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DETERMINATION OF THE COMPOSITION AND STRUC-
TURAL STATE OF PLAGIOCLASE WITH THE FIVE-AXIS
UNIVERSAL STAGE!

Donarp C. NoBLE, U. S. Geological Survey, Denver, Colorado.

ABSTRACT

Anorthite content and structural state of plagioclase may be determined rapidly on
the five-axis universal stage. Angles between optical and crystallographic directions are
measured directly on the universal stage and are plotted on rectangular determinative
graphs. Stereographic plotting, normally required in using both the Fedorow method and
the standard five-axis method, is eliminated. The method is particularly useful for
routine compositional determination of plagioclase from volcanic, hypabyssal, and epi-
zonal and mesozonal plutonic environments, in which marked variation in shape and
orientation of the indicatrix with structural state render extinction angle techniques in-
accurate, and optical determination of structural state.

Determinative charts and procedures for resolving ambiguities are given.

INTRODUCTION

This paper describes a rapid and accurate method of determining the
composition and structural state of plagioclase on the five-axis universal
stage. The relatively simple sequence of universal-stage manipulations
here outlined is adequate for routine work in the great majority of cases.
The adaptation of rectangular determinative charts to the five-axis
method increases both speed and accuracy.

The five-axis universal stage provides three horizontal and two vertical
axes of rotation in addition to the microscope axis. The reader is referred
to Emmons (1929, 1943) for a detailed description of the instrument. The
following modification of Berek’s (1924) nomenclature of axes is used in
this paper.

This paper Emmons (1943)
Inner vertical axis Ay I.V.
Inner horizontal axis Aaux I. EEW
Middle horizontal axis A, N-S
Outer vertical axis A, 0. V.
Outer horizontal axis Ay 0. E-W
Microscope axis A; M

OpticAL PARAMETERS USED

The procedure here described is based on (a) the angles separating the
principal axes X and Y and L (010), the twin axis of the albite twin law
(Fig. 1), (b) the angle between X and 1(001), and (c) 2V. Measurement
of the orientation of the indicatrix with respect to L1(010) is probably

! Publication authorized by the Director, U. S. Genlogical Survey.
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the most commonly used method of determining the composition and
structural state of plagioclase (Koéhler, 1942a; 1942b; Marfunin, 1960;
Slemmons, 1962a; 1962b; Uruno, 1963). The angle separating X and
1(001), when plotted versus the angle Y to L(010) (Fig. 2), is also very
useful for determining composition and structural state, particularly of
albite and oligoclase. For the more sodic compositions, 2V (Fig. 3) is a
sensitive indicator of structural state.

MEASUREMENT PROCEDURE

By the procedure here described, the angles separating optical and
crystallographic directions are measured directly on the universal stage
and plotted on rectangular determinative graphs. No stereographic
manipulations are required.

Orientation of the indicatrix. The optical indicatrix of the twinned sub-
individual or cleaved grain is oriented by the standard five-axis proce-
dure (Emmons and Gates, 1939; Emmons, 1943). The procedure here
described requires that the indicatrix be oriented with either (a) Y
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Fic. 1. Plot of X to 1 (010) versus Y to 1 (010) for plutonic (dashed line) and volcanic
(solid line) plagioclase. Composition, from Ang to Anjg, is indicated by the numbers 0 to 10.
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F1c. 2. Plot of X to 1 (001) versus Y to L (010) for plutonic (dashed line) and volcanic
(solid line) plagioclase. Composition, from Ang to Anig, is indicated by the numbers 0 to 10.

parallel to A; and X parallel to A; or (b) X parallel to A; and Y parallel
to Aj. Because both X and Y lie at a relatively low angle to (010) in all
but the most calcic plagioclases (Fig. 4), one of the two orientations will
result if a grain having (010) at a high angle to the plane of the thin sec-
tion is selected. If the angle X to _L(001) is to be measured, the indicatrix
must be in orientation (a). As may be seen from Fig. 4, this orientation
will result in most cases if a grain is chosen in which both (001) and (010)
are at a moderately high angle to the plane of the thin section.

As grains having composition or cleavage planes at a high angle to the
plane of the thin section are the most easily and accurately measured by
three-axis techniques, there are few grains accessible to three-axis tech-
niques that cannot be studied by five-axis methods.
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Measurement of the angle X to 1(001). To measure the angle between X
and _1(001), a (001) cleavage or composition plane is made vertical
(parallel to As) and parallel to A, by rotation about A; and A, (Fig. 5).
As X is vertical when the A, scale is set at zero, the amount of rotation
about A, required to orient (001) is equal to the complement of the
angle X to 1(001).

Measurement of 2V. The optic angle can be measured directly if Y is
parallel to A,. By rotation about A, Y is placed parallel to As and is then
placed in the 45° position with respect to the nicols by rotation about As.
One, and preferably both, optic axes are then made vertical by rotation
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Fi6. 3. Plot of 2V for plutonic (dashed line) and heated plutonic (solid line) plagioclase
of sodic and intermediate composition. Data for plutonic plagioclase from Smith (1960);
for heated plagioclase from Smith (1958).



COMPOSITION AND STRUCTURAL STATE OF PLAGIOCLASE 371

Lioon

L(010)

FR (elo}]

{0011

Fi6. 4. Equal-area plot of the orientations of X (circles) and Y (crosses) for plutonic (dashed
line) and volcanic (solid line) plagioclase of composition Ang to Ansp.
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F16. 5. Equal-area plot of the position of the indicatrix of plutonic albite Angy (a) before
and (b) after | (001) has been made normal to A, and A; by rotation about As and A,.
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about A4, and Vy is read directly on the A, scale. Accuracy is increased if
measurements are made in both 45 degree positions and averaged
(Fairbairn and Podolsky, 1951).

If Y is vertical (parallel to A;) the indirect Berek-Dodge method
(Berek, 1923; 1924; Dodge, 1934) must be used. The principal axes X and
Z are both placed 45 degrees from A4 by rotation about A;. By rotation
in either direction about A4, Y is inclined 50, 60, 70, or 75 degrees from
A;. The extinction angle from X’ to A, is then measured and 2V and sign
are determined using Fig. 6.

Although the sensitivity of the extinction-angle reading increases with
increased separation of Y and A;, the magnitude of the errors introduced
both by differences in the index of refraction of the crystal and the uni-
versal stage hemispheres and by strain in the hemispheres (Vogel, 1964a)
increases rapidly with increase in the angle between A; and As. For this
reason, rotation about A, should normally be limited to 50 or 60 degrees.
If hemispheres with an index of refraction of approximately 1.554 are
used, rotation corrections may be ignored for all but the most sodic and
calcic plagioclases.
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F16. 6. Chart for determining 2V by means of the Berek-Dodge method when X and Z are
both normal to Aj and 45 degrees from A,.
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Direct determinalion of the orientation of the indicatrix with respect lo
1(010). The orientation of the indicatrix with respect to 1(010) may be
determined directly on the universal stage in one operation requiring no
intermediate graphical construction.?

By rotation about A, and As, L1(010) is placed parallel to A, (Fig. 7) by
the standard five-axis procedure. As X or Y remains parallel to A, during
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Fic. 7. Equal-area plot of the position of the indicatrix of volcanic labradorite (a) before
and (b) after | (010) has been made parallel to A4 by rotation about A; and As.

the orientation of 1¢010), the angles between the principal axis parallel
to A and L (010) can be read directly on the Az scale.

Rotation about A, is necessary to place L(010) parallel to A4 df the
angle Y to 1(010) is measured directly on the As scale, the amount of
rotation is termed |AAs|y; if X to 1(010) is measured directly, the
amount of rotation is termed |AA,|,. The magnitude of |AAs|x and
|AA,|, depeads solely on the angles X to 1(010) and Y to 1.(010). The
relations are given by the equations:?

cos X A L(010) =sin ¥ A L1 (010)-sin | AAs|x (1)
cos Y A L(010) = sin X A 1 (010)-sin | Adaly (2)

The relation for |AAA, is shown stereographically on Fig. 7; an

* Zavaritsky (1942, 1943) has described a somewhat similar method of directly de-
termining the orientation of the indicatrix with respect to L (010) or 1 (001). His method
utilizes As and Ay to orient the crystallographic direction. This is not as accurate as the
use of the axes Ay and A;, because the grain cannot be rotated about As during the orienta-
tion of the crystallographic direction.

3 The angle Z to L (010) may also be calculated using the equations:

cos Z A\ L(010) =sin Y A L (010)-cos l AA; l,
cos Z A L(010) =sin X A L(010)-cos | AAsy
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analogous relation holds for {AA,|,. From An, to Any |AA,| is, for all
practical purposes, equal to the complement of X to 1(010) or Y to
1(010). From Any to Anyg |AA;| becomes progressively greater than
the complement, exceeding it by approximately 20 per cent in the range
Ansgo_10o.

Reduction of [AA,|, and |AA.], to X to L(101) and Y to L(010),
respectively, is not required for routine plagioclase study. Since the ori-
entation of the indicatrix with respect to _L(010) is completely defined by
the angle pairs Y to L(010), |AA;|,, and X to _L(010), [AAs],, deter-
minative curves can be constructed by plotting |AAs|« versus Y to
L(010) (Fig. 8) and X to L(010) versus |AAs|y (Fig. 9) in the rec-
tangular coordinate method of Turner (1947).

Alternatively, the angles X to 1.(010) and Y to 1(010) may be com-
puted quickly on a slide rule equipped with a sine scale.

DETERMINATION OF COMPOSITION AND STRUCTURAL STATE

Composition is determined by plotting |AA.|x versus Y to 1(010) on
Fig. 8 or X to 1(010) versus |AA,|, on Fig. 9. In addition, for sodic
plagioclase, X to _L(001) is plotted versus Y to _L(010) (Fig. 2). This
plot may be used also to check the composition of more calcic plagio-
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F1c. 8. Plot of |AA2| x versus Y to L (010) for plutonic (dashed line) and volcanic (solid
line) plagioclase. Composition, from Ang to Anyg, is indicated by the numbers 0 to 10.
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F1c. 9. Plot of X to 1 (010) versus IAAZI , for plutonic (dashed line) and volcanic (solid
line) plagioclase. Composition, from Ane to Anye, is indicated by the numbers 0 to 10.

clases. If the data fall on either the plutonic curve or the volcanic curve,
interpolation is made between the points which represent 10 per cent
increments of An content. If the point falls between, or slightly outside of
the curves, composition is determined by constructing a straight line
through the point that intersects both the plutonic and volcanic curves
at the same An value.

Structural state is determined by the degree to which the plotted data
approach the plutonic or volcanic curves. The position of L(010) with
respect to the indicatrix is probably the most sensitive of all optical
indicators of structural state for plagioclase which is more calcic than
approximately Ans; for the more sodic compositions 2V (Fig. 3) is most
sensitive. The plot of X to 1(001) versus Y to 1(010) (Fig. 2) is a sensi-
tive indicator of structural state for albites. Although most plagioclases
will plot near either the plutonic curve or the volcanic curve, plagioclases
having intermediate optic orientations are not uncommon (Muir, 1955).
As the optics of plagioclase from a single rock often show some scatter
normal to the curves, several grains must be measured to obtain a reliable
estimate of the average structural state of the plagioclase in a rock.

For sodic plagioclase, the composition indicated by a given value of Y
to L(010) is greatly affected by small errors in X to 1.(010). 1If the value
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of structural state determined from the orientation of the indicatrix dis-
agrees with the value determined by the more sensitive 2V measurenient,
the value of structural state reflected by the optic angle should be taken
into account in estimating composition.

The plutonic and volcanic curves on Figs. 1, 2,4, 8, and 9 are average
curves constructed from data obtained from analyzed feldspars from
plutonic and volcanic environments. The data are from Slemmons
(1962a, Table 3).4

More precise data on the optical orientation of plagioclase continually
become available (Carmichael, 1960; Gay and Muir, 1962; Uruno, 1963;
Burri et al., 1962; Vogel, 1964b). The worker is urged to construct deter-
minative curves from the best data that are available.

RESOLVING AMBIGUITIES

The ambiguities inherent in the use of X to 1(010), Y to 1(010),
and X to L(001) as determinative parameters may in most cases be re-
solved during the course of measurement if (001) can be made vertical by
rotation about A,.

Values of Y to .L(010) from 70° to 90° may represent either of two
compositions. The correct one may be determined by noting if Y lies
within the acute or within the obtuse angle formed by (010) and (001).
For plutonic and volcanic plagioclase more sodic than Any and Any,
respectively, Y will lie within the obtuse angle formed by (010) and (001),
whereas, for more calcic compositions Y will lie within the acute angle.
The relative relief of the grain against the mounting media may also be
used to determine the correct composition.

In most instances the position of Y with respect to (010) and (001)
shows immediately on which side of the ordinate X to 1.(001) =90°
(Fig. 2) the measured value of X to 1.(001) is to be plotted.

In sodic plagioclase X is very close to (010), equivalent to the ordinate
|AA;|<=0 on Fig. 8. The side of this line on which |AA;]x is to be
plotted may be determined by qualitatively noting the relationship of X

* Slemmons (oral communication. 1963), in collecting data for his curves, did not
discriminate between data given in mol per cent An and those given in weight per cent An.
However, the data of Becke ( 1906), cited by Duparc and Reinhart (1924), are given in
mol per cent, and the analyses of Smith ( 1960), on which Slemmons' plutonic curves are
almost wholly based, are also given in mal per cent An/An-+Ab+Or. Likewise, the anal-
yses of the Linosa feldspars (Kihler, 1942a) were given by Ernst and Neiland (1934) in mol
per cent An/An/+Ab<4Or, and the index of refraction curves of Smith (1958), used to
adjust the data of Kano (1955), are in mol per cent An/An--Ab-+Or. The positions
of Any, Any, and Any for plutonic plagioclase given on Plate 2 of Slemmons (1962a) do
not agree with their positions on Fig. 4 of Slemmons {1962h). The latter orientation, which
agrees with that of the classic plagioclase migration curves, has been used in constructing
the figures in this paper.
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to (010) and (001) (Fig. 4). The position of X relative to (010) and (001)
is obtained from the sense of the rotations about A; and A4 made to
place (010) and (001), respectively, vertical. For albite, sodic oligoclase,
and for calcic oligoclase and sodic andesine having Y to 1(010) greater
than approximately 82 degrees, |AAs|« plots above the line |AA,| =0
if X lies within the acute angle formed by (010) and (001), and below the
line if X lies within the obtuse angle.

For compositions near Ang, however, the position of X relative to
[100] and _L[001] /(010) must be qualitatively determined before |AAzA,
is plotted versus Y to L(010), or X to 1(001) is plotted versus Y to
1.(010). For such compositions X is nearly parallel to (010). Thus the
projection of X on (010) is virtually parallel to A after L(010) has been
made parallel to Ay. The direction [100] is the line of intersection of (010)
and (001). The direction L[001]/(010) may be determined if a Carlsbad
or albite-Carlsbad twin is present in the individual grain being st udied.
The interference tints in the Carlsbad or albite-Carlsbad twinned sub-
individuals will match when _L[001]/(010), which lies 26° from [100}, is
made vertical by rotation about A4

The measured value of |AAs|, is plotted above the ordinate |AAs|<=0
if X lies to the left of (010), as oriented in Fig. 4, and below the ordinate
if X lies to the right of (010). The measured value of X to L(001) is
plotted above the ordinate X to L(001) =90° if the projection of X on
(010) lies within the acute angle formed by [100] and 1[001]/(010), and
below the ordinate if X lies within the obtuse angle.

DETAILED QUTLINE OF MEASUREMENT PROCEDURE

In the following section the measurement procedure is outlined sequen-
tially. A knowledge of basic universal stage procedure (Haff, 1942;
Wabhlstrom, 1960} is assumed.

Orientation of indicalrix.

(1-A) Select a grain with (010) at an angle of more than 60°, and with (001) preferably
at an angle of more than 50°, to the plane of the thin section.

(1-B) Lock A, exactly parallel to A,.

(1-C) Place the principal axis lying nearest to (010) in one twin individual exactly
parallel to A, by rotation about A; and Aaux. This principal axis will be either X or Y. Itis
not necessary to orient the principal axes in one of the albite-twinned individuals that will
be used to orient L (010). Rather, one subindividual related to these units by a twin law
having (010) as the composition plane may be used.

(1-D) Lock A; and Auux having Y or X parallel to As; unlock As and rotate 90° about
Aj to the zero position; lock A,.

(1-E) Place Z parallel to A, by rotating about A; lock A.. Record the reading on the
A, scale.
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Measurement of X to 1 (010)

The angle X to 1 (010) may be measured if Y and Z have been made parallel to A, and
Ay, respectively.

(2) Place a (001) cleavage or composition plane parallel to A, and A; by rotation about
Az and A4. Record the reading on the A, scale, which is 90°——X to | (001).

Measurement of 2V

If Y has been made paralle] to A, in the orientation procedure, 2V is measured directly.

(3-A) Unlock A; and place A; parallel to A4 by rotation about Ag; lock As.

(3-B) Having A; in the 45° position, make one, or if possible, both optic axes vertical
by rotation about A;. Since X is vertical when A, is set at zero, Vy is equal to the amount of
rotation about A, required to reach the optic axis. Repeat in other 45° position and
average values obtained.

If Y has been made parallel to Az 2V is determined indirectly by the Berek-Dodge
method.

(4-A) Unlock Aj; and place X and Z 45 degrees from A, by rotation about Aj; lock Aj.

(4-B) Place Y 30, 60, 70, or 75 degrees from A; by rotation in either sense about Ay
lock A,.

(4-C) Measure the extinction angle from X’ to A,; determine 2V and sign using Fig. 6.

Measurement of X to | (010) and ¥ to 1 (010).

(5-A) Unlock Aj; place 1 (010) parallel to A, by rotation about A, and As5

{5-B) Read the angle separating A; and A,, which is either Y to 1.(010) or X to 1. (010,
directly on the scale of the Aj; axis. Record the reading on the scale of the A; axis. The
parameter !AAz I is the absolute value of the difference between this reading and the read-
ing recorded in step (1-E).

Resolving ambiguilies.

(6-A) Make (001) vertical by rotation about A, and qualitatively note the position of
Y with respect to (010) and (001).

(6-B) For sodic plagioclases qualitatively note the position of X with respect to (010)
and (001) from the sense of rotation about A, and A, required to make (010) and (001),
respectively, vertical.

(6-C) If necessary, qualitatively determine the position of X with respect to [100] and
L[001]/(010).

APPLICATIONS, ADVANTAGES, PRECISION AND ACCURACY

The procedure here described is particularly useful for routine deter-
mination of composition and for determination of structural state.

Extinction angle techniques (Rittmann, 1929; Bordet, 1963), which
give a single parameter by which to estimate composition, are not accu-
rate for determining the composition of plagioclase from volcanic,

® Either a (010) cleavage or a (010) composition plane may be used. Because they are
more regular, the composition planes of albite twins are preferable to those of Carlsbad or
albite-Carlsbad twins. The normal to (010) may also be oriented by adjusting the crystal
until the interference tints in adjacent albite-twinned subindividuals match exactly
throughout a wide rotation about A,. Comparison should be made in both the zero and
45° positions; the insertion of a first-order red compensator sometimes increases the sensi-
tivity in the 45° position. This method of orientation is very precise.
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hypabyssal, and epizonal and mesozonal plutonic rocks; the structural
state of the plagioclase cannot be accurately inferred from the presumed
cooling history of the rock. Errors of as much as 13 per cent anorthite
may result, for example, by applying extinction angles measured on
volcanic plagioclase in the zone L(010) to curves prepared for plutonic
plagioclase.

The angles measured in the procedure here described, X to 1.(010), Y
to 1(010), X to 1(001), and 2V are those most useful in determining
the composition and structural state of plagioclase. If the position of
1[001]/(010) is determined quantitatively, these four angles completely
determine the optical orientation of the plagioclase. Little additional
data useful in determining composition or structural state would be ob-
tained by a more complete study.

The main advantage of the method here described over other universal
stage methods is its speed. It is approximately twice as fast as the classic
Fedorow method as modified by Turner (1947; Slemmons, 1962a), and
because stereographic plotting is eliminated, it is somewhat faster that
the five-axis method as described by Emmons. In addition, the use of
rectangular graphs greatly facilitates the recording and presentation of
orientation data (¢f. Vogel, 1964b, Fig. 10). In the five-axis method the
orientation of the indicatrix is not double-checked by plotting. This dis-
advantage is offset, at least in part, by the elimination of plotting errors.

The five-axis universal stage is best adapted to measuring the angles
between the normals to (010) and (001) and the principal axes of the
indicatrix. Because plotting errors are eliminated, these angles can be
determined more accurately by the five-axis method than by three-axis
methods in which the crystallographic directions are located by direct
measurement.® Where both sets of twinned lamellae are properly ori-
ented and sufficiently wide to be accurately measured, the Fedorow pro-
cedure, in conjunction with careful plotting on an accurate net, is poten-
tially slightly more accurate.

The angles separating the axes of complex and parallel twins from the
principal axes of the indicatrix cannot be measured directly on the five-
axis stage; a rather complex sequence of measurement and stereographic

8 Doubt has been cast both on the usefulness of the optical orientation of plagioclase
as a petrologic tool and, in the minds of some workers, on the accuracy of the five-axis
method of indicatrix orientation by the abnormally large scatter of the data obtained by
workers using the method (Crump and Ketner, 1953; Emmons ef al., 1960). This scatter,
however, appears to be in large part the result of using grain mounts prepared from rather
fine-grained material (Vogel, 1963). The present writer has found the five-axis method
surprisingly precise. Even in routine work on material of only moderate quality, the
scatter of points obtained from measuring 10 or so grains in a thin section of either vol-
canic or deep-seated plutonic rock is in most cases less than 2° measured normal to the
migration curves.
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plotting is required. Moreover, the method by which a parallel or com-
plex twin axis is oriented on the five-axis stage (Emmons and Gates,
1939; Emmons, 1943) is probably relatively inaccurate. For these rea-
sons, the classic Fedorow method (Nikitin, 1936; Haff, 1942; Slemmons,
1962a) is preferred for measuring the Kéhler angles of complex and
parallel twins.

The location of the composition points on the plutonic curves in Figs.
1,2, 4, 8 and 9is based on fairly abundant data, and, therefore, composi-
tional determinations for plutonic feldspars should be accurate to ap-
proximately +3 per cent An. The location of the composition points on
the volcanic curve, however, is based on very scanty data, and composi-
tional determinations for feldspar plotting on or near the volcanic curves
at best are probably accurate to only +35 per cent An.

ACKNOWLEDGMENTS

The writer is indebted to R. C. Emmons and R. M. Gates of the Uni-
versity of Wisconsin, C. O. Hutton of Stanford University, F. J. Turner
of the University of California, and F. C. Dodge, H. C. Granger, F. A,
McKeown, J. T. O’Connor, W. D. Quinlivan, R. B. Taylor, R. E. Wilcox,
and T. L. Wright, all of the U.S. Geological Survey, who read various
drafts of the manuscript or portions thereof and offered many pertinent
and helpful comments. The author, however, is wholly responsible for
the views expressed herein and the usages adopted.

REFERENCES

Becke, F. (1906) Zur Physiographie der Gemengteile der krystallinen Schiefer: Denk-
schriften Akad. Wiss. 75, 97.

Berex, M. (1923) Neue Wege zur Universalmethode: Neues Jahrb. Mineral. suppl. vol.
48, 34-62.

——— (1924) Mikroskopische Mineralbestimmung mit H ilfe der Universaldrehtischemethoden.
Berlin, Gebriider Borntraeger.

BorpeT, P. (1963) Courbes pour la détermination des feldspaths plagioclases haute
température et basse température, dans la zone perpendiculair 3 g! (010): Soc. Franc.
Mineral. Bull. 86, 206-207.

Burrr, C., R. L. PARKER aND E. WENK (1962) The optical orientation of the plagioclases.
Norsk Geol. Tidsskr. 42 (2), 207-214.

CarmicHAEL, 1. 8. E. (1960) The feldspar phenocrysts of some Tertiary acid glasses.
Mineral. Mag. 32, 587-608.

Crump, R. M, anp K. B. KETNER (1953) Feldspar optics, iz EMMons, R. C., ed., Selected
petrogenetic relations of plagioclase. Geol. Soc. Am. Mem. 52, 23-40.

Donce, T. A. (1934) The determination of optic angle with the universal stage. Am.
Mineral. 19, 62-75.

Dupare, L. axp M. REiNHARD (1924) La détermination des plagioclases dans les coupes
minces. Soc. Phys. History Nat. Geneve Mem. 40, 1-149.

Emmons, R. C. (1929) A modified universal stage. Am. Mineral. 14, 441-461.

— —— (1943) The universal stage (with five axes of rotation): Geol. Soc. Am. Mem. 8.



COMPOSITION AND STRUCTURAL STATE OF PLAGIOCLASE 381

———, R. M. Crump axp K. B. KETNER (1960) High- and low-temperature plagioclase.
Geol. Soc. Am. Bull. 71, 1417-1420.

——-——and R. M. GatEes (1939) New method for the determination of feldspar twins.
Am. Mineral. 24, 577-589.

Erxst, E. anp H. N1EranD (1934) Plagioklase von Linosa, ein Beitrag zur Anemousitirage.
Tschermaks Mineral. Petrog. Mitt. 46, 93-126.

Farpamy, H. W., axp T. Poporsky (1951) Notes on precision and accuracy of optic
angle determination with the universal stage. Am. Mineral. 36, 823-832.

Gay, P. anp I. D. Muir, (1962) Investigations of the feldspars of the Skaergaard intrusion,
Eastern Greenland. Jour. Geol., 70, 565-581.

Harr, J. C. (1942) Fedorow method (universal stage) of indicatrix orientation. Colorado
School Mines Quart. 37(3), 2-28.

Kaxo, H. (1955) High-temperature optics of natural sodic plagioclases. Mineral. Jour. 1,
255-2717.

KOuLER, A. (1942a) Die Abhingigkeit der Plagioklasoptic vom vorangegangenen Wirme-
verhalten. (Die Existenz einer Hoch- und Tieftemperaturoptik). Tschermaks Mineral.
Peirog. Mitt. 53, 24-49.

——— (1942b) Drehtischmessungen an Plagioklazwillingen von Tief- und Hochtempera-
turoptik. T'schermaks Mineral. Petrog. Miti. 53, 159-179.

MarruNIN, A. S. (1960) Derivation of diagrams for the optical orientation of acidic
and intermediate plagioclases. Akad. nauk SSSR. Izv. Geol. Ser. (English transl.,
1961), 74-87.

Mutr, I. D. (1955) Transitional optics of some andesines and labradorites, Mineral. Mag.
30, 545-568.

NixrriN, W. (1936) Die Fedorov-Methode. Berlin, Borntraeger.

RiTr™Many, A. (1929) Die Zonenmethode. Schweiz, Mineral. Petrog. Mitt. 9, 1-46.

StEMmons, D. B. (1962a) Determination of volcanic and plutonic plagioclases using a
three- or four-axis universal stage. Geol. Soc. Am. Spec. Paper 69.

(1962b) Observation on order-disorder relations of natural plagioclase: 1. A method
of evaluating order-disorder. Norsk Geol. Tidsskr. 42(2), 533-554.

Swrrh, J. R. (1958) The optical properties of heated plagioclases. Am. Mineral. 43, 1179
1194,

——— (1960) Optical properties of low-temperature plagioclase: s Hzss, H. H., Stillwater
igneous complex, Montana. Geol. Soc. Am. Mem. 80.

TurNER, F. J. (1947) Determination of plagioclase with the four-axis universal stage.
Am. Mineral. 32, 389-410.

UroNo, K. (1963) Optical study of the ordering degree of plagioclase. Tokoku Univ. Sci.
Rept. 3d ser. 8, 171-220.

Vocer, T. A. (1963) Causes of optical-crystallographic scatter of plagioclase in grain
mounts. Geol. Soc. Am. Bull. 74, 1403-1404.

——— (1964a) Use of the Nakamura plate in universal stage orientations. Am. Mineral.
49, 406-408.

——— (1964b) Optical-crystallographic scatter in plagioclase. Am. Mineral. 49, 614-633.

WanrstroM, E. E. (1960) Optical Crystallography, 3d Ed. John Wiley & Sons, New York.

ZAvarITSKY, A. N. (1942) A new diagram for the determination of plagioclase twins.
Doklady Acad. Sci. USSR, 36, 14-16.

———— (1943) The further step in the application of the universal stage (on the fftieth
anniversay of the Fedorov method): (in Russian) Vses. Mineralog. Ob-vo Zap. 72,
93-107.

Manuscript received, June 11, 1964, accepted for publication, November 13, 1964.





