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Abstract

Crystal structure analyses of three dry-heated plagioclases, whose lattice parameters in-
dicate that they are virtually as "high" as synthetic plagioclases, prove that there is a surpris-
ing degree of residual Al,Si order in high plagioclase of intermedirate composition (Kroll,
1978). Specifically, Anrr. (heated 22 days at I l60oc) has t,O - 0.4 Al in the T,O tetrahedral
site and -0.3 Al in each of the other three sites [r.e., (trm) : l/3(trm + t2O + trm) -0.3 Al.
Anr, (heated 29 d,ays at l255oc) has t,O -0.48 Al, (trm) -0.35 Al, and An<at (tleated 42
days at 1365'C) has t,O -0.52 Al, (t,m) -0.39 Al.

These data require re-evaluation of the diagram for determining Al,Si distribution in
plagioclases from the fami-liar Al3l : 20(l3l) - 20(l3l) parameter as well as that from the
direct lattice angle y. Both Al3l and y are plotted as a function of mole percent anorthite and
have been contoured for t,O - (t,m). The y plot gives more precise results and should be
used if the orthoclase content of the plagioclase is not known, but lattice parameters must be
carefully refned. The much more easily measured Al3l values can be used somewhat less
precisely to determine structural states, but the orthoclase content must be known and its ef-
fect on Al3l must be corrected for if t,O - (t,m) values are to be meaningfully compared
from one sample to the next.

Introduction

The use of X-ray powder diffraction techniques to
distinguish between high-temperature ("disordered")
and low-temperature ("ordered") series of plagio-
clases was first introduced by Tuttle and Bowen
(1950). Since then there have been many attempts to
discover which of the lattice parameters are most
sensitive to "structural state," i.e., to the variety of
possible Al,Si distributions among the four non-
equivalent tetrahedral sites of the "average" albite
subcell in the plagioclase structure. The literature on
this subject is extensive, and the reader is referred to
Ribbe (1972; 1975b, p. R-59f.) and Smith (1974, p.
307f.) for reviews.

It is our purpose to elaborate on two well-estab-
lished X-ray methods, the Al3l and the y method,
both requiring knowledge of the anorthite (An) con-
m03-o04x/80/0506-0449$02.00

tent of the plagioclase.' Bambauet et al. (1967a,b)
characterized many carefully analyzed natural
plagioclases by these methods, choosing a representa-
tive low series based on geologic observations. The
Al3l values for a "high" series were measured from
plagioclases synthesized by Eberhard (1967). Van
Schmus and Ribbe (1968) characterued K-rich chon-
dritic plagioclases using the direct lattice angle y, be-
cause it serves as a measure of the difference in Al
content between the T,O and T,m sites (t,O - t,m) in
plagisslnss5 and is unaffected by the presence or ab-

I An content can be determined to *2 mole percent by the
Tsuboi (1934) and Tsuboi et al. (1977) method of measuring the
lower value of the a' refractive index directly on (001) or (010)
cleavage fragments (see Morse, 1968; 1978), or by the K-exchange
method of Viswanathan (1971), or ideally by electron microprobe,
in which case mole percent orthoclase should also be determined.
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sence of potassium. The structural reasons for these
properties are discussed by Kroll (1973) and Kroll
and Miiller (1980).

Smith and Yoder (1956) introduced the Al3l
method, which is based on a simple measurement of
the spacing between the l3l and l3l peaks (in de-
grees 20) on a powder diffraction pattern taken with
CuKa radiation. Al3l is also a useful measure of t,O
- t,D, but because it is closely related to the 7* angle
it is significantly influenced by potassium content,
usually expressed as mole percent orthoclase (Or) (cl
Bruno and Facchinelli, 1974).

Ribbe (1972) first recognized that Al3l is a func-
tion of the difference between the mean T-O bond
length for the T,O tetrahedron and the average T-O
bond length for the other three tetrahedra in the al-
bite subcell of the average structure of plagioclase:2

A(T-O): (T,O-O) -  l /3[(T,m-O)

+ (T,O-O) + (T,m-O)l

Using bond length data from 12 crystal structure

analyses, he found empirical relations between A13l
and A(T-O) and established a determinative dia-
gram for structural state (Ribbe,1972, Fig. l; revised
1975b, Fig. R-37). He showed that A(T-O), together
with total Al in the formula unit. could be used to
calculate Al,Si distributions among the four tetrahe-
dral sites.

Because in all the 22 structure analyses of plagio-
clases chosen from the [terature (Table l), (T,m-O)
- (TrO-O) - (Trm-O), it has become convenient to
average these bond lengths and to call the probability
of finding an Al atom in any one of them (t,m) =
l/3 (t,m + t,O + tm). The difference function A(T-
O) thus becomes useful as a measure of t,O - (t,m),
where t,O is the probability of finding an Al atom in
the T,O site.

The relation between A(T-O) and t,O - (t,m) is
best explained by an example (cl Ribbe, 1975a, p. R-
47). Mean T-O bond lengths for an oligoclase
(Anr?8) heated for 22 days at ll60'C are given in
Table l. A(T-O) : r.662 - r.649 : 0.013A. We
know from structure analyses of low albite (neutron
diffraction refinement by Harlow et al., 1973) and
primitive anorthite (X-ray refinement by Wainwright
and Starkey,l97l) that (T-O) for a tetrahedron con-

2 For a detailed discussion of the concept of average structur€s
in plagioclases see Ribbe (1972, p. 5793 or t975a, p. R-31f.).
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Fig. l. Average aluminum contents of the T1O sites (tro) and the T,m, T2O, Trm sites ((t,m) : l/3[trm + t2O + t2ml) determined by

the method of Ribbe (1975a) and plotted against mole percent anorthite for 22 plagioclases whose structures are known (see Tables I
and 2). IA : intermediate albite (AnsOr7.t); h : heated, but not fully disordered andesine (An+s). The dash-dot lines represent curves of
t1O and (tqm) expected if low plagioclases Ans-An,o6 were mixtures of ordered low Ab and An,66 (whose c = 7 A avera1e structure is
"disordered;" cl Smith and Ribbe, 1969, their Fig. 3). Sources of other lines are discussed in the text.
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Table l. Compositions, mean T-O distances for the T,O, T,m, T2O, Trm sites of the average structure of the plagioclase, site occupancy
(AlllAl + Sil), direct cell angle y, and Al3l = 20(l3l) - 20(l3l\ (for CuKaq radiation) for 2l structurally analyzed plagioclases
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An
MoI %

Ab
Mean T-O d is tances  [3 . ]  S i te  occupancy  4131[ '20 ]

T1O T1r  TZO T2r  a lO . t l . t  f t ' l  1Cu.<ot )  ComentsF e l d s p a r  ( R e f . ) * [  ] x x

A lb i le ,  low (1 )  [A ]
A lb i te ,  row (2)  [B ]
A lb i te ,  h igh  (3 )  IB I
A lb i te ,  h igh '  (4 )  [81
Alb i te ,  h ieh  (5 )  [c ]
A lb i te ,  in tem.  (6 )  [D ]

Ol igoc lase  (7 )  [E ]
0 t igoc l -ase  (7 )  [F ]
O l igoc lase  (8 )  [G]

Andes ine  (9 )  [H ]

l ,abrador ice  (10)  [ I ]
l a u ! d s v ! r L s  \ u /  L r j

l abrador i te  (11)  [ I ]
L a D r a o o r a f e  ( f z ,  t J l
Labrador i te  (13)  [K ]
Labrador l te  (8 )  [1 ]

By tomi te  (14)  [M]
Bytomi te  (15)  [N ]
By tomi te  (16)  tO l
By tomi te  (17)  [P ]
By toml te  (18)  ta l

Anor th i te  (19)  [R ]

0
0  99 .75
0  99 .75
o  9 9 . 7  5
I . 2  9 8 . 3
8 . 0  8 4 . 5

7 6
80
8 3 . 4  1 6 . 2  0 . 4
8 5
90

t 6  8 2  2  r . 1 L 8  L . 6 2 2
28  70  2  r . 700  L637
2 7 . 8  6 8 . 1  4 . r  r . 6 6 2  r . 6 4 9

4 7  4 9  4  L , 6 1 6  1 . 6 5 3

5 2  4 5 . 5  2 . 5  1 . 6 9 1  1 . 6 5 0
5 2  4 s . 5  2 . 5  I . 6 7 4  1 . 6 s s

5 3  4 3  4  r . 6 8 8  r . 6 5 2
6 5 . 6  3 3 . 8  0 . 6  r . 6 1 9  1 . 6 6 1
6 7  7 . 6 8 4  1 . 6 5 5
6 8 . 7  3 1 . 1  0 . 2  r . 6 7 9  r . 6 6 3

.81s  . 115  88  .  632  ( s )

. 670  . 2O5  89 .46 (2 )

. 39s  . 295  90 ,215 (4 )

L , L 2 5
1 .  9 8 6  h t d  .
1 . 9 9 8  h t d . 6 0 d , 1 0 8 0 ' c
2 . 0 0 3  h r d . 4 0 d , 1 0 6 0 ' c
L .677 unheated

r .  418
t . 6 5 4
1 . 8 9 3  h r d .  Z z d ,  1 t 6 O " C

L.827 exh ib i ts  sch i l le r
1 . 9 9 8  h r d .  2 9 d , 1 2 5 5 " C ,

no sch i l le r
1 .826 exh ib i ts  sch i l le r
2 . 0 6 8
2 . O 8 5
2 . 1 0 8  h t d .  4 2 d . ,  r 3 6 5 0 C

2.L3r
2 .167
2.136
2 . 1 8 6  h t d . 4 8 d , 1 4 5 0 " C
2 . 2 5 5

2 . 2 7 2

r . 7 4 3  1 . 6 0 8  1 . 6 1 4  1 . 6 1 5  1 . 0 0 5  0 . 0 0 0
0 , 2 5  r . 7 4 0  1 . 6 0 9  r . 6 L 4  r . 6 1 5  . 9 8 5  . 0 0 5  8 7 . 7 2 5
0 . 2 5  1 . 6 5 0  1 . 6 4 0  1 . 6 4 1  r . 6 4 3  . 3 0 0  . 2 3 5  9 0 . 1 1 5
0 . 2 5  L . 6 4 9  r . 6 4 2  L . 6 4 0  t , 6 4 2  , 2 9 0  . 2 3 5  9 0 . 2 4 ( L )
0 . 5  r . 6 4 6  t . 6 4 L  I . 6 4 r  r . 6 4 2  . 2 8 0  . 2 4 s  9 0 . 2 5 7 ( 3 )
7 . 5  r . 6 7 O  1 . 6 3 8  t . 6 3 6  t , 6 3 7  . 4 6 5  . 2 0 5  8 9 . 8 0 0 ( 6 )

L . 6 2 9  1 . 6 3 0
1 .  6 3 9  1 .  6 4 0
r . 6 4 9  t . 6 4 9

r 0 0  0  0  r . 6 8 3  1 . 6 8 0

L . 6 5 6  L . 6 5 6  . 4 9 0  , 3 3 0

r . 6 4 6  1 . 6 5 5  . 6 1 5  . 3 o o  8 9 . 9 1 6 ( 5 )
L ,6s7  r . 656  . 485  . 345  90 .394 (6 )

L . 6 4 6  1 . 6 s 3  . 6 0 0  . 3 1 0  8 9 . 9 4 8 ( 9 )
1 . 6 6 0  L . 6 6 2  . 5 2 0  . 3 8 0  9 0 . 4 7 4 ( 4 )
r . 6 6 L  L . 6 7 0  . 5 4 0  . 3 7 5  9 0 . 5 1 4 ( 6 )
1 . 6 6 3  r , 6 6 2  . 5 2 O  . 3 9 0  9 0 . 6 0 2 ( 5 )

L . 6 6 3  L . 6 1 2  . 5 0 5  . 4 2 0  9 0 . 6 7 0
r . 6 6 8  L . 6 7 4  . 5 2 5  . 1 t 2 5  9 0 . 6 5 ( 8 )
L . 6 6 4  L . 6 7 L  . 5 6 0  . 4 2 5  9 0 . 6 3 ( 2 )
r . 6 7 6  L , 6 7 4  .  s 3 o  . 4 4 0  9 0 . 8 2  ( 1 )
r . 6 8 2  1 . 6 8 3  . 5 1 0  . 4 6 s  9 1 . 1 3 ( 1 )

L  . 6 7  9  l .  6 8 0  .  s 1  5  . 4 9 5  9 7  . 2 6 t  ( 6 )

L . 6 7 8  L . 6 6 6
r  .  6 8 3  7 . 6 7  2
1.  685 L666
t , 6 8 7  r . 6 7  7
r . 6 8 7  1 . 6 8 0

x(1)  Har low e t  aL .  (L913)
(2)  Wainmight  &  Starkey  (1968)
(3) L{ainwright & Starkey (In:

S m i t h ,  1 9 7 4 ,  v .  1 ,  p .  7 l )
(4 )  w in te r  e t  aL .  (1979)
( 5 )  P r e w i t t  e t  a L .  ( I 9 7 6 )
(6)  Kro l l  &  Tob i  ( to  be  pub l ished)
(7)  Ph i l l i ps  e t  aL .  (L971)

The lattice parameters of samples (10)

* *Loca l i t y :

[A ]  Ane l ia ,  V i rg ln ta ,  USA
[B]  T iburon ,  Ca l i fo rn ia ,  USA
lC l  (syn the t ic )

lu l  uuncee,  Scot fand
IE]  Camedo,  Swi tzer land
[ F ]  M i t c h e l l  C o . ,  N . C . ,  U S A

( 8 )  K r o 1 1  ( 1 9 7 8 )
( 9 )  H a l l  e t  a l ,  ( I r t  S n i t h ,

7 9 7 4 ,  v .  I ,  p .  7 6 )
(10)  K le in  &  Korekawa (1976)
(11)  Krah l  (1976)
( 1 2 )  J o s w i g  e t  a L .  ( 1 9 7 6 )
(13)  Taga i  e t  aL .  (1978)
(14)  wa inwr igh t  (1969)

to  (13)  were  redetern ined by  Kro11 (unpub l ished) .

IG]  Quebec,  Canada
[ H ]  E s s e x  C o . ,  N e w  Y o r k ,  U S A
L r l  l a u ! 4 u u r  t  v d r r d u 4

l J l  surEsey ,  Ice land
[K]  Lake Co. ,  o regon,  UsA
L L I  R o n e v a l ,  S .  H a r r i s ,  S c o t l a n d

( 1 5 )  F l e e t  e t  a L .  ( 1 9 6 6 )
(16)  App leman e t  a ' | ,  ( I97L)  pers .

c o m , ,  1 9 7 2 )
(17)  Facch ine lL i  e t  aL .  (7979)
(18)  Berk ing  ( I976)
(19)  Wainwr igh t  &  Starkey  (1971)

[M] Crystal Bay, Minnesota, USA

[ N ]  S t .  L o u i s  C o . ,  M i o n e s o t a ,  U S A
[0 ]  Moon,  Apo l lo  12038 72

IP]  Traverse l la ,  Swi tzer land
lQ l  Moon,  Apo l lo  14  310 106

IR]  Va1 Pesneda,  Aus t r ia

taining only Al is about 1.743 to 1.747 A, on the aver-
age, and that (T-O) for Si-containing tetrahedra is
1.612 to l.614A. So, roughly speaking, 0.13A is the
average difference between Al-O and Si-O bond
lengths in plagioclase feldspars. The A(T-O) value
of 0.013A for this crystal represents a di-fference t,O
- (t,m) = 0.10 Al atoms. The formula for the heated
oligoclase is Na.u'Caorr.Iq*,Al,.rrrsi2r22Or, and the
total number of Al atoms is 1.278, or 1.000 + the An
content. Thus because tro + trm + t2O f t2m :
1.278, and since trm = tzO = trm and t1O - (t,m) :
0.10, we may calculate the Al distribution among the
four tetrahedral sites: t,O : 0.395 Al and t1m : trQ :
t ,m:0.295 Al.

Al,Si distribution in plagioclases with known struc-
tures

The preceding calculation has been done for all
plagioclase structures listed in Table l, and tro and
(t,m) values are plotted in Figure I as a function of
mole percent anorthite. The locus of fully disordered
structures is the dashed line between t,O : t,m : trO
: tzny : 0.25 for Ab and t,O : t,m : tzO : tzrl :
0.50 for An (as averaged onto the c:74 albite sub-
cell); the dash-dot lines represent tro and (t,m) val-
ues that would be expected if the low plagioclases
were ideal mixtures of completely ordered low albite
and primitive anorthite (cl Smith and Ribbe, 1969,



Fig. 3). Of special significance are the new structure
refinements from Kroll (1978) of plagioclases which
were heated dry at -30oC below the solidus in runs
lasting ftom 22 to 42 days. The data points are
plotted as solid open circles in Figure l. They deviate
significantly from the line representing complete dis-
order. Therefore, these structures were not dis-
ordered completely by the heat-treatment, nor were
any of the three heated Na-feldspars (high albites)
which are plotted here.

This observation leads one to question whether
these heated samples are indeed high plagioclases.
The accepted high series of plagioclases has been
represented by synthetic specimens, which were pre-
pared by dry devitrification ofglasses a few degrees
(mostly -30'C) below the solidus temperature
(Kroll, l97l; Kroll and Miiller, 1980). Because of the
crystallization conditions, it is safe to assume that
these samples represent structural states of the high-
est possible degree of disorder attainable by norrral
synthesis or heat-treatment. The lattice parameters of
the synthetic specimens difler distinctly from low
plagioclases, at least for the range Ano-Anr, (see data
compiled by Smith, 1974, Fig. 7-41, p.307). On the
other hand, the lattice parameters of the heated spec-
imens in question closely agree with the synthetic
high series. Therefore, we accept them to represent
high plagioclases.

With regard to nomenclature we will follow the
suggestions of Laves (1952, 1960). He stated that
"high albite" is topochemically triclinic, that is, it has
a highly disordered but unequal distribution of Al
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and Si among the tetrahedral sites and thus cannot
become monoclinic upon heating without further dif-
fusion of Al,Si. Like the term "high albite," our use
of the term "high plagioclase" means that the aver-
age structure of the plagioclase has a highly dis-
ordered but topochemically triclinic Al,Si distribu-
tion. Except in the case of the Na-feldspars, however,
there has never been any explicit statement about the
actual Al,Si distribution among the four nonequiv-
alent tetrahedral sites in high plagioclases. This can
now be given from a compilation of the data from
the heat-treated and synthetic specimens listed in
Table 2.

Al,Si distribution from the lattice angle 7
In Figure 2 we have plotted the direct lattice angle

7 as a function of mole percent anorthite. Data were
taken from Bambauer et al. (1967b) and several re-
fined crystal structures to establish the curve for the
low series. The limiting "high" series is represented
by the synthetic specimens of Kroll, l97l (Table 2).
The 7 angles of three heat-treated natural plagio-
clases (Anrr r, Anrr, A&8 ?) plot on or very close to the
"high" plagioclase curve, demonstrating that their
structural states are nearly the same as those of the
synthetic samples.

However, differences between (T,O-O) and the
other mean T-O distances (Table l) tell us that they
are not completely disordered. It might be argued
that these differences are caused solely by secondary
bonding effects, inasmuch as T,O and T,m tetra-
hedra are different with respect to T-O-T angles and

Table 2. Compositions, 7 angles, and Al3l = 20(l3l) - 2q1'3D (CuKal radiation) for (a) synthetic, (b) K-Na exchanged, and (c) heated
plagioclases

(a )  syn the t ic  p lag ioc lases  prepared by  dry  dev l t r i f i ca t lon  o f
g lasses  w i th in  120 'C (most ly  3O.C)  be low so l idus  remDera-
t u r e  ( K r o 1 l , 1 9 7 1 )

Sanple An Ab
No. lnol  Z]
144 0 100
I07b 10 90
107a 20 80

(b )  P lag ioc lases  prepared f ron  na tura l  low p lag ioc lases  by
( I )  K-exchange (850 'C,  6h)  ,  (2 )  d ry  heat - t rearment
( I 1 0 0 " C ,  1 0  d a y s ) ,  a n d  ( 3 )  N a - e x c h a n g e  ( 8 1 0 ' C ,  4 h )

34b 30 70
33b 40 60
33a  50  50

7t  29
77  23
80 20

90  10
t00 0

y  ^131  [  " 2e  I
t ' l  (cular)

9 0 . 2 4 ( 1 )  I  2 . o o o
9 0 . 2 1 ( L )  1 . 9 8 s
9 0 . 2 7  ( L )  r . 9 7 5

Sanple An
No.  [no l

!702 25 .3
3r2 27.9

Sample An
No.

: r 2 ( r )  2 7 . 8
Kr (2) 52.O

ro:2 (:) 68.7

90 .  28  ( r  )
9 0 . 3 2 ( 1 )
9 0 . 4 1  ( 1 )

90 .  50  ( r  )
9 0 . 6 0 ( 1 )
90 .  61  (1  )

90 .  58  (1  )
90 .  75  ( r )
9 0 . 8 2  ( 1 )

9 1 . 0 2  ( 1 )
9 r . . 23 (1 )

1 . 9 7 5
1 .  9 9 5
2 . 0 4 5

2 . 0 8 0
2 . t 20
2 . t 20

2 .740
2 , L 7 0
2  . 185

2 . 2 5 0
2 .  300

Plag ioc lases  prepared f rom natura l  p lag ioc lases  by  dry
h e a t - t r e a r m e n t  ( 1 )  1 1 6 0 o C ,  2 2 d ,  ( 2 )  1 2 5 5 ' C ,  2 9 d ,  ( 3 )
1 3 6 5 " c ,  4 2 d  ( K r o 1 1 ,  1 9 7 8 )

Ab y Ar31 [ '2€ I
"l) t 'l (cuxar)

7 4 . 7  9 0 . 3 4 3 ( 4 )  2 . 0 2 0
7 2 . 2  9 0 . 4 2 3 ( 8 )  2 . 0 2 5

Ab 0r y 4131 [ '2el
lmol  Zl  t ' l  (Cuxcr)

6 9 . 9  2 . 3  9 0 . 2 7 5 ( 4 )  1 . 8 9 5
45 .5  2 .5  90 .394 (6 )  2 .000
3 1 . 1  0 . 2  9 0 . 6 0 2 ( 5 )  2 . 1 1 0

20 60 40
23  67 .5  32 .5

3428a 70 30

2 6

33c

z)
1139b

lEs l ina ted  s tandard  er ro r  g iven  in  paren theses  re fe rs
to  the  las t  dec ina l  p lace .

2Numbers  re fe r  to  the  Cor le t t  &  Eberhard  (1967)
co11 ec  t ion ,
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Fig. 2. The direct lattice angle y (in degrees) as a function of
mole percent anorthite for plagioclases of low, high, and
intermediate structural states. The plot is contoured for values of
trO - (trm). Data are in Tables I and 2 and the equations for the
contours in Table 3.

Na,Ca coordination. If for this reason high plagio-
clases would only appear not to be completely dis-
ordered, but in fact were truly disordered, one would
expect (l) that it would not be possible to prepare
plagioclases with a degree of disorder higher than
that of the synthetic samples and (2) that K-exchange
experiments would result in metrically monoclinic
K,Ca-feldspars, at least for K-rich compositions.
However, both expectations prove wrong, as can be
shown from experiments done by Kroll (1971 and
unpublished results). (l) Two low plagioclases, An253
and An2?.8, taken from the Corlett and Eberhard
(196'l) collection, were heated (6 hours, 850"C) in
molten KCI to exchange Na for K. The K-exchanged
samples were then dry-heated (10 days, I100'C) and
found to be monoclinic. which demonstrates that
their Al,Si distributions had changed to monoclinic
topochemistry. The samples were then re-converted

to plagioclases by cation exchange in molten NaCl (4
hours, 810'C) and their lattice parameters were rede-
termined. The 7 angles plot well above the high
plagioclase curve (Fig. 2), indicating that they have a
higher degree ofdisorder than their synthetic equiva-
lents, r.e. the first expectation proves wrong. (2) On
the other hand, when the original low Anrr. sample is
first heat-treated (22 d, ll60"C) and then K-ex-
changed, the resulting K,Ca-plagioclase is found to
be triclinic, which says that its Al,Si distribution is
topochemically triclinic, i.e. the second expectation
also proves wrong. This finding agrees with the struc-
ture refinement of the dry-heated Anr^ where (T,O-
O) : 1.662A and (T,m-O; : (T,O-O; :(T,m-O)
: 1.6494. Thus we reject the possibitity that bond-
length differences between (T,O-O) and (T'm-O)
are due to secondary bonding effects and reaffirm the
fact that the difference in Al content between the T,O
and T,m tetrahedra is the primary cause.

The y diagram has been contoured for t'O - (t,m)
from a regression analysis of the data listed in Table
l. We started the analysis from the assumption that y
is a linear function of t,O - (t,m) and mole fraction
An: y :  at  + a2 ' ro" * ar ' ( t ,O - ( t ,m)).  However,
inspection of the residuals indicated that subdividing
the 7 diagram into two regions of different An con-
tent, using non-parallel contours in each, would be
more appropriate. Therefore, one more term was
added to the original model aolc, - no"l ' [c, - (t'O -
(t,m))]. This term vanishes when n^" : cr or trO -
(t,m) : c, ' c, is the boundary value between the two
An regions in the diagram. c2 causes one line in the
contours, for which t,O - (t,m) : c2,to behave like
a mirror line, reflecting one part of the contours into
the other. Simultaneous refinement of the parameters
ar to a4 and c, and c, showed that c, was significantly
different from zero and thus had to be kept in the
equation. Furthermore, c, turned out to be close to
0.33, where a kink occurs in the 7 diagram. Thus our
final equation was chosen to be: I : &1 +
&z'oe, + ar(t ,O - ( t ,m)) + ao'  10.33 - n^"1 ' [0.35 -
(t,O - (t,nr))]. The result of the refinement is given
in Table 3 as equation (l). It might be interesting to
ask for the error (e.s.d.) associated with the estima-
tion of t,O - (trm) from equation (l), as predicted
from the error propagation law. This may in our case
be formulated as

4

var(t 10 - ( t,m ) ) : X [6(t,O - ( t,m ) )/6a"12 . var(a,)
i - l

neglecting any covariance terms. If equation (l) is
evaluated according to this formula it is seen that
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va4qO - (t,m)) varies with 7 and to a lesser degree
with no". As a consequonce, the error on t,O - (t,m)
amounts to a maximum of 0.05 Al for large differ-
ences between y and the coefficient a, (e.g. in case of
low albite), and reduces to 0.01-0.02 Al when y is
within lo of a,. In addition to these errors, which
arise from the uncertainty in estinating the coeffi-
cients a, to a4, we have to allow for errors which re-
sult from a wrong measurement of y and n*,. If we
assume that n* is wrong by 0.01 mol%o and y by
0.01", then the accumulated error in tro - (t,m)
would be 0.01 A1. In summary, we estimate the total
error associated with t,O - (t,m) to lie within the
range 0.02 to 0.06 Al.

The regression analysis was not done in the usual
way, where it is assumed that only the dependent
variable (7 in our case) is subject to error. It is obvi-
ous that n* as well as t,O - (t,m) cannot be found
without error. Therefore, in a regression situation of
this type it is actually inappropriate just to minimize
the weighted sum of squares due to deviation ) ,,(y,
- 9)', where y: f(x,, Xr.'. X.), and to forget about
the errors associated with the x,'s. To account for
these, Kroll and Stclckelmann (1979) suggested mini-
mizing the sum of the harmonic means of the
squared deviations from expection of the y and x,,"
values:
- ,
|  4 .  *  du  *  d , ,  * . . .  l - ,
l(v, - 9')' (x,, - i,,)' (x,, - ir,)' ' I

+ Minimum!
This type of regression analysis has been given the
name "harmonic least-squares analysis" (HLS).

In the case of a straight-line relationship y : f(x),
where d(x,) is taken to be zero, it is seen that the
HLS function is identical with the usual sum of
squares due to deviation. When both y and x are as-
sumed to be subject to error, the HLS function re-
duces to the function used in geochronology to fit
isochrons for age determination (Brooks et al.,1972).

The errors associated with n^, and y entering the
HLS formula were taken from the literature, those
associated with t,O - (t,m) were calculated from er-
rors in T-O distances applying the error propagation
law. When no errors were quoted we choose o(no.) :
0.01nol%o, o(y) : 0.02" and o(T-O) : 0.003A. Fur-
thermore, the Anro sample (#18 in Table l) was
given zero weight because of its extreme deviation
from the linear relation between grand mean T-O
distances and Al content All(Al+Si) in feldspars.
Anso (#15) was given zero weight because of its

poorly known An content. An8 (#6) was given a
small weight because of its high Or content. Low al-
bite Ano (#1, #2) was substituted by the reference
data of Smith (1974, p. 219) and Stewart and Wright
(1974, p. 362).

Al,Si distribution from 4131 = 20(l3l) - 20(l3l\

The plot of Al3l ys. mole percent An (Fig. 3) has
been contoured for t,O - (t,m) from a regression
analysis like that applied to the 7 diagram [equation
(2) in Table 31. Al3l can be measured very easily (in
less than 5 minutes), but it has an unfortunately
strong dependence on the potassium content of the
plagioclase. Thus, before the Al3l values of Table I
could enter the regression analysis, they had to be
corrected for Or content. For this purpose we have
prepared Figure 4, using data from Orville (1967\
and Kroll (1971 and unpublished results). The cor-
rection is only approximate, and the reader should be
careful not to overestimate the precision of t,O -
(t,m) determined from Al3l using either Figure 3 or
equation (2).

The effect of Or content on Al3l is seen from the
equation given by McKie and McConnell (1963):

Al3l :4sin-'[O(c*cosa* + acosy*)], where

O : 3trb*/(df,, + dl;,)cos + (0',, + 0,j,)

Anorthit

High

trO - (t1m )

Atbite a^ -' Y

o

' 2 0 5

- 0 6
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0 8
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Low
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Refined plogioctose struclures
A 131 observed
A 131 correcled for 0r conlent
A 131 expected from 110- <t1m>
For olher symbots see Fig 2

0 9

Ab 20 40 60 80 An
An [mot%]

Fig. 3. The paramet€r Al3l : 20(l3l) - 20(l3l\, measured in
o2d using CuKc, radiation, as a function of mole p€rcent
anorthite. See other comments as in Fig. 2.
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Table 3. Equations and coemcients to calculate trO - (trm) from
mole fraction An and I (equation l) or Al3l (cquation 2)

(1 )  t10  -  < t1n> =

(2)  t to  -  < t1n> =

v-ar-ar.n*-0,3s.aO I o. :r-non I
ar-a.  0.33-n*

A13J.-br-br-br .n*-0.  35.b4 |  o.  33-nAn I
b3-b4 I 0. 33-nAn I

t l o  =  0 . 2 5 ( 1  *  r A . )  *  0 . 7 5 ( 1 1 0  -  . r 1 r r )

t rn  =  0 .25( I  +  nOr)  -  0 .25( t10  -  . t l r t )

nAn = nole fractlon An (0 < no' < 1)

A131 =  2e(131)  -  2O(13r )  [ '20 ] ,  CuKo,  rad la t lon

Coef f lc ients*

"1
^z t3

plagioclase series, where they range from 0.04 to 0.14
Al. This mainly results from the assumption that
high plagioclases were completely disordered (t'O -

(t,m) : 0), which we now know rieeds to be cor-
rected. The differences decrease towards the low se-
ries, where they range from 0 to -0.07 Al. In the low
series, they arise from the specific choice of Al3l val-
ues made by Ribbe. In contrast, Figures 2 and 3 are
now contoured from a regression analysis in which
no reference to the position of the limiting 'high"

and "low" series was necessary.
The errors associated with the estimation of trO -

(t,m) from Al3l [equation (2)] are virtually the same
as those arising with equation (l), not considering the
uncertainties due to Or content.

Examples and conclusions

Diagrams similar to that for Al3l vs. mole percent
An could be constructed for yt, Ll4l * 20Q41) -

the rhombic section). All are strongly related to y'
and thus to Or content and have weaknesses similar
toAl3l diagrams of Ribbe (1972, Fig. l; 1975b, Fig.
R-37), which should be abandoned in favor of Figure
3. But in spite of dfficulties, the Al31 method should
not be abandoned. Many researchers have access to
an electron microprobe to determine Or and An con-
tents of their plagioclases who do not have the pa-
tience (or perhaps the computing facilities) to under-
take the lattice parameter determinations required

An0

Anl0
An20
An33-50
An60

90.2s2(24) 0.816(41) -2.362(64)
a r .

1 . 0 3 0 ( 2 1 2 )

b /

0 . 2 0 1 ( 9 8 )

b 1 bz br
2 . 0 1 1 ( 1 1 )  O . 2 4 7 ( L 9 )  - 0 . 8 6 0 ( 2 8 )

* Errors are glven in parentheses and refer
to the last deciml place.

The Or content affects c* slightly, but y* is propor-
tionately much more sensitive. Thus for high albite
y* : 87.95o, @sy* : 0.0358, and Al3l : 2.0o; for
high Ab*Or,o y* : 88.23, cosy* : 0.0309, and Al3l
: 1.7o. [f one were ignorant of the Or content in the
latter, the Al3l plot would give t'O - (t'm) : 0.35
Al instead of the correct value of 0.M Al. If a com-
parison is made between Figure 3 and the Al3l dia-
gram of Ribbe (1975b, Fig. R-37) it is seen that the
largest differences in t,O - (t,m) occur with the high
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Fig. 4. Graphs to aid in correction of A I 3 I values for molc pcrccnt KAlSi3Os (Or) in high and low plagiocla$s. Deta arc fron Orvillc
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for the y method. Since Or in solid solution with low
plagioclases averages 2 mole percent or less (Corlett
and Ribbe, 1967), corrections to Al3l are usurilly
small, but not insignificant. High plagioclases often
contain more Or than low, and of course ternary
feldspars contain substantial amounts. An extreme
case, the AnrOr^ sample (Table l) whose structure is
known, can be used to illustrate the correction proc-
ess and its limitations.

The observed Al3l value for An.Or- is 1.6g.
(plotted as O in Fig. 3). Using Figure 4 to,,correct'
this value for the effect of Or content gives an in-
crement of *0.18" and thus an estimated t,O - (t,m)
value of 0.20,. This is not very close to the value de-
termined from bond lengths: t,O - (t,m) :0.465 -
0.205 : 0.26 Al. Notice, however, that the lattice
angle y is 89.80", predicting t,O - (t,m) : 0.23 Al
(Fig. 2). For the heated Anr^Oro, sample (Table l),
the Al3l value corrected for Or content estimates t,O
- (t,m) : 0.12, Al, well within expected errors of the
0.10 Al predicted from mean T-O bond lengths (c/
Fig. l). But 7 is 90.27," and gives a better estimate:
0.09 Al. A third crystal with a large Or content is
An,, where y and Al3l estimate t,O - (t,m) : 0.3 l,
Al and 0.30 Al, respectively, whereas from bond
lengths we would expect 0.29 Al.

Although considerable effort may be involved in
collecting and refining X-ray data to obtain precise
lattice parameters, the 7 plot is clearly the more re-
liable method for determining the structrual state of
plagioclase relative to what we now consider to be
well-characterized "high" and "low', series. Or con-
tent may be ignored because it does not significantly
affect y (for reasons discussed by Kroll and Mriller,
1980), but special care must be exercised to obtain
properly indexed and calibrated diffraction data.
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