhombic section
angle, o*, as measured in a section normal to b, the
conventional and anti-conventional plots for a given
feldspar in Figure 2a may be thought of as twins
related by the pericline law. The corresponding plots

(23)

(24)

( o )

Anticonv€ntionol

ton a'= os z/col a'

Anodhil.

lon c = col 7/cos o'
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in Figure 2b may be thought of as twins related by the
albite law.

It also follows from (20a,b) that a plot of Qr/2-t)
against (tr/2-a*), both in radians, produces a dia-
gram that is intermediate between Figure 2a and 2b,
hence virtually indistinguishable from either. Equa-
t ion (17),  rewri t ten as

cosd : cosQr/2-a*) cos(tr/2-t) (25)

is the equation of a curve of constant obliquity on
this third diagram, and is the equation of a nearly
circular transcendental curve of fourfold (4mm) sym-
metry. If the corresponding angles are plotted in de-
grees rather than radians, the diagram differs only by
a scale factor, and the vector r is then very nearly
equal in magnitude to d in degrees.

Other alternatives essentially equivalent to the
above would be polar coordinate plots in terms of o,
or o*, and Q, in either radians or degrees, as the
radius vector. Whichever representation one chooses
is a matter of aesthetics or whim and makes little
practical difference. We shall see that plots such as
those suggested here prouide not only a graphical dis-
play of obliquity and rhombic section angle, but also

dffirentiate the uarious feldspar series of interest at
leqst as clearly as do the a*-7* plot of MacKenzie and
Smith (1955) or the a-7 plot of Oruille (1967). The
paths of series of feldspars related to one another by
displacive transformation or alkali exchange are, in
fact, nearly orthogonal, in the plots here proposed, to
those of series of feldspars related to one another by
the diffusive redistribution of Al and Si.

End-member feldspars

As observed at room temperature, the end-member
K- and Na-feldspars show wide variation in 7, ac-
companied by relatively slight variation in a*. Ca-
feldspars, on the other hand, show little or no varia-
tion in either a* or 7. The K- and Na-feldspars that
have the most acute values of 7 (when in conven-
tional orientation) are those from low-temperature
geologic environments. Prolonged heat treatment of
such feldspars lowers cosT and converts these feld-
spars into forms like those from higher-temperature
environments. The results obtained by Baskin (1956)
through long-term heating of low-temperature micro-
cline and albite are plotted in Figure 3. Structural
studies have shown that the low-temperature forms
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have highly ordered Al-Si distributions and that the
high-temperature forms have highly disordered Al-Si
distributions. The principal effect of Al-Si ordering is
thus to increase the obliquity of the (001) face of the cos y
unit  cel l -

Because ordering or disordering of the Al and Si
atoms is a slow process, the effects of short-term
heating experiments are essentially reversible in that
the room-temperature properties in many instances
remain virtually unaltered. High-temperature X-ray
studies show that K-feldspars experience only negli-
gible variation (Grundy and Brown, 1967) in a* and
7 on heating, but that Na-feldspars (Grundy and
Brown, 1969; Stewart and von Limbach, 1967) and
Ca-feldspars (Grundy and Brown, 1967, 1974) expe-
rience a marked decrease in cota* accompanied by
relatively minor changes in cos7. The results for Na-
and Ca-feldspars are shown in Figure 4. The se-
quence for one of the feldspars is also shown sepa-
rately in Figure 5 in order to demonstrate graphically

Fig. 5. Changes in o* and @ with temperature for an intermediate

alb i te (219 of  Grundy and Brown, 1969).  Lengths of  the dashed
lines are very nearly equal to the corresponding magnitudes of @
(in radians), as explained in the text.

the effect on o* and @. Because these changes are
rapid and reversible, the structural changes associ-
ated with them are clearly displacive rather than dif-
fusive, as was first pointed out by Laves (1952).

The quantity (l - cos@) must vanish if a feldspar
becomes monoclinic, or dimensionally so, and it is an
even-symmetric property in the sense of Thompson et
al. (19'74). It may thus be used to aid in locating
triclinic-monoclinic transformations in various feld-
spar series. In Figure 6 this quantity is plotted as a
function of temperature for an analbite (MacKenzie,
1957; Grundy and Brown, 1969) and also for an
anorthite (Grundy and Brown, 1967). This albite is
monoclinic at 950oC. The line fitted to the anorthite
points has the equationr

I The number in parentheses represents the estimated standard
deviation of the least significant figure quoted.

0 2@ 400 600 800 10m P@

r (t)

Fig. 6. Variations of (l - cosd) with temperature: open circles
are analbite (307 of Grundy and Brown, 1969); closed circles are
"equilibrated" albites at temperature of equilibration (Grundy and
Brown, 1969); open squares are anorthite (F72 of Grundy and
Brown, 1967). Lines through the anorthite and albite points
correspond to equations (26) and (30), respectively.
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COT a* x 19'?

Fig. 4. Results of short-term heating of Na- and Ca-feldspars.

Circ les (numbered ser ies)  are alb i tes of  MacKenzie (1957) and

Grundy and Brown (1969); open circles are room-temperature
measurements after heating, closed circles for all series except F9

from right to left represent measurements at temperatures of 25o,

140 " ,  300 ' , 450o ,600o ,750o ,  and  850 'C .  I n  add i t i on ,  se r i es  F l 0 l

and 307 have data points at 950", and series 329 has a data point at

900'C Triangles are data for "equilibrated" albites at the

temperatures of equilibration. Open squares are corresponding

data from Stewart and von Limbach (1967), temperatures of the
measurements increasing from right to left. Hexagons are for the

F72 anorthite series of Grundy and Brown (1967), temperatures
increasing from lower right to upper left. The open hexagon

represents a room-temperature measurement after heating. Dashed

curves through the "equi l ibrated" a lb i tes and through the

anorthite series represent relations given by equations (29) and
(28), respectively
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( l  -  cos@): 0.002820(10)
8.27(13) x lO-?z("c) (26)

hence it is evident that this feldspar could only be-
come monoclinic if superheated well above its melt-
ing point.

Alkali-exchange series

Short-term alkali-exchange experiments (Orville,
1967; Wright and Stewart, 1968), like short-term
heating experiments, leave the Al-Si distribution vir-
tually unaltered, hence are essentially reversible. Sev-
eral such series for Ca-free feldspars are shown in
Figure 7, as observed at room temperature. Com-
parison with Figure 4 shows that the effect of replac-
ing Na by K on a* and 7 is very much the same as
that of short-term heating at constant composition.
Certain highly disordered alkali feldspars may thus
be converted into monoclinic forms either by heating
or by exchange of K for Na. Similar results have been
obtained by Krol l  and Bambauer (1971) by ex-
changing K for Na in calcic feldspars. High-temper-
ature plagioclases more sodic than Anuo may be con-
verted into monoclinic forms by this process followed
by short-term heating. If barium could be exchanged
for calcium it is possible that some of the highly calcic
plagioclases could also be converted to monoclinic
forms, inasmuch as their Al-Si distributions are con-
sistent with it (Megaw et al., 1962) or very nearly so.

Plagioclase feldspars

The results of Grundy and Brown (1967, 1974),
some of which have been plotted in Figure 8, show
that plagioclases less calcic than Anru behave like Na-
feldspars in the contrast between the effects of short-

low olbrte

- 1  0 1 2 3 4 5 6 7 8 9

coT ar x lo'

Fig. 7. Alkali-exchange series: circles (solid, analbite-sanidine;
open, low albite-microcline) from Orville (1967); open squares
(analbite-orthoclase), solid triangles (Albite III), open triangles
(Spencer U), and solid squares (562-34) from Wright and Stewart
( r 968).
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Fig. 8. Short-term and long-term heating ofplagioclases (all data

from Grundy and Brown, 1974).  Sample F54H was prepared by

long-term heat treatment (7 days, 1080'C) of sample F54'

term and long-term heating experiments. More calcic
plagioclases, however, show only the short-term ef-
fects.

Equilibrated feldspars

For feldspars that are fully equilibrated internally,
there should be a unique value of a* and 7 for each
pressure, temperature, and composition. It thus fol-
lows that for each feldspar composition there should
be a unique path in terms of a* and 7 or their
trigonometric functions. For pure K-feldspars, which
show only the diffusive changes, and for pure Ca-
feldspars, which show only the displacive ones, these
paths must be essentially the ones shown by dashed
lines in Figures 3 and 4. For the K-feldspars the path
may be formulated, tentatively, as

cota* : -0.095(7) cos7 - 56(7) cossf Q7)

and for the Ca-feldspars as

-1

cosy : 0.046(17) cota* - 66(4) cotsa* (28)
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Fig. 9. a+-7 paths for equilibrated K-Na-Ca feldspars. Solid curves correspond to equations (21), (28) and (29), dashed ones are

schematic for K-Na and Na-Ca feldsoars
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Pure Na-feldspars, however, are more complex be-
cause they show both the displacive and diffusive
effects, hence cover a wide area in a plot such as that
of Figure 4, ralher than having a distribution that
may be approximated by a simple plane curve. Cer-
tain of the feldspars in Figure 4, however, were syn-
thesized originally by MacKenzie (1957) and held at
temperature until any observable variation in their
crystallographic properties became negligible. They
are, therefore, probably near the true equilibrium
albites for their temperatures of synthesis. The ob-
served (solid triangles) or interpolated (open tri-
angles) values of cota* and cos7 for these feldspars
are shown in Figure 4, and the curve passing through
them has the equation

cos7 : -0.10(6) cotax * 166(26) cotsa* (29)

The solid circles in Figure 6 correspond to the
triangles in Figure 4, and the dashed line passing
through them has the equation

( l  - c o s d ) : 0 . 0 0 3 7 6 ( 6 )

3.82(8) x 10-6 ( 'C) (30)

indicating that the temperature of the triclinic-mono-
clinic transformation for fully equilibrated albites is
close to 983"C (compare with Thompson et al., 1974,
Fig. 9).

Equations (26) and (28) thus constitute a prelimi-
nary formulation of the angular properties of equili-
brated Ca-feldspars as functions of each other and
temperature, and equations (29) and (30) do the same
for equilibrated Na-feldspars. For K-feldspars we
have only equation (27), owing to the lack of known
equilibration temperatures for the various triclinic K-
feldspars.

The general form of the probable paths for equili-
brated K-Na-Ca feldspars is shown in Figure 9. The
solid curves are for the end-member feldspars as
based on equations (27), (28), and (29). The dashed
curves are schematic and are presented to encourage
others to obtain a better set.
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