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If a molecule is either repeated more than once within the same crystallographic asymmetric unit,
or if more than one crystal form is available, then the phase problem can be reduced to finding the
set of unknown phases («’s) which gives the largest value of R in the expression

B =3 3 Ay cos (o +os+ i)
L

The coefficients A;; and angles @i are simple functions of the structure amplitudes and overall
dimensions of the molecule relative to a chosen origin. The matrix [44] is populated mainly along its
diagonal. A general technique for finding the phases from the expression R is given. It is applied
to a two-dimensional case where there are two identical five-atom molecules in plane group pl.

1. Introduction

Sayre (1952) has given the crystallographic inter-
pretation of a theorem of Shannon (1949), which
has been considered from a more general standpoint
by Brillouin (1956). The theorem indicates that if the
intensities |F|2 could be measured at points corre-
sponding to the reciprocal lattice of the doubled cell,
direct structure determination could be accomplished.
A situation approaching this arises when two identical
molecules (or ‘sub-units’) are contained in the crys-
tallographic asymmetric unit; and a similar situation
arises when the identical structure may be crystallized
in two different unit cells. In each case, for the
determination of a structure of given volume, the
number of observable intensities is doubled.

In an earlier paper (Rossmann & Blow, 1962,
referred to as R. & B.) we have described how the
relative angular orientations of the sub-units may be
determined. We now wish to show how the condition
that the sub-units shall have identical structure
provides information about the phases. The method
will be illustrated by a two-dimensional example in
which two sub-units of five atoms exist in a unit cell

" of plane group pl (Fig. 1).

S

Fig. 1. Ten atom structure showing two identical five atom
molecules contained within the 11 A radius circles and
related by a rotation of — 140°,

In order to solve this problem, it is necessary to
be able to define the operation which, by rotation and
translation, brings one sub-unit into coincidence with
the other, and to have a rough idea of how the sub-
units are arranged in the unit cell. The rotational
parameters can be derived by the methods of R. & B.
In some cases the translational parameters can then
be found by comparing the original and rotated
Patterson functions, (this has been done successfully
for insulin, unpublished), while, for instance, in plane
group pl the translation is trivial, since the origin
may be chosen to lie on the rotation axis. Whether
the arrangement of sub-units is then uniquely deter-
mined will depend on the physical information avail-
able about their size and shape. For the purposes of
this communication, we shall assume that this problem
can be solved.

The ‘rotation function’ described in R. & B. was
applied to a model structure, with the result shown
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Fig. 2. Rotation function (2 A resolution), Rpat,, which
measures the different overlap of the Patterson with a
rotated version of itself. The relative orientation of the
two five atom molecules is shown to be —140°, —40°,
+40° or + 140°. (The calculation was done by Mr D. Davies,
to whom we are indebted.)
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in Fig. 2. The effect of the ambiguity between rota-
tions of +40° and +140° will be discussed later.

The next step is to specify two areas U, U’, which
are related by the correct rotation and translation
parameters, and which contain the two molecules.
Their precise shape is of no great importance, and in
the model structure circular areas were chosen, as
indicated in Fig. 1, which together cover an area
20U =909%, the area V of the unit cell.

2. Equalization of sub-units

We now wish to apply the condition that the electron
density at any point within one circle shall equal the
electron density at an appropriately related point in
the other circle. This condition is to be used to obtain
information about the phases.

Let

B = rew)—etxpax, 0
g

where
x' = [Clx+d. (2)

x’ is the point in U’ which is to be identified with
X in U, by the rotation [C] and the translation d.
E will become a minimum, tending to zero, when
electron densities of the two sub-units are equalized.
Then

B =\ [+ ax—2| o0.gx)ix.
v v
If we make the assumption that all the density of the
cell lies in either U or U’, then the first integral
becomes equal to

(1/V2) = F2(h),

while the second integral has already been defined
(in R. & B.) as the ‘rotation function’ of the electron
density. If some density lies outside U and U’ the
value of the first integral is changed, but it is readily
shown (by considering a structure which is identical
to the real structure within U, but has no density
outside) that the condition for minimizing E is to a
good approximation the same as for maximizing the
second integral R. We shall now consider the variation
of R as a function of the phase angles.

It is shown in R. & B. that if
R = S o(x).0(x")dx
then u
R = (U/V"‘)%‘Z | Frl | Fp|Grp
e p
X €08 (xp+ xp+np—2mp.d). (4)

In this equation |Fi| and «p are the magnitude and
phase of the structure factor associated with h;
d is the translation vector in equation (2) and Ghp
and {2, are the magnitude and phase of the diffraction

function of the volume U for the reciprocal lattice
vector h+[C]p:

Grp Xp [iQp] = (V/U)§ exp { ~2mi(h+ [C]p). x} dx.
vy
Grp has large values only if the reciprocal space
vector h is brought close to —p by the rotation
expressed by [C] in equation (2), and Q,; is zero if
the volume U is centrosymmetric about the origin.
The expression (4) has the disadvantage that it is
in general not symmetrical about the two variables
h and p; it can be cast into a symmetrical form by
writing
R =223 44 cos (oi+ o+ is) (5)
K3

where ’

Asj exp [igy] = (U2VI)[|F]|F5Gy;

xexp {i(—2xj.d+2:,;)}
=A;: exp [is] . (6)

The significance of the two contributions in (6),
with respect to proper and improper rotations, is
discussed in Appendix I.

In order to equalize the sub-units, £ must be made
zero, which means finding a set of phases &; which
gives R its largest possible value. This clearly implies
that for many of the terms with large A;; the angle
(xi+ xj+pi;) must be close to 0 (or 2nx). Since the
¢ can be calculated from the known parameters,
each term of the summation thus represents a probable
phase relationship between o; and «;, whose im-
portance depends on the magnitude of A;;. Since R
is a maximum,

aR/aOCz = —23 A;;sin (i + 0(;'-}—(}551) =0. (7)
7

This condition, satisfied by the same phase relation-

ships, is necessary but not sufficient, since R when

plotted as a function of the «’s has many maxima,

most of which are small.

3. Some properties of the equations (7)

The set of equations (7) may conveniently be thought
of as a matrix with elements A;, each with an attached
phase (xi+x;j+d¢i;). Any one equation (7) is repre-
sented by one row of the matrix, and by (6) the matrix
is symmetrical. This matrix does not have the sig-
nificance of a matrix in the usual linear algebra;
equations (7) are non-linear, and form a set of simul-
taneous transcendental equations, for which no derect
method of solution exists. Before describing the
approach to solution which has been adopted, we
shall consider some features of this matrix.

(i) Matrixz populated along the diagonal

It is convenient to assign a number ¢ to each structure
factor in order of increasing Bragg angle. Associated
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with each reflexion ¢ is its reciprocal-lattice vector s;.
Aj;; can only be large if s; and —s; (or s; and —s;)
are such that one is brought close to the other by
the given rotation [C]. Whatever the rotation, this
can only happen if the terms have a similar Bragg
angle. Thus if the terms are set in order of increasing
Bragg angle, all large A4;; are near the diagonal of the
matrix.

(il) All phases may be changed by =
One may note that

cos [o;+ o+ i;] = cos [(Ott+n)+(ocj+n)+¢¢j] s

so that if a set of phases «; satisfies (7) or maximizes
(8), the set (o + ) will do so equally well. The effect
on an electron density map of changing all phases
by m is to reverse the sign of the electron density.
There is one phase, o (for the (000) reflexion), which
it is physically unreasonable to reverse. (There is a
close analogy to Babinet’s principle in Fraunhofer
diffraction.) This allows us to distinguish between the
two possible sets.

(iil) Terms on the diagonal

In cases of higher symmetry, or with a rotation
of 180°, it may happen that a vector s; is rotated
to —s; or to a symmetry-related position. Under
these conditions the relevant term in (7),

Ay sin (o + i+ at)

may dominate in the ¢th row, indicating the phase
relationship 2a; ~ 205 — .

If we define o; by the limits 0 < «;<2z, then
oi=(m—§dus) or (2m—}di). We now have, instead
of the usual type of phase relationship, an indication
of phase, with an ambiguity. This ambiguity will be
resolved by the effect of the off-diagonal terms in
the row.

(iv) Relationship with the ‘shrinkage stage’ methods of

Bragg & Perutz (1952)

As previously indicated, important phase relation-
‘ships will only arise when s; and s; both correspond
to a similar Bragg angle. Bragg & Perutz (1952) ex-
amined a series of haemoglobin crystals in which the
unit cell lengths a, b, and ¢ sin § were scarcely altered,
but B varied between 84° and 143°. The corresponding
ROl reciprocal-lattice points were all arranged along
lines of constant h, but the different shrinkage stages
allowed these lines to be sampled at many more
points than would be possible with a single-crystal
form. By comparing intensities at adjacent points,
they were able to determine where the sign of the
molecular transform changed, applying the principle
that it could not change too rapidly. This is exactly
analogous to the procedure by which (5) and (7)
indicate phase relationships between points with sim-
ilar Bragg angles. The chief differences are

(a) that the criterion of equalizing sub-units (1) is
more stringent than the ‘principle of minimum wave-
length’ (Bragg and Perutz, 1952);

(b) that by considering a rotation of the three-
dimensional reciprocal lattice, phase relationships are
generated through the lattice in a more general way.

4. Solution of the phase requirements

It is shown in Appendix II that the ¢th row of the
matrix has a magnitude

S = X Aij cos (xs+ as+u) = Fi/ V2. 8)
i

For convenience, define @y=o+ o+ If it is
assumed that the angles @;; are independent of each
other, each term in the summation over j is like one
step of a random walk, with the limitation that the
sum of steps in a row is S;.

Let us fix our attention on one term, A;;. If it is
assumed that all the other steps in the ith row,
Aix(k+j), are in random directions, the probability
that their resultant lies between Q and Q-+dQ can
be calculated by the Markoff method (see Chandra-
sekhar, 1943). The length of each step, A, is known,
but the probability function is unsuitable for rapid

-caleulation. A much simpler form is obtained by

assuming that the length of each step is governed
by a Gaussian probability distribution whose mean-
square length is 4. We then have

P(Q)dQ < exp {—|Q|2k§ A%}dQ.
j

However, we know that on taking the final step of
length Ay in a direction @y with S:;, we must reach
the end of the vector S;. Hence

{Q[2=A%+S?—2Aij/8i cos @ij R
and thus it can be shown that

Pif(0)d0O o exp {— (448:/ 2 A%)sin23O0}dO . (9)
k]

Let us first consider the case when j=1 for the term
under consideration, A4;;. Expression (9) gives the
probability distribution for @; based on this diagonal
term. Here @;;=20;+¢i. Thus if py(a)da is the
probability, according to the jth term of the ith row,
that «; lies between x and x+do«, then

Pii(o) o exp {—(4A,~Z~Si£2 A%) sin? (a—3ee)} . (10)
i

In the general case, ¢4j, expression (9) gives us
the probability distribution for o+ o= 06—
Thus if some probability function P;(«x) is available
for phase angle 7, then this 7j term indicates a prob-
ability distribution for «; as follows:

«2r

pi(o) = S@—opu(@) Pi(@—x—i)d0 . (11)
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The integration over @ is introduced as all values
of © have a finite probability. Thus

2n
Pij(a) « SO Pi;(0) exp {—(4AifSi/k%; A%)
sin? ((@— zxj—qSij)/2)} de . (12)

In practice there are several significant terms 4,
affecting «;, each giving a different distribution ps;(«).
It is to be expected that these distributions will be
similar, or, if they are different, then it is hoped
that only those distributions with small 4;; will
differ grossly. Nevertheless it is important to take
into account all terms in a single row. We may con-
sider the final distribution for P;(x) as the joint
distribution of all separate distributions from each
term in an equation.

=~ Pi(x) = IT {IT ps; ()}
7

or, from (11)

Pila) = H{H[S:"Pi,x@)m(@—a—qsﬁ)d@]}. syt

m \j

Let us now consider the total process of determining
the phase probability distributions, starting only with
a knowledge of the coefficients 4;; and phases ¢i;.
We may write down immediately that xo=0 with
a probability of unity. We as yet know nothing at all
about any other phase, and express our present
ignorance by setting the probabilities of all values
of phase «; as equal. We then apply (10) to the
diagonal term of each row (j=14) and take pi(«x) as
our first estimate of P;(«). This form of P;(x) can
now be used in (12) with all ¢ terms, which are then
combined by (13) to give improved versions of P; ().
Because of the ambiguity of pi(«), indicating two
phases 180° apart as equally probable, all these
probability distributions will have two peaks 180°
apart, except where an interaction with «o exists.
Where such an interaction does exist, a preliminary
indication of phase will be given.

The new joint probability distributions P;{x) are
used in a second cycle of refinement, and the initial
distributions are discarded. In the second cycle, phase
indications will be obtained for those phases which
interact with equations whose phases were previously
determined because of their strong A4i, terms. The
iterative process can be repeated until the phases so
determined give values of £ (equation (3)) approaching
zero, the phase indications spreading further from the
origin of reciprocal space with each cycle of refine-
ment.

Consider now the case of an equation with a dom-
inant diagonal term 4;;. The value of B (equation (4))
will be little changed whether ;=7 — §¢bs; or 277 — §ebs,

t The phase probability distribution of all m symmetry
related phases can be multiplied together, provided one takes
care of their relative phases as required by any particular
space group.

that is to say the probabilities P;(x=n— ¢i) and
Pi(x=27—}¢ii) are almost equal. The simplest ap-
proach would be to use the phase with the greater
probability, but should that not be correct, the error
introduced into the Fourier summation would be large.
Blow & Crick (1959) and Dickerson, Kendrew &
Strandberg (1961) show that the best approach to
the formally identical problem of combining the
information from different isomorphous replacement
derivatives is to use the centroid of the phase prob-
ability distribution as Fourier coefficients, &, in an
electron-density calculation.
That is
s

& = [FiIS:Pi(oc) exp [ia]do /So Pi(a)do. (14)

5. A worked example

A two-dimensional structure (Fig. 1), in plane group
pl, in a cell with =216, 5=42-0 A, y=111-5°
containing two independent, but identical molecules
each with five equal atoms was chosen as a trial for
the proposed method. In order to limit the amount
of computation, calculations were restricted to the
35 reflexions of lowest Bragg angle. The calculated
structure amplitudes for these reflexions, correspond-
ing to 6:2 A resolution, were used as ‘observed’ data
from which to deduce the phase angles. A Fourier
synthesis using these structure amplitudes with the
‘correct’ calculated phases is shown in Fig. 3.

Fig. 3. Electron density map using only the innermost thirty
five structure amplitudes (6:2 A resolution) with structure
factor calculated phases.

The equations in A4:; and ¢;; were now derived and
solved by the method described in this paper. One
iteration for thirty-five phases took 20 min. on the
EDSAC 2. Rotations of both —140° and +40° were
used, but the latter, incorrect rotation, did not refine
to a low value of £ (Table 1). Rotations of +140°
and —40°, represent enantiomorphic solutions.

The first refinement (seven cycles) using the correct
rotation of —140° led to a recognizable structure
(Fig. 4). The phases are given in Table 2. The second
refinement process used |Ghp| instead of Gip in the
calculation of the coefficients A4;;. This can be shown
to be rather like the physical criterion of minimizing

B = (ee-epax,
U
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or maximizing

R = S 0%(x) . p2(x")dx . (15)
U
Table 1. Values of the functions E and R
Rotation Structure 2R x 104 Ex 104

+40° ‘correct’ phases 1-41 1-51
deduced phases 1 1-99 0-93

—140° ‘correct’ phases 269 0-23
deduced phases 2 2-62 0-30

deduced phases 3 2:76 0-16

The ‘correct’ phases refer to the phases given by conven-
tional structure factor calculations, from the assumed atomic
positions.

Deduced phases 1 were found by refining the G criterion
(maximization of R, equation (4)) using the rotation of +40°,
which represents an extraneous solution of the rotation
function.

Deduced phases 2 were found by refining the G criterion
(maximization of R, equation (4)) using rotation of —140°,
which represents the correct solution of the rotation function.

Deduced phases 3 were found by refining the |G| criterion
(maximization of R’, equation (15)) using rotation of —140°

Table 2. Comparison of ‘correct’ structure factor cal-

culated phases and those found on refinement of the G

and |G| criteria, corresponding to the ‘deduced 2’ and
‘deduced 3’ phase angles

Indices «° ;0 o
i (b, k) (correct) (deduced 2) (deduced 3) |Fy
0 0 0 0 0 0 60
1 01 300 304 308 6
2 —-11 321 287 306 21
3 1 0 181 178 182 17
4 0 2 195 222 213 17
5 -1 2 22 21 22 41
6 1 1 192 305 214 11
7 -1 3 288 316 286 22
8 0 3 23 153 148 3
9 I 2 39 226 32 10
10 -2 1 152 88 156 13
11 -2 2 221 195 209 18
12 -1 4 217 7 229 26
13 2 0 350 57 1 7
14 -2 3 345 243 339 23
15 0 4 51 271 64 20
16 1 3 36 177 347 6
17 2 1 310 28 7 14
18 -2 4 52 221 50 8
19 -1 5 13 71 83 12
20 0 5 20 298 255 1
21 2 2 228 240 212 24
22 1 4 262 170 237 28
23 -2 5 290 5 326 14
24 -3 2 36 339 357 22
25 -3 3 186 85 161 8
26 -3 1 95 39 33 20
27 -1 6 48 193 95 15
28 -3 4 274 173 189 15
29 2 3 342 263 271 16
30 -2 6 254 308 286 32
31 3 0 167 282 212 8
32 1 5 174 237 272 14
33 0 6 275 241 246 11
34 -3 5 51 26 24 8
35 3 1 320 242 202 25

This criterion led to a structure more nearly like the
correct structure (Fig.5). The phases given by the
sixth cycle of refinement, are shown in Table 2.

Fig. 4. Electron density map using the innermost thirty five
structure amplitudes with phases deduced by maximizing
R (equation (4)).

Fig. 5. Electron density map using the same structure ampli-
tude but phases deduced on the basis of maximizing R’,
(equation (15)).

It may be noted from Table 2 that the phase
determination deteriorates with increasing ¢. Indeed
an electron-density map including only those terms
for which ¢ < 23 is substantially better than shown
in Fig. 5. In these phase probability calculations only
the interactions between the 35 innermost reflections
were considered. As the largest 4;; elements must lie
on or near the diagonal of the matrix, the effect of
neglecting A;; terms with j> 35 becomes more serious
as ¢ increases. In our example a significant number of
terms have been neglected in a large proportion of the
equations and the effect is serious. It becomes less
important as the number of unknown phases becomes
larger. A measure of the seriousness of the effect is
the ratio of the surface area to volume of the ‘sphere
of reflection’ used to terminate the data.

APPENDIX I

The effect of proper rotations
Let

(ﬁkp = [—27tp.d+.th]
= —2a[p.d+(h+h").S]
(see R. & B.)

where h’=[(~3].p, and S is the position vector of the
centre of the volume U over which the integration
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was performed, and for which Grp exp [1024p] represents
the diffraction function.

. ¢np = —2n[p.d+h.S+{[C].p}.S]

—27[h.S+ p{[C].S+d}]
= —2z[h.S+p.S']

I

where S8’ is the position vector of the centre of the
volume U’. That is S'=[C].S+d.

Now if the rotation is proper we may take S=8§’
and integrate over the volume of both sub-units,
for it is irrelevant where the boundary between these
is drawn. Thus for a proper rotation

énp = —27[(h+p).S] = ¢ ,

but for an improper rotation

érp = —2a[h.S+D. S *dpn .

APPENDIX II

The magnitude, S;, of the sum of the terms in a
row of the matrix 4;; cos (;+a;+s;)

By definition of a structure factor
- |F(h)| exp [—ion] = VS 0(x) exp [—2zih. x]dx
14
where V is the volume of the unit cell. If there is no

density outside the volumes U and U’, and within V,
then it follows that

|F(h)] exp [— o]

= V{S o(X) exp [ —2xmth.X]dx
u

+ S o(x) exp [—2m’h.x]dx} .
o

I

V{S o(X) exp [—2n7h.x]dx
v

+ S o(x') exp [—2nih.x']dx} ,
v

since whenever x is in U, X’ (given by equation (2))
is within U’. But since g(x)= o(x’):

|F(h)| exp [—ixn] = V{Svg(x’) exp [—2mih. x]dx

+ S o(X) exp [—Qm'h.x']dx} .
u

Substituting a Fourier summation for o(x); that is,
writing
e(x) = (Y/V) X'|Fy| exp [i(xp—27p.X)],
?

we have

|F(h)| exp [—tan]
- g {2 \F(p)| exp [i(ocp—27zp.x’)]} exp[—2ih.x]dx
JUu\lp

+§ {2 17 exp lito— 29 1)
Ulyp
x exp [—27zh.x']dx .
Making use of (2) to write X’ in terms of x

[F(h)] = X' |F(p)| exp [¢(xp+ on)]
P
X {exp[—?m'p.d]g exp [—2zi(h.x+ p.[C].x)]dx
Jy

+ exp[—2m'h.d]§ exp [—2m’(p.x+h.[C].x)]dx}.

U

Since p.[C].x= [é] p.X, the first integral becomes
S exp [—27i(h + [CIp)x]dx = (U/V)Gnp exp [i@ns],
v

by definition.
Making a similar substitution for the second integral
leads to

[F(h)| = (U]V) X |F(p)| exp [i(xp+ on)]
»
x {exp [—2mip. d]Grp exp [(2np)
+exp [—2nih. d]Gpn exp [iQpn}
[F(h)]2 = (U/V) X |F(p)||F(h)| exp [i(ap+ xr)]

»
x {exp [—2mip. d)Ghp exp [iQ21p]
+exp [—2mih. d]Gpn exp [iQ2p]} .

This may be compared with (6), h being replaced by
i and p by j. It is evident that

[F(i)]> = 2V2 X Ayj exp [i(xi+ &j+dis)] -

Using Friedel’s Law
|F’(i)|2 = 2V22Aij cos (0({+(Xj+¢ij) = 2VUS; .
i

So that S; = (1)2V2)|F3))2.
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Crystal Structures with a Chabazite Framework. II. Hydrated Ca-chabazite*

at Room Temperature

By J. V. Smite AnD F. RiNaLpI
Department of Geophysical Sciences, University of Chicago, Chicago, Illinots, U.S. A.

AND L. S. DENT GLASSER
Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland

(Received 13 November 1961 and tn revised form 24 April 1962)

The crystal structure of hydrated Ca-chabazite (composition Ca,.gzAl; ¢Sig.0,,.13(?)H,0) was
studied from {hk0} data of the rhombohedral cell (R3m(2): a =942 A, o =94° 28’). The atomic
coordinates of the Si, Al and oxygen atoms of the framework were refined without difficulty assum-
ing space group R3m. Great difficulty was found in locating the calcium atoms and water molecules,
and the proposed distribution, although giving R =0-11, is uncertain: consequently, three-dimen-
sional analyses at both low and room temperatures are being considered. However it is certain that,
during hydration, the distribution of Ca atoms changes markedly, and the framework changes
shape. The non-framework peaks in the F,-synthesis can be interpreted on the basis of thirteen
water molecules and two calcium atoms per unit cell. There are twelve peaks for the calcium atoms
and it was postulated that there are six different types of unit cells projected onto the pseudo-
rhombohedral F,-synthesis. It is thought that the arrangement of the Si and Al atoms results in
asymmetric electric fields which cause the water molecules, and especially the calcium ions, to
move away from positions of rhombohedral symmetry. Ordering of the Si and Al atoms, together
with twinning, best explains the X-ray and optical observations: however, other possibilities cannot
be ruled out definitely. The calcium atoms have four water molecules as nearest neighbours, which
may be regarded as an incomplete sphere of hydration.

Introduction

In part I (Smith, 1962) of this series, a general intro-
duction to the program of studies on chabazite was
given, together with a detailed account of the struc-
ture of dehydrated-Ca-chabazite. The more complex
study of hydrated-Ca-chabazite falls into three parts:
(@) determination of the Si,Al-O framework from
two-dimensional data, and discovery that at least
some of the calcium atoms and water molecules
appear to be statistically distributed in projection,
(b) determination of a possible configuration of calcium
atoms and water molecules on the basis of a symmetry
lower than rhombohedral, (c) study of chabazite by
three-dimensional data at room temperature and below
—100 °C. Because considerable time will elapse before
part (c) can be completed, and because the conclusions

* This investigation was partly carried out at the Depart-
ment of Mineralogy, Pennsylvania State University, College
of Mineral Industries: Contribution number 61-16.

reached in parts (a) and (b) are important, an account
of the preliminary results is given here, even though
uncertainties remain.

Experimental

Optical examination of the chabazite showed the
presence only of rhombohedral faces. However, the
crystals displayed complex optical phenomena in
polarized light. The extinction was variable in parallel
light, showing the presence of domains separated
from each other by boundaries in which the extinction
changed abruptly. However, there were large con-
tinuous changes of extinction in each domain, and
the domain boundaries, although tending to be planar,
were curved in an irregular manner. Examination in
convergent light yielded confused figures because of
the summation of effects from several domains; the
least confused figures indicated a moderate optic
axial angle (near 50°) with a positive sign. Similar



