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OPTICAL-CRYSTALLOGI{APHIC SCATTER IN PLAGIOCLASE

Tnou.rs A. Vocer.,l Department of Geology, Un'irersity of Wisconsin,
Mad.ison, Wisconsin.

ABSTRACT

Optical-crystallographic scatter in tu'inned plagioclase, expressed in stereographic form,

is a meaningful tooi in petrogenic interpretations. Internal scatter is the optical-crystallo-
graphic scatter betrveen twin lamellae within a grain and is the result of an imperfect trvin.

This scatter occurs in ail twin types from all environments.
External scatter is the most petrogenically revealing type of scatter. It is the optical-

crystallographic scatter between different grains in the same sample Most volcanic and re-

gional metamorphic samples show onll' compositional scatter and contain no external scat-

ter normal to the migration curves. The plots of these samples define the disordered and

ordered migration curves for plagioclase. External scatter almost ah'ays occurs in coarse-
grained, igneous-appearing rocks and is confined to the area between the migration curves.

It is significant that in a singie sample, the scatter can bridge the gap between the dis-

ordered and ordered migrat ion curves.
External optical-crystallographic scatter within an individual sample is due to twinning

during the ordering or disordering process. Most volcanic plagiociase do not have external

scatter because the sarnples formed, twinned, and remained in the disordered state. Sinti-

larly the plagioclase of most regionally metamorphosed rocks have no external scattet be-

cause they trvinned and remained at a specific structural state-the ordered state. Coarse-
grained, igneous-appearing samples exhibit scatter because they have tll'inned throughout

the ordering process.

INtnonuctroN

The optical-crystallographic scatter of plagioclase is a real and inter-
pretable characteristic, dependent upon the environmental history of
the rock, and useful as a petrogenic indicator.

Reinhard (1931) and Nikit in (1933) recognized that the plagioclase
forrl a continuous series in which the relationship between the optical
orientation and twinned elements varies with composition. Ktihler (1941)
noted that the optical orientation in volcanic plagioclase was markedly
different from that of the standard plagioclase given by Reinhard (1931),
and Van dcr Kaaden (1951) expanded this work to produce "high- and
low-temperature" migration curves which have had wide publication and
use. This type of work reached its zenith when Marfunin (1960) pub-
lished "high- and low-temperature" curves connected by a network of
isopleths showing the optical orientation reiative to the degree of order-
disorder of the plagioclase.

Crump and Kettner (1953), Glauser (1961) and the present study
demonstrate that individual samples may contain suffi.cient scatter of
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the optical-crvstallographic elements to cover the spread of "high- and
low-temperature" plagioclase curves. These workers have determined
the optical-crvstallographic reiationships of plagioclase from the same
samples, obtaining independently the same relative scatter. Marfunin
states that "Scattering of optical orientation data of natural plagioclases
seems to be a result of insufficient precision. . . . " (1962, p. 299). This is
disproved by the observation that scatter of optical-crystallographic
orientation occurs onl1. in specific rock types and not in others.

Rocr< Typos

As far as possible, common volcanic, plutonic and metamorphic rock
tvpes were used in this study. The principal sources of sampal rvere 170
samples donated by Dr. R. C. Emmons, of the University of \\ i isconsin,
which included 32 analyzed sampies lEmmons, 1953, p. 16). Other im-
portant sources of samples were the petrology collection at the University
of Wisconsin, which contains over 1500 samples, and numerous samples
donated b1, colleagues.

The data presented below is not inclusive of all, determinations made
in this studl-. These samples were selected as being representative of
broad classes of rocks, and il lustrating the characteristic optical-crystal-
Iographic scatter of these rock types. Table 1 is a summary of the sanples
used for the examples and il lustrations in this paper.

MB:rrroos ol OprrcAL-Cnvsra.r,r,ocRApHrc OnrBNrartoN

Plagioclase twinning was studied in thin section by the five-axis method
of plagioclase studl' as outl ined by Emmons (1943). The general proce-
dure used, in brief, is as follows: One unit of the twin is oriented optically
and the positions oI a, B and 7 are determined. The composition plane is
made vertical and north-south, and the pole to this plane is plotted
stereographicall l. in relation to the optical orientation. The alternate
twin unit is then oriented optically and the composition plane is again
made vertical; the pole of the plane is plotted stereographically in rela-
tion to the optical orientation. If the units are in twinned relationship,
and are identical in optical properties, the plots of adjacent lamellae wil i
coincide. If the poles do not fall within 3 degrees of each other and the
original determination cannot be repeated within the allowable error the
determinations are discarded. The only criterion used in the selection of
grains for study is the abii ity to repeat the orientation within 1| degrees.

Precision of optical orientation was checked with a Nakamura plate
used with a slotted ocular. This plate is a refined bi-quartz wedge and is
used in the same manner. With this accessory, extinction positions can be
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T,q.nr,e 1. Sll,rpr-n Dere

rtD-2+

FD-59
FD-60
FD-152

t-D-164
FD-166

FQ-1
FQ-14
B-24-15
N-19
H-1-300,3

Sample
No.

M-r ,2 ,3
A-8-1

v-9,  77,
J /

v-15
T-3C

Rock Type

Gabbro
Monzonite

Gneissoid
granodiorite

'l'roctolite
'I'roctolite

Anorthosite

Olivine Basalt
Andesite
Amphibolite
Norite

Rhyolite
Amphibolite

Qtz.-plag.-biot.
gnelss

Plag.-biot. gneiss

Anorthcsitic gabbro

R. C. Emmons
(1953, Sample 9)

R. C. Emmons
R. C. Emmons
R. C. Emmons

R. C. Emmons
R. C. Emmons

(1953, Sample 27)

Petrology Co11., Univ. Wis.

Petrology Coll., Univ. Wis.
Petrology Coll., Univ. Wis.
N. I. Christensen
E. N. Cameron

Mona Carpenter
W. A. Dollase

T. A. Vogel

T. A. Vogei
T. A. Vogel

Location

Essex Co., N. Y

Leesburg, Va.
San Juan Co., Colo.

Spanish Rock, Plumas
Co.,  Cai .

Merrill, Wis.
Merrill, Wis.

Beaver Bay, Minn.

Mt. Etna, Sicily
SaIz, Germany
Torrington Quad., Conn-

Bushveld Complex,
South Africa

Near Fairbanks, Alaska

Near Annie Lake, south-
ern Ontario

Cornwall Quad., Conn.

Cornwall Quad., Conn.

Tigerton, Wis.

determined to 0.L degrees (Hali imond, 1953). Its use in universal stage
or ientat ions is  expla ined by Vogel  (1964).

RBsur-rs ol INVESTTGATToNS

Internal scatter. Two types of optical-crystallographic scatter are recog-
nized in this study: internal and external. Internal scatter is defined as
the scatter of the plots (either poles or twin axes) of adjacent lamellae
within a single grain. When adjacent units of a twinned grain are
oriented individually and are identical optically, the plots of their poles

should coincide. Internal scatter occurs when these plots do not super-
impose. 131. definition then, adjacent lamellae which show internal scatter
are not in a true twinned relationship.

Internal scatter is random relative to the migration curve, and it is

common that one unit may plot on or near a migration curve and the
other unit be completely irrationai. Frequently only a few grains in each
sample will show internal scatter. It is important to identify internal

scatter for it can mask the petrogenically more significant external scat-
ter.
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Figure 1 is a typical r-ray precession photograph of a grain that ex-
hibited internal scatter. The D* and c* axes doubled and are not sym-
metrically disposed over both sides of the photograph. Six precession
photographs were taken of grains that contained internal scatter and all
were similar in appearance to that of Fig. 1A. Figure 18 is a similar
appearing precession photograph produced by taking two different ex-
posures of an untwinned grain. Between each exposure the crsytal was
slightly rotated and translated. The results are nearly indistinguishable
from the twinned crystal that contains internal scatter. This demon-
strates that adjacent lamellae of plagioclase grains which show internal
scatter are not in a true twinned relationship.

Electron probe analyses were made on four grains that displayed
internal scatter. (All electron probe analyses were made at the University
of Chicago by Dr. J. V. Smith.) The first determination was on a plagio-
clase grain from an amphibolite from northwestern Connecticut (Sample
N-19). One lamellae of the grain plotted optically as a (001) twin with a
composition of An26, and the other lamellae plotted completely irrational.
The electron probe analysis indicated that there was a difference of five
per cent anorthite between adjacent lamellae. This difference in composi-
tion between the adjacent lamellae cannot account for the large internal
scatter observed optically.

The second and third electron probe analyses were made on grains
from Sample FD-24. The second analysis was made on a grain that con-
tained a large simple twin with an internal scatter of eight degrees, and

Fro. 1. A. Typical precession photograph of a twinned grain that exhibits internal
scatter. Doubled b+ and rx axes are present and are asymmetrical.

B. Precession photograph of an untwinned grain. Asymmetrical doubling of the b* and
r* axes was artificially produced by taking a double exposure. Between each exposure the
grain was slightly rotated and translated.
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the poles plotting near the (001) migration curve. The electron probe

analysis indicated that there was no difference in composition between
adjacent lamellae.

The third determination was made on a grain that exhibited regular,

evenly spaced polysynthetic twinning with (010) as the composition
plane. A small internal scatter was noted parallel to the migration curve.
The electron probe analysis indicated that one set of lamellae had a
composition approximately two per cent higher in anorthite than the
other set.

The last analysis was made on a grain from Sampie V-37. The poles

of the adjacent lameilae of this polysynthetically twinned grain plotted

near the (010) migration curve, and the internal scatter was about thir-
teen degrees. The eiectron probe analysis indicated that there was no

difference in composition between adjacent lamellae.
Internal scatter may be present in all twin types from all environ-

ments, and is random relative to the migration curve. Optical and *ray
methods indicate that grains that contain internai scatter are imperfectly
twinned.

External scatter. The most petrogenically important type of scatter is

external scatter, which is the scatter of the plots, either poles or twin

axes, between different grains within the same sample. For example, two
twinned grains in the same sample may exhibit no internal scatter, but
the plots of these individual grains show the more significant external
scatter. Grains that contain internai scatter are not used in studying
external scatter.

External scatter is confined to certain rock types and is absent in

others. In volcanic and metamorphic rocks, external scatter is entirely
parallel to the migration curves, whereas in coarse-grained, igneous-

appearing rocks the scatter is random.
In samples of definite volcanic origin the external scatter is negligible

except in directions parallel to the migration curve. Figure 2 exhibits
the external scatter of three typical volcanic plagioclases, and is repre-
sentative of the external scatter in this genetic rock type. The volcanic
samples fall on or near the disordered curve for plagioclase, and they
illustrate the principle that volcanic rocks exhibit relatively little ex-
ternal scatter normal to the migration curve.

Rock t1'pes of definite regional metamorphic origin contain little ex-
ternal scatter in directions normal to the migration curves. Figures 3A
and 38 exhibit the typical external scatter which is representative of
metamorphic rocks. The (010) and (001) sampies on these diagrams are
from regionally metamorphosed argillaceous sediments (almandine-
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amphibolite facies) of northwestern Connecticut. The pericline samples

are from an amphibolite interpreted to be a product of regional meta-

morphism of a calcareous sediment in southern Ontario (W. A. Dollase,
pers. comm. , 1962). These samples display little external scatter and are

from definite metamorphic rocks.
External scatter is present in a variety of samples, but is almost uni-

versally present in coarse-grained, igneous-appearing rocks such as gab-

Fro. 2. External scatter typical of plagioclase from volcanic rocks. The disordered

migration curve is drawn for reference. (Olivine basalt, FQ-14; andesite, B-24-15; rhyolite,

}d-1,2,3;  Table 1) .

bro, anorthosite, norite and pyroxenite. One boundary of this scatter

approximates the "high-temperature" curves of Van der Kaaden (1951),

but the other boundary continues beyond his "low-temperature" curve.

Often the external scatter of an individual sample may completely bridge

the gap between the "high- and low-temperature" curves. This is illus-

trated in Fig. 4 which is a plot of the typical external scatter of plagio-

clase from representative coarse-grained, igneous-appearing rocks. Fig-

ure 5 is a compilation of the external scatter for the (010) poles for all

the samples studied. The boundaries of the scatter are well defined.

External scatter in Carlsbad and albite-Carlsbad twins within a sam-



p een.

Frcs. 3A and 38. External scatter typical of plagioclase from regionally metamorphosed
rocks. The disordered migration curve for (010) is drawn for reference. (Samples V-9, 17, 26
plot nearer to the sodic end of the curve and are quartz-plagioclase-biotite gneisses. sample
V-15 plots near the calcic end of the (010) migration curve and is a plagioclase-biotite gneiss,
The pericline twins are from sample A-8-1, an amphibolite-)

B

yFts too't
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ple is negligible. Figure 6 exhibits the external scatter of the poles to the
composition plane present in seven selected samples thought to be
representative of the external scatter in these twin types. The great
majority of points show little scatter normal to the migration curve
within a sample. Scatter between samples, disregarding compositional
differences, may be present and is represented by comparing samples
T-3C and FD-59 in Fig. 6. Optically these samples have the same com-

r0e *v
Frc. 4. External scatter typical of plagioclase from coarse-grained, igneous-appearing

rocks. The disordered migration curve is drawn for reference. (FD-164, troctolite; FD-24,
anorthositel l 'D-152, granodiorite.)

position, but each individuai sample plots at a different position-the
scatter here is perpendicular to the migration curve. These diagrams
illustrate a general principle of Carlsbad and albite-Carlsbad twins, that
they exhibit littie external scatter within a sample but may exhibit
scatter between samples.

There is little external scatter associated with late-stage deformational
twinning. These twins are reiated to crystal boundaries, fractures, imper-
fections, or to strain in the crystal and are usually lens-shaped. Figure 7
illustrates the plots of these late-stage deformation twins for a typical
sample, and a comparison of these plots with the overall external scatter

62r
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Fro.5. Compilation of the external scatter for all (010) trvins determined in this study.

Fot66/

FoF4a +B 
H-r'3oo'3

gi c-e-rz
t-t"$-r(,

*Y
Frc. 6. External scatter typical of Carlsbad and albite-Carlsbad twins. Note that the

scatter normal to the migration curve within an individual sample is negligible. (FD-59 and
C-6-12, gabbro; FD-164 and FD-166, troctolite; H-1-300-3, norite; FD-60, monzonite; T-
3C. anorthosite.)
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in the sample is interesting. These late-stage twins plot near the outer
extreme of scatter near the ordered migration curve.

The most important observations of external scatter are:

1) External scatter of volcanic samples is negligible and that u,hich is present is confined

to di rect  ions pa ra l le l  I  o t  he migraLion curve.
2) External scatter in regional metamorphic rocks is also negligible and confined to

directions parallel to the migration curve. Plots of metamorphic samples and volcanic

samples of the same composition fall at difierent places on the stereogram.
3) There is no external scatter in Carlsbad and albite-Carlsbad twins within a sample,

but there may be scatter between samples of the same composition.
4) Erternal scatter of coarse grained, igneous-appearing rocks is extreme and often

Qr.

*v

623

z

z +Y
Frc. 7. External scatter of late-stage deformation tr'vins (1), compared with the

overall external scatter of the sample (2). (FD-24, anorthosite )

covers the area between the classical "high- and low-temperature" curves. One boundary of

this scatter approximates the "high-temperature" curve whereas the other boundary ex-

tends beyond the accepted "low-temperature" curve.
5) When late-stage deformation twins can be recognized, they exhibit negligible scatter.

TnB Onrcrx oF ExTERNAL ScArrER

Externai scatter between grains within a sample is directly related
to the genetic twin type and rock type. Growth twins show a type of
external scatter difierent from deformation twins. Metamorphic, vol-
canic, and "plutonic" rocks all have their characteristic type of scatter.

The relationships between optical orientation and crystallographic
eiements is dependent on structural state as well as on composition of
plagioclase. Plagioclase in the disordered state will have different optical-
crystallographic relationships than piagioclase in the ordered state and
plagioclase grains of different composition will also have different optical-
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crystallographic relationships, as shown by the characteristic migration
curves. Twin elements depend on crystallographic elements, which are
themselves dependent on the structural state and composition of the
plagioclase. Volcanic samples piot on one migration curve and meta-
morphic samples on a different curve. The standard interpretation of this
difierence is that the volcanic rocks formed at high temperatures and the
metamorphic rocks formed at low temperatures. The problem is that
the coarse-grained, igneous-appearing rocks generally exhibit optical
scatter that fully covers the spread between the "high- and low-tempera-
turett curves.

The pericline twin illustrates the origin of external scatter. Pericline
twins have the D-axis as the twinning axis and the rhombic section as
the composition plane. The rhombic section is an irrational plane that
contains the D-axis and intersects the (010) plane in a line normal to
the 6-axis (Smith, 1958). Its orientation is specified by giving the angle
between the o-axis and the trace of the rhombic section on the (010)
pinacoid. When the lattice angles are such that this angle equals zero,
the pericline twin plane and the (001) plane are identical.

Smith (1958, p. 915) has suggested a reasonable explanation for the
scattering in pericline twins. He states that

"Although the rhombic section and the pericline composition plane, theoretically must be
parallel when the twin lamellae are established, it is not necessary that they remain parallel,
for the lattice angles, and hence the rhombic section, may subsequently change in response
to structural and compositional changes, rvhile reorientation of the compositional plane
wouid involve such drastic movements of the feldspar lattice that it is unlikely that the ad-
justment could occur only upon recrystallization or perhaps under the influence of shearing
force. t'

If a pericline twin forms in a disordered plagiociase and the plagioclase
subsequently orders, the composition plane of the pericline twin, al-
though parallel to the rhombic section at the time of formation, would
not remain parallel; for as the structural state changes the positionof
the rhombic section aiso changes. Furthermore if pericline twins were
forming at different stages during this structural change, these twins
would all have a different position-parallel to the rhombic section only
at the time of formation. External opticai-crystallographic scatter is
present betueen samples that have twinned at one state and are now at
difierent structural states; and external scatter is present uithin anind,i-
ridual sample in which different grains have twinned at different stages in
the ordering process.

Laves (1952) advanced the theory that twinning could occur in plag-
ioclase only where the Si/A1-O framework was nearly or exactly mono-
clinic. fn albite or intermediate plagioclase only the disordered plagioclase
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approaches the monoclinic form. The results of the present study indicate
that twinning can take place at any structural state and that the external
scatter observed within a sample is due to twinning during this ordering
process.

It is well known that the crystallographic directions and angles upon
which twinned elements are dependent change in response to structural
transformations as well as to changes in composition (Ferguson et al.,
1958; Brown, 1960). The positions of all composition planes at the time
of formation are controlled by the crystal structure, and except for the
pericline twin, are parallel to rational crystallographic planes. As the
structural state of the crystal changes these crystal planes must change
relative to one another, for the crystallographic angles, on which they
depend, change with the ordering process.

For example, albite twins are formed parallel to the (010) plane, but
if the structural state of the crystal changes after the twin forms, the
albite compositional plane is no longer parallel to (010). Other albite
twins may form during and after this ordering process. Each albite twin,
when formed would be parallel to the prevail ing (010) plane, but would
not be parallel to albite twins formed at a different structural state.
Twinning can take place throughout the ordering process, thus produc-
ing external scatter if difierent grains are being twinned, and internal
scatter if a single grain is repeatedly twinned during an ordering process.
Figures 8 and 9 illustrate twinning that has taken place at different
structural states within a grain thus producing internal scatter. Figure 8
is a photomicrograph of a large grain that contains a Carlsbad twin and
many small albite lamellae. Theoretically both of these twins have the
(010) plane as the composition plane, however the composition planes
of the albite and Carlsbad twins in this grain are not parallel. The Carls-
bad twin is probably a growth twin and formed in the disordered state,
whereas the albite twins formed after the crystal ordered. Figure 9 ex-
hibits two acline twins that are not parallel. Theoretically the composi-
tion plane of these twins should be parailel to the (001) plane, yet the
two planes deviate from each other by about 4o. This deviation is
probably due to the twins forming at difierent structural states.

If the twinning takes place while the plagioclases are in the disordered
state, and no ordering takes piace, there will be no external scatter
normal to the migration curve. This is typified by volcanic rocks, in
which the disordered structure of the plagioclase has been quenched or
frozen and the samples show very little scatter (Fig. 2). Twinning in
these samples took place at the same structural state; the plagioclase
did not go through a structural change and therefore each twin has the
same relationship to the optical orientation. No scatter is observed.
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Frc. 8. Photomicrograph of a large grain which contains a Carlsbacl twin and many

small albite lamellae. Theoretically both of these twins have the (010) plane as the com-

position plane, horvever, the composition planes of the aibite and Carlsbad twins in this

grain are not paraiiel. (63X) (Sample T-3C).

Piagioclase that twin in the ordered state and remain in the ordered
state wil l show no external scatter. The lack of scatter and the position
of the plots of regional metamorphic plagioclase indicate that the twins
formed when the plagioclases were fully ordered, and that they remained
in the ordered structurai state (Fig. 3).

Brown (1962,p.360) suggests that growth of metamorphic plagioclases
may take place by way of the disordered form. Long-continued deforma-
tion twinning that results from a high stress field during regional meta-
morphism may destroy any record of this disordered form. The present
worker suggests that deformation twinning in plagiociase starts at crystal
boundaries, imperfections or impurities and that the first twins to form
are lenticular lamellae. This mechanism is similar to that observed in
metals (AzLroff, 1960, p. 158). As yielding continues the lamellae widen
and the lenses continue across the crystal, straightening out as they
reach'the other side. Man.v lamellae coalesce to such an extent that the
stresses cannot be maintained on an individual lamella and a new unit
forms elsewhere in the crystal. The end product is a merging of nearly
all the twins in the crystal with only a few thin, continuous lamellae
remaining. In a sense, with continued yielding the crystal has become
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neariy untwinned and in this respect earlier twinning, some of which may

have formed during a disordered or partly ordered state, is lost. Some

metamorphic plagioclases are untwinned and may have gone through

this twinning process, with a new result that many crystals are purged of

twinning. This can explain the mysterious problem of those metamorphic

rocks that rvere undoubtediy in a high stress field, but contain few twinned

plagioclase. The prevalence of untwinned plagioclase in metamorphic
rocks has been documented by Gorai  (1951) and Turner  (1951).

Extensive external scatter almost always occurs in coarse-grained,

igneous-appearing rocks, and is confined to the area between the migra-

tion curves (Fig. a). It is significant that in a single sample, the scatter

can bridge the gap between the disordered and ordered migration curves.

Coarse-grained, igneous-appearing samples contain scatter because the

plagiociase grains have twinned at different stages during the ordering

process.
Carisbad and albite-Carlsbad twins are rare in a rock type definitely

of non-igneous origin (Gorai, 1951;Turner, 1951). Many of these twins

can be identif ied as growth twins by the criteria and features suggested

Frc. 9. Photomicrograph of a grain that contains two acline twins which are not parallel

to each other. Theoretically, both of these twins should be paraliel to the (001) plane, but

the deviation here is about 4o. The other twins present in this grain are carlsbad and peri-

cline. (The shadow in the upper right corner is due to a scratch on the glass slide.) (63X)

(Sample FQ-1).

* . .
: ?
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by Vance (1961). These twins are usually simpie, many are associated
with a reentrant angle at the twin boundaries and show litt le external
scatter within a sampie. These factors lead to the conclusion that Carls-
bad and albite-Carlsbad twins are growth twins. Buerger (1945, 1960)
suggested that growth twins form at the time of nucleation. These twins
would most l ikely be in a high energy, disordered state. The optical-
crystallographic scatter of Carlsbad and albite-Carlsbad twins indicates
that within a sample these twins formed at the same structural state. If
the structural state has changed after formation of the twins, all of the
growth twins within a sample have gone through the same structural
transformation, and therefore the relationship between the composition
plane and the optical orientation would all have changed the same rela-
tive amount. This results in negligible external scatter within a sample.
However, external scatter between samples occurs because plagioclases
from different environments have been through different ordering his-
tories (Fig.6). Although growth twins occur at the time of nucleation
and would probably be disordered at the time of formation, the subse-
quent ordering history of growth twins from various environments would
be reflected by the differences in scatter between samples.

When late-stage deformational twinning in plagioclase can be recog-
nized, it shows very l itt le external scatter. These twins formed at nearly
the same period in the history of the plagioclase and at similar structural
states. These points generally plot near the metamorphic plagioclase and
indicate that the twins probably formed when the plagioclase was nearly
fully ordered (Fig. 7).

The origin oJ internal scatter. Internai scatter is not as petrogenically
important as external scatter because unquestioned interpretations can-
not be obtained from it. Internal scatter may be of an1'magnitude and
in any direction and is the result of an imperfect twin. It occurs in all
twin types from ali environments. Recognition of internal scatter is
important for it can mask the more significant external scatter.

By definit ion, adjacent lamellae of grains that show internal scatter
are not in a true twinned relationship. This may be caused by at least
four distinct mechanisms. Internal scatter may be explained by twinning
of an individual grain at different structural states, as established in the
preceding section. The resulting scatter is confined to the area between
the migration curves.

Muir (1955) has suggested that some internal scatter may be a result
of different degrees of ordering between adjacent units. It is not yet
possible to evaluate fully this mechanism as a cause of internal scatter.
On the basis of the present state of knowledge on the ordering process,
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however, it would be unlikely that a single crystal would contain dif-
ferent states of ordering, for the factors that lead to ordering in one part
of the crystal should also have operated on the other part.

Internal scatter can result from a difference in composition of con-
tiguous lamellae. Compositional differences in adjacent twin iamellae
have been recognized opticaliy for many years (Emmons and Mann,
1953), and as much as 20 per cent difference in anorthite content has
been noted. In the present study internal scatter parallel to the migra-
tion curves is common and generally reflects compositional differences.
With this relationship in mind, the electron probe analysis described
above (third analysis) was made on a grain that contained a small in-
ternal scatter parallel to the migration curve. The compositional differ-
ences that were determined with the probe were nearly identical with the
differences observed opticaliy. Although a complete study with the elec-
tron probe is indicated, the analysis demonstrated that compositional
differences are real and can produce internal scatter parallel to the
migration curves.

Internai scatter can result from an imperfection in the twinning proc-
ess. This imperfection can take place at the time of formation of the
twin or can result from distortion due to deformation and movement
along the composition plane of a twinned crystal. This plane, being a
zone of weakness, is a l ikely place for stresses to be absorbed. If these
stresses are excessive, the planes may yield by rupture and may permit
any amount of movement along the composition planes, thereby produc-
ing all degrees of internal scatter. Internal scatter occurs so ubiquitously
that it must be explained by a mechanism that can be applied to all
rock types and occurrences. This mechanism may be movement along
preexisting composition planes.

Sulrlranv auo PornoGENrc SrcNrFrcANCE or Pr,ectocrasn
TwTNNINc

The principal emphasis of this study has been the relationship of
optical-crystaliographic scatter in plagioclase to the environment of
formation of the rock type. The method has been to study samples from
known environments to determine the optical-crystallographic relation-
ships. A pattern in these relationships has been established and it is
thought that this pattern can be used to rnake petrogenic interpreta-
tions about rock types from unknown origins. Scatter can be used as an
interpretive tool in routine petrographic determinations.

Previous workers have averaged the scatter and produced one point

as representative of a particuiar sample (Van der Kaaden, 1951 ; Glauser,
1961). If migration curves are based upon these averages it results in
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the scatter being distributed equally on both sides of the curves and the
significance of the scatter is then lost. AII external scatter should fall
between the disordered and the ordered curves.

Interpretations based on the averaging of points are subject to grave
errors unless the scatter is negligible. As has been brought out above,
only growth twins and late stage deformation twinning can be used in
deductions on the present structural state of the plagioclase in coarse-
grained, igneous-appearing rocks. Late stage deformational twins, at
best, give only the structural state at the time of formation of the twin.
Giauser (1961) averages his points to determine the relative temperature
of formation of the sample. In his samples 7 , 9 and 10 he concludes that
these are high-temperature (7) or intermediate-temperature (9, 10)
based on the averaging of the scatter. The scatter of these points fully
covers the range between the disordered and ordered curve, and there
is no real significance to this average. Samples that exhibit a clustering
of points within a broad overall pattern of scatter can be interpreted to
have been subjected to severe twinning at a particular structural state,
possibly at the time of intrusion, or due to some high level deformation
during a structural change.

New disordered and ordered plagiociase migration curves are presented
for the (010) poles in Fig. 10. These are based primarily on determina-
tions made in this study, but also on some of Crump and Kettner's, and
Glauser's work. Because of the composition range within a sample the
compositions noted on these curves can be considered as only approxi-
mate. The curves more sodic than An36 have not been compietely deter-
mined because of the lack of adequate samples in this range. All analyzed
samples used in determining the compositions on the ordered curve came
from Emmons (1953). The compositions on the disordered curve were
approximated after Van der Kaaden (1951).

In establishing the ordered plagioclase curve, metamorphic samples
were used whenever possible. If these were not available the curve was
constructed on points that were furthest awa1, from the disordered curve.
This was done because in many samples this outer l imit is often repeated,
and also if metamorphic samples are available, they plot on or near this
outer l imit. The general trend of the curves is well established between
An3e and Ane6. Breaks in this curve may be present but information for
the definite establishment of these breaks is lacking.

The disordered curve is very similar to Van der Kaaden's "high-
temperature" curve and is based primarily on voicanic samples. This
curve defines one boundary of the external scatter and the other bound-
arf is defined by the ordered curve.

The cause of internal scatter is from imperfectly twinned grains and
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may result from various processes, the most important being movement
along preexisting twin planes. Internal scatter of this type occurs in aII
twin types from all environments and is not of value for petrogenic
interpretations. Internal scatter can also result from twinning of a grain
at different stages in the ordering process and can often be recognized by
the non-oaralielism of the lamellae. Internai scatter results from difier-
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Frc. 10. Ner,r'ordered and disordered migration curves for plagioclase. These curves de-

fine the boundaries of the external scatter of plagioclase determined in this study. The

samples from metamorphic rocks fall on the ordered curve whereas samples from volcanic

rocks fall on the disordered curve. The compositions noted on the ordered curve are based on

Emmons' (1953) analyzed specimens. Because of the compositional range lvithin a thin sec-

tion, the compositions noted on this curve can be considered only approximate' The dis-

ordered curve is similar to Van der Kaaden's (1951) "high-temperature" curve and some

compositions lvere approximated from his curve.

ences in composi t ion of  adjacent  iamei lae,  and resul ts in scat ter  paral le l

to the migration curves. It is important to identify and separate the

internal scatter for it can mask the more significant external scatter'
The most petrogenicaliy revealing type of scatter is external scatter'

and it is the optical-crystallographic scatter between different grains.

Grains that contain internal scatter are not used in studying external

scatter. Most volcanic and regional metamorphic samples show only
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compositionai scatter and contain no external scatter normal to the
migration curves. The plots of these samples define the disordered and
ordered migration curves for plagioclase. Coarse-grained, igneous-appear-
ing rocks almost always contain external scatter, and this scatter is
confined to the area between the migration curves. It is significant that
in a single sample the scatter can bridge the gap between the disordered
and ordered migration curves.

External optical-crystallographic scatter is present between samples
that have twinned at one state and are now at different structural states.
External scatter within an individual sample is due to trvinning of differ-
ent grains during the ordering or disordering process. Most volcanics do
not contain external scatter because the samples formed, t 'winned, and
remained in the disordered state. Similarly, no external scatter occurs in
most regional metamorphic samples because thel' also twinned and re-
mained at a specific structural state-the ordered state. Coarse-grained,
igneous-appearing samples exhibit scatter because they have twinned
throughout the ordering process.

AcxwowrnrGEMENTS

The writer is indebted to Dr. R. C. Emmons of the University of
Wisconsin whose stimulus and encouragement made this str.rd-v: possible;
to Dr. S. W. Bailey of the University of Wisconsin for his advice and
crit icism during this investigation; to R. A. Eggleton of the University
of Wisconsin for his discussions and crit icisms; and to Dr. J. V. Smith
of the University of Chicago who did the electron probe analyses. The
Wisconsin AIumni Research Foundation supported much of this study.

RelBnBNcns

Azinorr', L. V. (1960) Introd.uctdon to Solid.s. McGrarv HilI Book Co , Inc., Ner.r-York.
BnowN, W. L. (1960) Lattice changes in heat-treated plagioclases. Zeit. Kr'ist.113,297-329.
--- (.1962) Peristerite unmixing in the plagioclases and metamorphic facies series.

Norsk Geol. Tid.ssh.42, 35+-382.
Burncen, M. J. (1945) The genesis of tr,r.in crystals . Am. Mi.neral,. 30,469-482.

(i960) Twinning r,r'ith special regard to coherence. Cursillos Y Conlerencias Inst.
" Lucas Mallad.o," 7, 5-7 .

Cnuw, R. M. eNo K. B. KBrrxnn (1953) in, Emmons, R. C., ed., Selected petrogenic re-
lationships of plagioclase. Geol. Soc. Am. Mem.52,23-38.

Euuoxs, R. C. (1943) The universal stage. Geol. Soc. Am. Mem.8"
- - (ed.) (1953) Selected petrogenic relationships of plagioclase. Geol. Soc. Am.. Mem.

Ja.

Fnnousox, R. 8., R. J. Tnerlr. aNo W. H. Tr.vr,on (1958) The crystal structures of lor'-
temperature and high-temperature albites. A cta Cr y st. I l, 33 1-349.

Gtausen, A. (1961) Zur Orientierung der Indikatrix im Plagioklas-Material von R. C.
Emmons Schweiz. Mineral, Petrog. Mitt.4l, M3-470.

Gour, M. (1951) Petrological studies on plagioclase twins. Am. Mineral,.36, 884-901.



OPT I CA L-CRYSTA LLOGRA P H I C S CATT ER 633

Hnlrrnorn, A. F'. (1953) Manuol, oJ the Petrographic Mitoscope. Cooke, I'roughton, and

Simms, Ltd., York, England.
Kcinr-on, A. (1941) Die Abhangigkeit vom vorangegangenen Wiirmeverhalten. Tschermahs

M ineral. Petrog. Mitt. 53, 24.
X{,lnrutrN, A. S. (1960) Derivation of diagrams for the optical'orientation of acidic and

intermediate plagioclase. Akad. Nouh. SSSR, Izaestiya, Geol,. Ser. (in transl.), 5,74-87
(pub .1961 )

-- (1962) Some petrological aspects of order-disorder in feldspars. M'ineral. Mag. 33,

298-314
Murn, I. D. (1955) Transitional optics of some andesites and labradorites. Mineral. Mag.

30, 545-568.
Nrrrrrr, W. (1936) Di,e Fedorow-Metlrcde. Gebrider Borntraeger, Berlin.
RrrNn.n no, M. ( 193 1 ) U nit er s aI d.r ehti s c hm etho d. en, B asel, Wepf .
Smrn, J. V. (1958) Thepffect of composition and structural state on the rhombic section

and pericline twins of plagioclase feldspar. Mi,neval. Mag.3lr914-928.
TunNnn, F'. J (1951) Observations on twin laws commonly exhibited by plagioclase in

metamorphic rocks. Am. Mineral.36, 581-589.

VeN ont KeeonN, G. (1951) Optical studies on plagioclase feldspars with high- and low-

temperature optics. Univ. Utrecht, Ph.D. Thesis.
V.nNcn, J. A. (1961) Poiysynthetic twinning in plagioclase. Am. Mineral.46, 1097-lll0.

Vocnr-, T. A. (1964) The use of the Nakamura plate in universal stage orientations. Am.

Mi,neral.4S, 40G408.

Monuscriptrecei.ted August 11, 1963; accepted.Jor publication, Februory 29, I964.


