
Canadian Mineralogist
Yol.22, pp. 383-390 (1984)

ABSTRAcT

Using the data ofTsuboi and others, the dispersion of
the indices of refraction has been calculated for the
plagioclase series at wavelengths of the common lasers
(HeNe and Argon-ion). Sellmeier's equation fits the ex-
perimental data qulte well. Errors are typically between 2
x l0* to I i l0-), usually well within the experimental
error. Using these data and a new laser-interference micr-
oscope, the shape of typical oscillatory zoning in inagmatic
plagioclase from some andesites has been determined from
the profile of the index of refraction. The zoning is co-
mplicated, yet a simplified pattern may be discerned.
Repeated periods of resorption are extremely common in
andesitic feldspar.

Keywords: laser, index of refraction, dispersion, plagio-
clase, zoning, interference microscope.

SotrtMarne

On pr6sente, i partir des donn€es de Tsuboi et d'autres
auteurs, les coefficients de dispersion des indices de
r{fraction de la s6rie des plagloclases pour les longueurs
d'onde des lasers courants (HeNe et Ar ionis6s). L'€qua-
tion de Sellmeier pr6dit bien les donn6es expdrimentales.
L'6cart-t1'pe dans I'indice de r6fraction, entre 2 x l0-4
et I x l0-5, est g6n6ralement infdrieur i l'erreur
exp6rimentale. L'application de ces donndes aux
observations par microscopie i interf6rence de lasers permet
de ddlimiter, par le profil des indices de r6fraction, la forme
des zones oscillatoires du plagioclase map.atique de certai-
nes and6sites. La zonation est complexe en ddtail, mais on
peut discerner une zonation g6n6rale assez simple. Les pdri-
odes de r6orption rdp6t6es sont trEs fr6quemment observdes
dans le plagioclase and6sitique.

(Traduit par la R6daction)

Mots-cl4s: Iaser, indice de rdfraction, dispersion, plagio-
clase, zonation, microscopie ir interf6rence.

INtnooucrroN

Lasers are becoming fairly common light sources
in many laboratories. Common lasers, sugh as the
HeNe and argon-ion types, produce spectrally pure
light of wayelengths, different than were used in
laboratories a generation ago. Because of dispersion,
the index of refraction of minerals varies with
wavelength and is quite different in laser light and
sodium light, for example. In this work, I present
a recalculation of the optical dispersion for the
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magnatic plagioclase series using the original data
of Tsuboi and others, reported in Tsuboi's 1923 pa-
per. I use these essential data to determine the shape
of the oscillatory zoning in intermediate plagioclase
phenocrysts from some andesites from South
America and the Cascades of Washington and
Oregon. The latter data have been obtained using
a multiple frequency laser-interference microscope
of my design, located in my laboratory at Queen's
University. New data on dispersion of indices of
refraction of magmatic plagioclase are now being col-
lected by the writer and P.L. Roeder, and will be
published at a later date.

In this present work, I will assume that the reader
is familiar with the problems of zoning in magmatic
plagioclase, as outlined in Smilh (1974) and discussed
by Bottinga et ql. (L966), Ewart (1963), Homma
(1932) and Leedal (1952), for example. Since I am
coilcerned with the empirical shape of the zones, I
will make no assumptions about their origin,
although it may be possible to reach some
preliminar! conclusions.

CALCULATIoN oF DISPERSIoN

Calculation of the variation in the index of
refraction with wavelength for transparent
substances may be found using Cauchy's (1) or
Sellneier's (2) equations @loss 196l):

N : B + C h ' 2  ( 1 )

A>\2
N 2 =  1 + Q)

x '+  *
where N is the index of refraction for a given
wavelength \, and A, B, C and \o are constants
that vary for each composition of
plagioclase.

Sellmeier's equation is somewhat sounder in its
theoretical basis @orn & Wolf 1980); experience has
shown that it predicts known indices of refraction
with less error than Cauchy's equation. Accordingly,
I have taken the original data used by Tsuboi (1923)
and calculated the dispersion of the indices of
plagioclase for the wavelenglhs of the most common
lasers. The errors generated by fitting the data to
Sellmeier's model range from 2 x l0-4 to I x
l0-5 in the index of refraction over the complete
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TSLE 2. DISPI$IoN IN PUCImNE: r s A roNfltoN 0F I

For any given composition, the dispersion curve
as given by Sellmeier's equation is definitely not
linear (selhneier's constants are glven in Tables I and
2). However, if one holds the wavelength constant,
then one obtains a linear relationship between index
of refraction and composition. The fit to a straight
line is quite good, as may be seen from Figure I' a
graph of cu and y as a function of composition. The
slope and intercept of the linear fit for the common
laser lines, as well as for the sodium line (589.3 nm),
are given in Table 3.

OsctLranonY ZoNtNc

The general method of interference microscopy
and its application in geology have been explained
by Chao (1976), and the laser-interference technique
used in this study has been reported by Pearce
(1982b, 1983a). The interested reader is referred to
these works. Preliminary work on plagioclase zoning
has been reported @earce 1982a,c,d).

Using a normal thin section and by suitably
adjusting the interference microscope to produce the
wide-fringe mode of observation, one may obtain
a picture of the zonation of plagioclase contoured
with respect to index of refraction and, hence, com-
position. Figure 2 shows a plagioclase grain from a
Chilean andesite (PT-5, Queen's petrology collec-
tion), collected by M. Zentiili and A.H. Clark. In
studying the pattern of zoning of crystals such as this,
I letter the discontinuities from the rim (A) in toward
the core. The zones are identified by the discontinuity
on the outermost side of the zone. The AB zone,
therefore, is the outer rim ofthe crystal. The BC zone
is the zone immediately inside it, and separated from
the A zone by the B discontinuity and from the next
innermost zone BC by the C discontinuity. In this
system of nomenclature, I number any finer features
within the zones thus: AB-1, AB-2. This form of
nomenclature from youngest to oldest' the reverse
of the usual type of nomenclature, is rendered
necessary by the random nature of sections through
the phenocrysts. The rim is always present in any
section that cuts a crystal, but the exact centre of
the crystal may only be present in very few sections
(if at all). Equations for predicting the probability
of a random section being close to a desired section
have been publishedby Pearce (1983b). Calculations

MruMlW IMBX FOR A GIVEN
coloR (r!E)

SELMIERIS
CONSTNS

A l o

t.33031 99.05979
r.33430 94.64112
t.32964 99.33872
r.33558 96.t4247
t.35797 97.98808
1.37055 100.18883
r.42269 tO4.t822A
r . 4 7 2 6 0  l 0 3 . 4 l t t 3
1.46935 r06.57982

visible spectrum. These errors are usually well within
the experimental error associated with the
determination of the indices. Errors tend to be
somewhat larger toward the blue end of the
spgclrum.

The results of these calculations are presented in
Tables I and 2. Unfortunately, Tsuboi's data do not
include 0, which thus has to be estimated. A rough
estimate of 0 is obtained by averaging o and 'y.
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Frc. l. Dispersion of indices of refraction cu (ower line)
and.y (upper line) with composition in the plagioclase
series. Data from Tsuboi (1923) recalculated for green
light of wavelenglh 514.5 nm (argon-ion laser line)
according to Sellmeier's equation (see Tables I and 2),
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Frc.2. Wide-frinee laser interferosam of a plaeioclase phenocryst from a Chilean andesite, double-beam interference
in green light (5T4.5 mm). The distance from the centie R to the rim A is I mm.

show that depending on the number of crystals
present, the centre of a crystal may not be present
in any given thin section. Therefore, it is not pos-
sible to begin labeling from the centre outward.

In Figure 2, the apparent centre of the crystal is
R, and the distance R-A is 1000 micrometres. Note
that the dark and light patterns seem to appear in
pairs between discontinuities, thus giving an
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apparently double nature to the zones from A to D
and from I to O. Zones between E and I are very
narrow, and it is difficult to subdivide such fine and
complex zones. Neverthelbss, a system of
nomenclature based on the discontinuities seems to
be practical. When these observations are combined
with data obtained using the narrow-fringe method
(see below), a general pattern of zonation appears
to be common.

As is apparent, the wide-fringe technique is well
suited to a display of the details of the zonation of
such crystals (each shade is a different composition

TIIE CANADIAN MINERALOGIST

of plagioclase). Ilowever, this method is not well
suited to quantitative measurements, since estimates
of the fringe shift (change in index of refraction) are
difficult to obtain.

, Once suitable adjustments are made to the' 
interference microscope, narrow fringes are obtained
(the narrow-fringe mode of observation). This
method yields quite a different sort of interferogram,
as illustrated in Figure 3. It is suited to quantitative
analysis but requires dispersion data of the sort listed
in Tables I and 2. lsing these data and the
fundamental equation (3) below, it is possible to

ffi{t

iiE

Fro.3. Narrow-fringe laser interferogram (514.5 mm green line) of the same crystal as in Figure 2. The IJ zone is 65
pm wide. The approximate scale of ToAn for the lettered fringe is as indicated. The jump in goAn across the lettered
discontinuities is about 7t/0. The trace of the fringe is a graph of the goAn across the crystal.
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TABLB 4. NIIUBER oF IIAVELEI{CTES sEI!"r roR l00Z An DIFFERENCE AT
DIFIBRSM WAVELENGTES rOR AN oFIICAL PAtl 0r 30 uo

632.8 (589.3) 51.4.5 488.0 457.9

2 .3 t54  2 .5061 2 .92 t3  3 .1051 3 .3483
2.4642 2.6725 3.t267 3.3304 3.5991

calculate the Anqo of a plagioclase zone from the
fractional shift as the fringes cross the fringe
boundary, as in Figure 3:

N t - A 2 = S x V T  ( 3 )

where Nl and A2 are the indices of refraction of two
phases, S is the shift in apparent wavelength, T is
thickness and I is the wavelength of the light used.

Indeed, if oriented correctly, the fringes form a
graph of VoAn. Following the trace of a fringe across
the phenocryst in Figure 3 outlines the change in
composition across the zones. The sensitivity of this
method for plagioclase in a sec'tion of normal thick-
ness (30 pm) is given in Table 4, which indicates the
maximum shift possible (Ant* to Ans). As a
general rule, fractional shifts of l/10 to l/20 of a
wave may be readily measured, and in special cases
l/1000 of a wave has been reported in the literature
(Steel 1967). This probably represents the ultimate
sensitivity for the technique. Table 5 lists the actual
shift factor li which allows calculation of the Anqo
difference in the zone. Absolute values may be
obtained if an internal standard (such as quartz or
a known mounting medium) is available, preferably
in contact with the feldspar.- 

The compositional changes across the discon-
tinuities from F to K are examined in Figure 3. The
shift is about the same in all cases, and the high value
of An content is on the outermost side of the dis-
continuity. For example, for the plagioclase on either
side of discontinuity H, the shift is % of a wave.
Usi"g the data from Table Sfor ob'servations in green
light, this corresponds to a difference of 8.2590 An.
Electron-probe data for these zones give 4090 An
for zone HI and 470/o An for zone GH, a differ-
ence of 790 An. This is actually quite good agreement
because the electron beam samples a somewhat
larger volume of material than is resolved op-
tically.

In examining the shape of the zones in Figure 3,
note that the lines labeled G, H, etc., mark major

TABLE 5. FRACTIONAL SIiIFT FACf,OR -F" (Ao Z - F r SHIFT)

Rr 632.8

o  43 .19
B (Esr) .  4r .88

r 40.58

discontinuities in the crystal and represent events at
which the crystal stopped growing one composition
and began to gxow plagioclase of another (usually
more calcic) composition. The time represented by
the change from one composition to another is not
known. Locally, however, angular unconformities
and cut-and-fill structures leave no doubt that the
surfaces are due to solution (in stratigraphic terms,
a hiatus). Thus the time interval represented by the
surface may be substantial. In some cases (not
illustrated in this present work), judging from the
depth of the embayments, as much as l09o or more
of the crystal may have dissolved. Clearly, this is not
an insignificant feature. In other cases, little ofthe
crystal appears have been dissolved. This observation
requires more study.

After staring at more of these fringes than the
author cares to remember, it appears that a general
pattern exists. This idealized general pattern is
illustrated in Figure 4a in its most complete form,
and schematically in Fieue 4b. Note that the growth
of the crystal is from left to right in this figure. The
scale of the ssning is of the order of 7 to 12 tloAn,
and the width of the zones usually varies with an
order of magnitude from l0 to 100 micrometres
(zone IJ is 65 pm wide), although there may be finer
fluctuations within the larger zones. Broadly
speaking, an idealized form of zoning may be
described as follows. After an event that led to a
discontinuity (indicated by D in Fig. 4), the crystal
abuptly formed a more calcic layer (part I of Fig.
4b). The 9oAn steadily decreases outward, and may
reach a plateau (part II). The 9oAn then increases
slightly (part IID prior to a "final" decrease (part
IV). Another discontinuity D and an abrupt increase
in 9oAn (rising to about the same composition as in
the previous case) begin the next cycle.

It is clear from the shape of the fringes in Figure
3 tlat this postulated generalized pattern is often cut
short by successive discontinuities, such as illustrated
in Figure 4c, in which the complexities of the
naturally occurring zones mask somewhat the
generalized pattern described above. The idealized
pattern may also be distorted slightly. For example,
in rare cases the thfud part of the sequence (part III)
may increase to a higher An content than part I (see
zones GH and JK in Fig. 3). Locally, part II may
form a relatively large plateau, as in zone IJ in Figure
3. Such a zone of constant composition might
represent the "steady state" postulated by Bottinga
et al. (1964.

In some cases, parts I and II form a distinct
subzone different from parts III and IV, but without
any obvious discontinuity between them (the line
indicated by B in Fig. 4b; see zones G to L already
referred to). Such "double zones" and even some
multiple zones are fairly common in some rocks, but
their significance is not known. These patterns may

.Y
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Ftc.4. An idealized model of the generalized pattern of distribution of An content
in the oscillatory zones studied in this work. Figure zla shows the generalized pattem
of a complex double zone, which is schematically illustrated in Figure 4b. Figure
4c shows some of the complexities that have been noticed . Discontinuities are
indicated by D, whereas changes in composition not accompanied by a discontinuity
are indicated by B.

D

I
B

7-r-1* o'l

all be variations on a general theme, as indicated in
Figure 4b.

DISCUSSIoN

In this preliminary report, I have shown that
laser-interference microscopy is a useful tool in
studies ofplagioclase zoning. It is advantageous in
studies of this sofi to be able to see the composition
of the zones represented either as contours or as a
curve in profile. Some previous workers, using con-
ventional optisal techniques, have determined the
correct general appearance of the zoning profile
(Homma 1932, Leedal 1952). However, the use of
optical-extinction angles to obtain detailed profiles
of the zonation may lead to inconsistent results (see
Ewart 1963, p. 418, for example). These difficulties
may be overcome using the narrowrfringe method
of laser interfeqometry. Complex double zones ap-
pear not to have been noted previously, although
they are fairly common in many of the andesites
studied by the writer.

Recently, several numerical simulations based on
diffusion models have been published as an extension
and modification of the earlier work of such
investigators as Harloff (1927) ,Botttaga et al. (L96A
and Sibley et al. (l97Qz see, for saampl€, Haase et
al. (1980, Fig. 2), Lasaga (1982, Figs. 8, 10) and

Loomis (1982, Fig. l3). Whereas results of this type
of work are encouraging, tlese numerical simulations
seem to have produced results that are quite different
from the natural pattern of zonation with regard to
the exact form and, in some cases, even the direction
of compositional changes. Clearly, more effort must
be devoted to determining the exact shape and variety
of naturally occurring zonation, both to firmly
establish its nature and to serve as a guide in studies
of numerical modeling.

Major discontinuities in the zonation, some of
which are unquestionably associated with important
events of solution, should be assigned a more
significant role in developing models of plagioclase
zonation. The inegular periodicity of these discon-
tinuities (i.e., of solution events ?) appears to
indicate that some control external to the local
environment of the growing crystal is important.
Indeed, it is tempting to infer that the surfaces of
major solution are a result of volcanic eruptions (and
consequent intrusion), as earlier suggested by Ewart
(1963) and Wiebe (1968). The fine-sca1s 2sning ((
l0 pm across) between major discontinuities qay be
due to a complex interplay of local diffusion
gradients set up bythe growing crystal and, possibly,
fluctuations in water pressure, as suggested by
numerous authors (see review in Smith 1974). With
regard to the significance of solution surfaces, one
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might expect that the essentially regular nature of
diffusion-related zoning would be complicated by a
release of total pressure as the magma moves upward
in the magma column prior to an eruption. The
inegularly periodic nature of the discontinuities thar
I have drawn in Figure 4 are consisten! with such
an interpretation. Plagioclase with the most com-
plicated 2ening tends to come from andesitic and
dacitic magmas, whose propensity for violent and
frequent eruption is notorious. This empirical field
observation should not be overlooked in theoretical
simulations.

It is hoped that the results of this present note will
help clarify the complex nature of oscillatory zoning
in plagioclase and lead to further work. A numerical
analysis of the form sf the sening profiles would
seem to be a logical result of this type of study. Much
more research needs to be done on this fascinating
problem.
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