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(ABSTRACT)

For the entire alkali feldspar series, Xt; (total Al content in the T, sites, a
quantitative measure of structural state or AlSi long-range ordering) can be closely
estimated from X, (mole fraction of KAISi;Og) and V, (one half of the optic axial angle

2V, ) by use of a simple determinative diagram based on the model

st = ot biXor + baXor sin?V, + by sin®V,
t, =

ag + 3;Xo *+ 2,Xo;, sin2Vx + aj sinzVx

Three sets of coefficients for this equation are required to account for three cases: (A)
where X,, < 0.6; (B) where Xo, > 0.6 and O.A.P. (optical axial plane) ~ 1 (010); and
(C) where X, > 0.6 and O.A.P. = (010). They are (multiplied by 1000):

Case Ao a; az as bo b] b; b3

A 4.08 -2.35 095 -1.28 .52  -0.18

-1.74  2.88
B 1.69 1.63  -2.33 0.69 0.11 217 2770  3.46
C -169 -1.63 -0.70 238 -0.11 -2.17 -0.53  3.57

Tested by the data from 109 alkali feldspars in the literature and the author’s
experimerits, this model estimates Xt; (given Xo, and V,) with a standard error of 0.02,

which is essentially the same as when Zt, is estimated from refined lattice parameters

determined by X-ray diffraction methods.



The model was developed by assuming that the principal refractive indices for
sodium light — symbolized as n,, n,, and n. dependent upon whether the corresponding
principal vibration axis was parallel or most nearly parallel to crystallographic axes a, b
and ¢ — varied linearly with Zt, for the high-sanidine to low-microcline series and for
the low albite to high albite (or analbite) series. However, for the high albite to high
sanidine solid solution series, as well as the low albite to low microcline series, neither
density nor principal refractive indices vary linearly across the entire composition
range,but they closely approached linearity between 0.0 < X, < 0.6 and 0.6 < X,, <

1.0.
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CHAPTER 1. PROCEDURES AND COMPUTER PROGRAMS TO REFINE THE
DOUBLE VARIATION METHOD

Introduction

The precision and accuracy with which the refractive indices of é solid can be de-
termined by the immersion method depend upon the precision and accuracy with which
the refractive indices of the immersion oil are known. If the double variation method is
to be used, the change of the oil’s refractive index (n) with wavelength (dn/dA) and with
temperature’(dn/dt) must also be known with comparable precision and accuracy. These
data, although sometimes supplied by the manufacturer, may change as the oil ages.
Indeed, sometimes after a manufacturer’s supply of a given immersion oil has been ex-
hausted, the refractive index of the replacement oil may precisely match that of its pre-
decessor only at the wavelength 589 nm. Consequently, its printed label, if that of its
predecessor, may indicate refractive indices that no longer pertain at the other wave-
lengths. For precise and accurate determination of the refractive indices of solids’by the
double variation method, therefore, it is necessary to calibrate the immersion oils to be
used. .

This paper describes the techniques and supporting computer programs used by the
writer to calibrate immersion media and to suppress random errors when determining the
refractive indices of solids by the double variation method. It élso describes procedures
for reducing systematic errors through use of glass standards whose refractive indices are
accurately known to the fifth or sixth decimal place. Only touched upon is the use of a
spindle stage (Bloss, 1981), mounted on a polarizing microscope, so as to orient aniso-
- tropic crystals so that their principal refractive indices can be measured without signif-

icant error from misorientation.



Equipment

High accuracy refractometer

A high-accuracy Abbe refractometer, model 60/HR from Bellingham and Stanley,
Ltd., has proven ideal for immersion oil calibration. It differs from conventional types
of Abbe refractometers in that (1) it does not have a built-in prism to compensate for
dispersion so that it can only be used with monochromatic light sources, and (2) its
read-out scale is graduated in degrees and, with help of a micrometer drum, can bé read
- to one-thousandth of a vdegree. The manufacturer provides four conversion tables whe-
reby a critical angle reading may be converted into its corresponding refractive index at
each of the four wavelengths, 435.84, 546.07, 589.60, and 643.85 nm, respectively. For
other wavelengths, as well as the foregoing, the conversion of critical ahgle (a) to re-

fractive indgx N, can be calculated from

Np = 0.866025 + [N2 — sin(ax — 29.59]'2 + 0.5sin[(@ — 29.5)] , (1)
where

Np = 1.860682 + 1.91832 x 107 x A2 + 1.029446 x 10* x 1* . (2)

While the refractometer is in use, the temperature of the oil between its prisms must
be monitored to within 0.1°C. Considering that dn/dt for Cargille oils in the 1.500-1.700
index range may equal as much as -0.0006 per degree Celsius, a temperature error of
- 0.2°C wduld cause an error of approximately 0.0001 in the measured refractive index.
To maintain a stable temperature for the prism box of the refractometer, room-temper-

ature water from a reservoir is circulated through the prism box. The temperature of the



immersion oil being calibrated is monitored by a chromel-alumel thermocouple inserted
into a channel hollowed out in the cement surrounding the refractometer’s illuminating

prism.
Light source

Rather than using a monochromator to illuminate the refractometer, we use a set
of three metal-vapor spectral bulbs that provide high purity and high intensity light at
wavelengths 435.84 nm (Hg bulb with blue filter), 546.07 nm (Hg bulb with green filter),
589.60 nm (Na bulb), and 643.85 nm (Cd bulb with red ﬁlfer). A heat filter placed be-
tween the bulb and the refractometer greatly reduces heat transfer to the refractometer

by infrared radiation from the bulb.

Monochromator and oil cell

When employing the double variation (A,T) method to measure the refractive in-
dices of solid unknowns, we control the wavelength of illumination by means of a Schott
wedge-interference filter as made by Leitz. Alternatively, any continuously variable
monochromator or a series of narroW-band-pass filters with peak wavelengths at 5 nm
intervals can be used. A heatable oil cell (Bloss, 1981, p. 139) changes the oil temper-

ature and is monitored by a built-in thermocouple.



Spindle stage

A spindle stage, mounted on a polarizing microscope, plus the techniques of Bloss
(1981) will serve to orient anisotropic crystals so that their principal refractive indices
can be measured without significant error due to misorientation. A spindle stagekis even
valuable if the unknown grain is isotropic. By its means one can orient the grain so that
it best shows a Becke line or an oblique shadow when comparing the refractive indices

of the grain and oil.

Calibration Procedures

Immersion oils

To calibrate the oil we make at leasat 10 critical-angle measurements at each of
four Wa?elengths (643.85, 589.60, 546.07 and 435.84 nm). The measurements at 643.85
and 435.84 nm are difficult because of the eye’s lesser sensitivity to these wavelengths.
Consequently, it is necessary to work in a darkened room and to prevent stray light from
the light source from entering the observer’s eyes. For each critical-angle measurements,
the oil’s temperature (t) is also determined. The compufer program OIL, written by the
author, converts each measured critical angle to its corresponding refractive index (n,).
OIL then corrects this index to its value at 25°C (ny, ;) by inserting fhe values of t and

n,, plus dn/dt of the oil into the equation

n,s = 0, — (t — 25°)(dn/dt) . 3)



Using a least-squares method, OIL next fits to the n, values thus obtained for each

wavelength (in nanometers) the Cauchy dispersion equation
n25k=cl+——+_. (4)

After the intercept ¢, and the regression coefficients ¢, and c; are obtained, the cali-
brated oil’s refractive index for any wavelength and temperature (n, ;) can be calculated

from

c c

Ny = ¢+ — + = + (t = 25)(dn/dt) . (5)
A A

If the Cargille oils used in our laboratory are kept tightly closed and protected from

light between each use, their Cauchy constants (c;, cz, ¢s) have remained unchanged,

within the experimental error, for at least a year.

Measuring system

The precision and accuracy with which a solid’s refractive indices can be measured
depend upon (1) the sensitivity of the criterion of match between the indices of grain and
oil and (2) knowledge of the exact refractive index of the oil at the conditions of match.
Louisnathan et al. (1978) addressed item (1). Item (2) depends upon how precisely and
accurately one knows~ (a) the temperature and wavelength of match and (b) dn/dt of the
oil, and its Cauchy constants (c1, ¢z, c3) so that equations (3) and (4) can serve to cal-
culate the refractive index of the oil for the temperature and wavelength of match. Al-
though statistical analysis of the data may reduce the effect of random experimental

errors, systematic errors may also affect the determinations of the temperature and the



wavelength of match. Moreover, if only a few oils are used during the double variation
procedures, errors in dn/dt and the Cauchy constants for these oils will themselves be-
come systematic errors. In our laboratory our measuring system is calibrated by means
of standard optical glasses whose refractive indices at various wavelengths are accurately
known to the sixth deéima}l place.

To calibrate our measuring system so as to reduce systematic errors, we use 13
highly homogeneous optical glasses kindly suppiied to our laboratory by the Corning
Glass Company. For these 13 glasses, whose indices range from 1.51 to 1.80, the re-
fractive indices were measured to the sixth decimal at wavelengths 435.8, 546.1, 587.6
and 632.8 nm by Drs. C.J. Parker and Al Werner (pers. comm.) of Corning through the
use of the minimum deviation method and a specially designed spectrometer.

In determining the refractive indices of an unknown solid, we first select that
Corning glass Whose refractive index ny, is closest to the refractive index to be measured
for the solid. We next select the three calibrated oils whose refractive }ndices are slightly
higher, alrn'ost equal, and slightly lower fhan that for the Corning glass selected. Using
these oils, successively, we measure the Corning glass by the double variation method.
For each match between glass and oil, essentially determined as discussed by Louisna-
than et al. (1978), the wavelength (1) and‘temperature (T) is recorded. Approximately
100 to 150 readings, evenly distributed over the visible range (486-656 nm), are made
within the 20-30°C temperature range. These A,t data are then processed by the FOR-
TRAN program SOLID which, through least-squares regression methods, determines
the values for the Cauchy constants c¢;, ¢, and c; by fitting equation (4) to the data.
- SOLID similarly determines values for the constants a, and a, in the linearized Sellmeier

equation (Louisnathan et al., 1978; Bloss, 1981),

y=ay+agx , 6)



where x equals A~2, y equals (n} - 1)1, and n, equals the refractive index at waveléngth
A. The resultant constants we call observed Cauchy and Sellmeier constants and sym-
bolize them as Cygus 5 Coonss Caos ANA @S By ops AN @, 0, respectively. Similarly, we fit the
refractive indices measured at the four wavelengths by Parker and Werner.to equations
(4) and (6) to obtain constants which we symbolize as C; o, C1cs Cscat s A0,caty @NA 8y Where
the subscript “cal” indicates that the constant was calculated from the minimum devi-
ation data of Parker and Werner. . Equation (4) and the two sets of Cauchy constants
for the Corning glass standard — €y 45 5 Cobs » Cs,0bs AN Cycay 5 Cocar » 3.t — PErMit N and
ng to be calculated at any wavelength A. The correction value An, can thus be deter-

mined for any wavelength A since
Any = Ngpg — Ny - : )

Similarly, for this Corning glass standard, equationv(é) and the two sets of linearized
Sellmeier constants — Qg 00s 5 A1os AN gy , 81 — alsO permit n,, and ny to be deter-
mined for any wavelength A. The correction value Any can thus be again calculated for
any wavelength A by use of equation (7).

When an unknown solid is measured, then n, its refractive index at 25°C for the
wavelength at which a match occurred, can be éalculated from n,, the refractive index
of the oil for the wavelength of match, and t, the temperature of match. Thus by in-
serting n,, t and dn/dt into equation (3), we obtain n,. Systematic error in this value is
reduced by subtracting from it Any, as calculated (eqn. 7) for the same wavelength as that

of match. Thus,

D35 corrected = 025 — An?\,



Each match observed by the double. variation method within the 20-30°C range for the
unknown thus results in a wavelength of match A and a corresponding corrected refrac-
tive index of match Ny goeeaea - TYpically, 30 or more s‘uchA matches for a principal re-
fractive index are obtained over the 486 to 656 nm wavelength range. These pairs of
data‘-are then analyzed by the computer, and either Equation (4) or (6) is fitted to the
data pairs by the method of least square. In actuality, we merely submit to the program
SOLID, the A and t values for the 30 or so matches, as well as dn/dt and n,s for the oil.
It then applies the temperature correction (eqn. 3) and the correction for systematic er-
ror based on fhe appropriate Corning glass standard (eqn. 7). It then fits respectively a
Cauchy equation (eqn. 4) and linearized Sellmeier equation (eqn. 6) to the (A,Ms, corrected)
| data pairs to obtain the constants G ,b C2, €3 and ao, a; that will permit the unknown’s
refractive index to be calculated for any wavelength within the visible range (and perhaps

~ slightly beyond).
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APPENDIX
User’s Guide for OIL

OIL is a program written in FORTRAN IV for processing the refractive index
(R.1.) data measured at different wavelengths (at least four) and temperatures of a liquid
or immersion oil collected on a B & S 60/HR high precision refractometer. It fits the
data into Cauchy and linearized Sellmeier dispersion equations by using least-squares
regression methods and derives the Cauchy and Sellmeier dispersion constants for the
liquid or oil measured. This program has its own least-squares analysis subroutines and
therefore does not call any subroutines from any statistical packages.

Input data file
| Card Type | TITLE Format (3F10.5), One card only
Columns Variable | Description
1-10 LABEL The refractive index Value on the label of the immer-
sion oil bottle.
11-20 DNDTLT dn/ dt for temperatures lower than 25°C.
21-30 ' DNDTHT dn/dt for temperatures higher than 25°C.

Comment:  The dn/dt values are negative. In this line the negative signs of dn/dt,s
must not be entered. The program will treat them as negative values.

Card Type I OBSERVED DATA Format (3F10.5), Up to 100 cards

Columns ~ Variable Description

1-10 SCLRED Scale reading of the B & S 60/HR refractometer.

11-20 WLNM Wavelength (in nm) of the light sources.

21-30 T™MV Temperature reading. Depending on the type of tem-

perature measurement devices, TMV may be entered
either as degrees in centigrade (°C) or as millivolts

(mV).

Comments: 1.If TMYV entered as millivolt(s), the statement of Line #69 in the main
program should be changed according to the parameters of the
thermocouple used.

2. Starting on the second observed data card, if any of the variables
(SCLRED, WLNM and TMYV) is identical to the previous one, it can
be represented by blanks.

10



User’s Guide for SOLID

SOLID is a program written in FORTRAN 1V for processing the experimental
data collected by double (or single) variation method. It fits the data into Cauchy and
linearized Sellmeier dispersion equations by using least-squares regression methods and
derives the Cauchy and Sellmeier dispersion constants for the solid measured. This
program has its own least-squares analysis subroutines and therefore does not call any
subroutines from any statistical packages. It can also make corrections to the observed
data based on the results of measuring system calibration using Corning optical glasses
to reduce the systematic errors. ‘

Input data file ‘

Card Type I TITLE Format (18A4), One card only
Columns Variable Description

1-72 TITLE Any alphanumeric information.

Card Type I CAUCHY CONSTANTS Format (6F10.7), One card only

Columns Variable - Description

1-10 CICAL Cauchy constants c;, ¢; and cs, calculated

11-20 C2CAL from the minimum deviation data provided

21-30 C3CAL by Corning Co. for the optical glass used in system
calibration.

31-40 C10BS Cauchy constants c;, ¢; and c; of the

41-50 - C20BS Corning optical glass derived in the

51-60 C30BS system calibration.

Comment: If no corrections are to be applied to the observed data, this line must

be left as a blank line.
SELLMEIER

Card Type III CONSTANTS Format (2(F10.7, F10.3)), One card only

Columns Variable Description

1-10 AOCAL [ Sellmeier constants a, and a, calculated

11-20 Al1CAL from minimum deviation data provided by Corning Co.
for the optical glass used in system calibration.

21-30 AOOBS '] Sellmeier constants a, and a; of the

31-40 A10BS Corning optical glass derived in the system calibration.

Comments: 1. If no corrections are to be aplied to the observed data, this line must
be left as a blank line.
2. The a, value is based on the wavelength in nm instead of pm.

11



Card Type IV

WEDGE AND THERMO-
COUPLE PARAMETERS Format (5F10.7), One card only

Columns

1-10
11-20
21-30

31-40
41-50

Variable

WEDGEI
WEDGE2
WEDGE3

THERMI1
THERM2

Description

Leitz interference wedge filter param-
eters derived from the data provided
by the manufacturer.

Thermocuple parameters.

Comments: See Bloss ( 1981) for detailed procedures of deriving these wedge

constants.

Card Type V OIL CONSTANTS Format (6F10.7), Up to 5 cards.

Columns * Variable Description

1-10 LABEL The refractive index value on the label of the immer-
sion oil bottle.

11-20 DNDTLO dn/dt for temperatures lower than 25°C.

21-30 Cl10 Cauchy constants c;, ¢; and c¢; of the oil

31-40 C20 used.

41-50 C30

51-60 dn/dt for temperatures higher than 25°C.

Card Type VI

DNDTHO

OBSERVED DATA Format (10X, 2F10.7), Up to 200 cards.

Columns
11-20

21-30

Comments:

Variable
WLR

TMYV

Description

The wavelength reading at the match point. Depend-
ing on the type of the monochromator used, WLR may
be entered either as Messort number (in mm) if a Leitz
interference wedge filter is used or as wavelength (in
nmy) ig a monochromator with direct wavelength scale
is used.

The temperature reading at the match point. Depend-
ing on the type of temperature measurement devices,
TMV may be entered either as degrees in centigrade
(°C) or as millivolts (mV).

1. OIL CONSTANTS card is followed by a series of OBSERVED DATA

cards.

2. If WLR or TMYV is identical to the previous observation, it can be
represented by blanks.
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CHAPTER 2. OPTICAL AXIAL ANGLE, A PRECISE MEASURE OF AL,SI
ORDERING IN T, TETRAHEDRAL SITES OF K-RICH ALKALI FELDSPARS'

Introduction

It is well known that the optic axial angle 2V, is strongly dependent on the long-
range order of ALSi in the tetrahedral sites of K-rich feldspars, and in fact 2V, has been
used to designate relative “structural states” for many years (see Smith, 1974, Chapter
8, for a review). Conventiohally, the highly disordered, monoclinic high sanidines (HS)
have optic axial planes (O.A.P.’s) parallel to (010) with 2V, ranging from ~ 60° to 0°; low
sanidines (LS) have O.A.P.’s normal to (010) with 0° < 2V, < ~36°; orthoclases (OR)
also have O.A.P.’s - (010), but with ~36° < 2V, < ~80°. Triclinic microclines (MC)
have O.A.P.’s approximately normal to (010) with 2V, values overlapping the orthoc-
lases and vary from ~ 38° (intermediate microclines) to ~ 85° for completely ordered low
or maximum micfocline (LM).? Thus, combined with the chénge in orientation of the
optic plane, 2V, varies through a total of 145° as Al,Si ranges from disordered to ordered
in K-rich alkali feldspars.

. The crystal structures of potassic feldspars are well documented by 15 or more
modern structural refinements of C2/m sanidines and orthoclases and another 15 of CI
| microclines. These have led to a detailed understanding of the response of unit cell pa-
rameters — notably b, c, a’? and y* — to changes in Al,Si distribution within the two

tetrahedral sites (T, and T) of monoclinic potassic feldspars and among the four tetra-

1 Published as Su et al. (1984), American Mineralogist, 69, 440-448.

2 Optically positive microclines ("iso-microclines”) have been reported, but we have examined the specimens
of Blasi (1972) by microprobe X-ray scanning methods and found them to be mechanical mixtures of
exsolved low microcline 2V, = 85°) and low albite (2V, = 103°). For a detailed review of alkali feldspar
optics, see Stewart and Ribbe (1983).
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hedral sites (T,0, Tim, T;0 _and T,m) of triclinic ones. Using the symbols t,, t;, t;0,
t.m, t,0 and t.m to designate the avérage Al/(Al + Si) contents of these sites (as deter-
mined from mean T-O bond lengths in the aforementioned structural refinements), we
may make the following statements about K-rich alkali feldspars: (1) For C2/m mono-
clinic specimens: 2t; + 2t; = 1.0. (2) For C1 triclinic specimens: t;0 + t;m + t;0
+ tzm = 1.0. (3) The most disordered high sanidine has 2t; = 2t, = 0.5 (although this
has never been observed in a natural specimen). (4) In low sanidines and orthoclases
2t, becomes increasingly greater than 2t, as ordering increases. (5) Microclines have
t;0 > tym > t,0 ¥ t;mor t,0 > tym = t;0 = t;m. (6) Ordered low microcline has
t;0 = 1.0, tym = t;0 = t;m = 0.0. Krpll and Ribbe (1983) give details on how to es-
timate Al contents of T sites from crystal structure data and from unit cell parameters
determined by X-ray single-crystal or powder diffractometry. In this paper, however,
‘we present the quantitative relationship between the total Al content of the T, sites, Zt;
= 2t; or (t;0 + tym), and 2V,, thus establishing a rapid and precise method of deter-
mining the structural state of separated grains of K-rich alkali feldspars (using a spindle

stage) or from point to point on grains in thin section (using a universal stage).

The Relation of Optical Properties to Al,Si Distribution

Disordered high sanidine (Zt, ~ 0.5) and ordered low microcline (Zt; = 1.0) differ
markedly in optic orientation (Fig. 2.1). Consequently, to facilitate comparison of
principal refractive indices for light vibrating along similar crystallographic directions in
these two structﬁres (and in those of intermediate structural states), we use n, to sym-
bolize the principal index for light vibrating parallel or nearly parallel to the crystallo-

graphic axis b. In this we follow Hewlett (1959), who used the symbol "b” (see also
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Figure 2.1. The optic orientations of high sanidine and low microcline: Dashed lines
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Finney and Bailey, 1964). We extend this convention by using n, and n, to indicate the
principal refractive indices for light vibrating most nearly parallel to the a and ¢ crystal-
lographic axes, respectively, even though these vibrations may be at appreciable angles

to a and c.

Refractive indices versus unit cell edges

If at opposite ends of a “structural state” scale we plot the principal refractive in-
dices for high sanidiné (HS) and low microcline (LM) and label them n,, n,, n. instead
of a, B, v, and if we simplistically assume that n, , n, and n, vary linearly with total Al
content of the T, sites, the lower portion of Figure 2.2 results. The general correctness
of this model over that in which yy is traditionally connected to y., and Bys to Bry , is
readily apparent. It indicates that, for O.A.P. = (010) in HS, vZV" decreases from ~60°
to 0° with increased Al,Si ordering. With continued AlSi ordering beyond the point
where n, equals n,, the O.A.P. becomes perpendicular to (010) or nearly so, and 2V, in-
creases from 0° toward its maximum value of ~85° for LM. Cell-edge data for HS and
LM also corroborate this model. If we add these data to Figure 2.2 and for simplicity
assume linear variation, we note a reciprocal relationship between each cell edge and the
principal refractive index for light vibrating most nearly parallel to it. Thus, as ALSi
ordering increases from HS to LM, a marked increase in n, accompanies a marked de-
crease in b, a slight increase in n, accompanies a slight decrease in a, and a rharked de-
crease in n, accompanies a marked increase in c¢. This principle of the inverse
relationship between ceﬂ-edge length and corresponding refractive index was first dem-
onstrated convincingly for the andalusite-kanonaite series by Gunter and Bloss (1982)
and, indeed, aided our insight into the alkali feldspars. In Figure 2.2 we arbitrarily chose

to plot b and c¢ so that they cross at the Zt; value for which n, = n, in our model. This
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Figure 2.2. The refractive indices, n,, n, , n. (open circles), and unit cell dimensions,
a, b, ¢ (open squares), are plotted for high sanidine (HS) and low microcline (LM),
and simple linear variations are assumed for each parameter: The n values for HS
were determined by refinement of values extrapolated from data given by Smith
(1974, Figs. 8-9, p. 386); the corresponding 2V, = 46.4°. The n values for LM are
those of the Pellotsalo specimen of Brown and Bailey (1964); 2V, = 82.3 °. The cell
~ dimensions of HS (2t; = 0.56) and LM (t;0 = 1.0) are those chosen by Kroll and
Ribbe (1983) as standard reference values for alkali feldspars [see their paper (pp. 71
and 74 and Table 4) for details and reasons for choosing to plot HS at Zt, = 0.56;
this choice controls the values of a,, B, v; , and the coefficients in Equations 8 and 9.
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emphasizes the reciprocity between the refractive index and its corresponding cell edge
by causing the triangles formed by the intersection of lines 4 and ¢ to be very similar to
the two formed by the intersection of lines n. and n, .

Hewlett (1959) recognized that the dy,, and d,, spacings .varied nearly linearly with
structural state of K-rich feldspars, and Stewart and Ribbe (1969) quantified these re-
lationships for the & and c cell edges of all alkali feldspars. In Figure 2.3 it can be seen
that the Al contents encountered in any six contiguous tetrahedral sites along b (=

Al,) and any three along ¢ (= Al,) are:
Al, = t,0 + t;m + 4t, , (1)
Al =t0 +tm +ty , (2)

where t, represents t;0 or t,m for triclinic feldspars (in which all structure analyses to

date have shown t,0 = t,m). Because
t,0 + tim + t,0 + t;m = 1

orzt, +t,o+tm=1,

and since t;0 = t,m,
tp =5 (1 =Xt . 3)
Equations 1 and 2 may be rewritten
Aly =2t +2(1 = Zt) =2 =Xt , (4)
and
Al, =Zt; + (1 —XZt)/2 = (1 + Zty))/2 . (5)

18



Figure 2.3. The arrangement of tetrahedra along 4 and c in similar regions of the unit
cells of high sanidine (HS) and low microcline (LM): The tetrahedra are ruled
roughly in proportion to their Al content (0.25 for each T site in HS; 1.0 for T;0 in
ordered LM).
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To a first approximation, therefore, the amounts of Al encountered along b and
¢ are linear functions of =t,(see upper abscissa in Fig. 2.2), Al, decreasing from
1.5 for HS to 1.0 for LM and Al increasing exactly half as much, that is, from
0.75 for HS to 1.0 for LM. Because the effective'size of Al is larger than Si (mean
T-O bonds are ~1.74 A for Al sites, ~1.61 A for Si sites), Stewart and Ribbe
| (1969) Wére able to show that the cell edges b and ¢ vary proportionately with
Zti, as NOW cénﬁrmed by approximately 30 crystal structures (Kroll and Ribbe,

1983). By contrast, the cell edge a varies only slightly with Al,Si drdering because
Ala = tIO + 'tlm + t20 + t2m = 1.0 ’

and the actual distribution of Al among these sites is essentially irrelevant to the

length of a.

Sigmoidal 2Vx curve

We now assume that the refractive indices and their linear variation with Al,Si or-
dering are reasonably correct. From these refractive index trends, we can calculate 2V,

using the exact equation

n2 _ .2
sin?V, = B_z__v_z_ (6)
2y

or, to within a few tenths of a degree for crystals of low birefringence like potassic

feldspars, using the approximate equation
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sin2Vx “v=a - _ @)

Plotting 2V, values calculated from the linearly varying refractive indices against Xt,
produces the sigmoidal curve shown neér the top of Figure 2.2. To this curve we added
data from the literature for which 2V, and unit cell parameters were both reported (Ta-
‘ble 2.1) so that t;0 and t;m could be calculated for each specimen using the [110],[110]
-translation method of Kroll (1980, reported in Kroll and Ribbe, 1983). Most of these
data points fall very close to the sigmoidal curve. In fact, the estimated standard error
in Zt, is 0.02 for 52 specimens, 19 of which have known crystal structures that confirm
the Zt, values calculated by Kroll's method (see Table 2.2).

The agreement between the sigmoidal model and the crystal data is all the more
remarkable because: (1) No consideration was given to whether the crystal symmetry
was monoclirﬁc or triclinic; (2) no correction for albite content was made even though
some specimens contained up to 20 mol % Ab, in addition to minor amounts of Ca, Ba,
Sr, and Fe; (3) some of the specimens are submicroscopically twinned and/or exsolved;
(4) some specimens may be strained; (5) the sigmoidal curve, in the final analysis, was
derived from just two sets of data points (HS and LM; data on Fig. 2.2) together with
the simplistic assumption that refractive indices n,, n, , and n. vary linear with ALSi or-
dering between HS and LM; (6) for 32 of these data, cell parameters were measured on
powdered specimeﬁs and 2V, on separate crystals, and even some of the specimens

~ whose crystal structures were determined had their 2V, values measured on separate
single crystals. Only eight of the nine feldspars in the superb suite of Dal Negro et al.
(1978) and DePieri (1979) are certain to have had 2V, and Zt, (ﬁ'om both cell parameters
‘and structure analyses) measured on the same grain In fact, some of the specimens in

Table 2.1 had 2V, measured by Spencer (1937) and cell parameters measured by powder
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Table 2.1. Potassium-rich alkali feldspars, their compositions (in mol % Or), 2V, values and unit cell di-

mensions: For 2V,, a minus sign indicates that the optic axial plane is parallel to (010). Var = structural

_classiﬁcation: MC = microcline, OR = orthoclase, LS = low sanidine, HS = high sanidine. An asterisk

indicates the feldspar is metrically monoclinic, but topochcmically triclinc. Ref = references, as listed at
the bottom of the table.

No. Sample Or Var 2V, a, A b A ¢, A a (°) B (°) y(®)  Ref
1 PELLOTSALO 95,0 MC 82.5 8.560 12.964 7.215 90.65 115.83 87.70 2
2 CAIE 88.6 MC 82.0 8.558 12.963 7.217 90.52 115.93 87.98 4
3 RC20C 85.5 MC 78.5 8.566 12.961 7.217 90.43 . 116.00 88.48 4
4 PONTISKALK 98.0 MC 77.0 8.573 12.962 7.218 90.57 115.92 87.75 5
5 SP-U 876 MC 76.0 8.578 12.960 7.211 90.30 115.97 89.12 1
6 PIC 90.0 MC 71.0 8.574 12.971 7.212 90.33 116.03. 88.78 4
7 CAIB 88.6 MC 65.0 8.559 12.976 7.211 90.30 116.03 89.02 4
8 SP-H 86.3 MC 61.5 8.577 12.963 7.190 90.26 116.06 89.48 9
9 AlID 904 MC 53.0 8.563 12.984 7.201 90.13 116.02 89.50 4

10 SP-M 85.6 OR 73.7 8.637 12.895 7.185 90.00 116.24 90.00 9

11 SP-Z 90.1 OR 71.8 8.570 12.965 7.207 90.00 116.03 90.00 9

12 SP-1 90.2 OR 69.1 8.622 12.927 7.192 90.00 116.15 90.00 9

13 SP-B 90.0 OR 68.5 8.554 12.970 7.207 90.00 116.01 90.00 11

i4 . 7007 88.1 OR 65.0 8.545 12.967 7.201 90.00 116.00 90.00 6

15 SP-V 90.7 OR 63.5 8.571 12.973 7.202 90.00 116.01 90.00 9

16 HIMALAYA 88.1 OR 63.0 8.563 12.963 7.210 90.00 116.07 90.00 8

(to be continued)



(continued)

No. Sample

a (%)

Or Var 2V, alA b, A ¢, A B (°) y(¢)  Ref
17 SPK 883 OR 61.4 8605 12944 7.186  90.00 11610  90.00 9
18 CAIA 88.6 OR* 600 8563 12984 7.204 9000 11603  90.00 4
19  P2A 93.1 OR* 490 8.583 12.989 7.202 90.00 116.05 90.00 4
20 SP-F 749 OR 49.0 8.522 12.976 7.183 90.00 116.11 90.00 9
21 SP-D 80.5 OR 46.2 8.538 12.982 7.185 90.00 116.02 90.00 9
22  P50-56 877 OR 44.0 8.561  12.995 7.194 90.00 115.99 90.00 11
23  SP-C 90.8 OR* 43.6 8.562 12.996 7.193 90.00 116.01 90.00 3
24 P2B 93.1 OR 38.0 8.589 12.995 7.198 90.00 116.02 90.00 4
25 - SP-A 93.9 OR 34.8 8.582 12.989 7.198 90.00 116.04 90.00 9
26 2Bl11-1 950 LS 35.0 8.574 13.003 7.199 90.00 116.02 90.00 7
27 2B31 920 LS 34.0 8.567 12.997 7.199 90.00 116.05 90.00 7
28 2B131 920 LS 28.0 8.568 13.004 7.195 90.00 116.04 90.00 7
29 2BI2 940 LS 26.0 8.573 13.005 7.195 90.00 116.02 90.00 7
30 2BI11-2 920 LS 25.0 - 8.569 13.003 7.192  90.00 116.02 90.00 7
31 2B6 940 LS 20.0 8.573 13.008 7.194 90.00 116.04 90.00 7
32  SV-17 90.0 LS 9.0 8.549 13.028 7.188 90.00 116.02 90.00 10
33  2BI15-1 93.0 HS 0.0 8.572 13.011 7.190 90.00 116.03 90.00 7
34 S1A43-1 90.0 HS -15.0 8.555 13.020 7.185 90.00 115.99 90.00 12
35 2B15-2 95.0 HS -16.0 8.574 13.014 7.191 90.00  116.01 90.00 7
36 SI1A33-1 91.0 HS - -20.0 8.557 13.024 7.184 90.00 115.97 90.00 12
37 2B4-1 93.0 HS -20.0 8.574 13.017 7.185 90.00 116.03 90.00 - 7
38 2B4-2 93.0 HS -22.0 8.570 13.018 7.188 90.00 116.01 ~ 90.00 7
39 7002 85.4 HS -22.0 8.539 13.015 7.179 90.00 115.99 90.00 6

(to be continued)
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(continued)

No. Sample Or Var 2V, aA b, A ¢, A a () B (°) 7 (©) Ref
40 S1A44-1 89.0 HS -240 8553 13.021  7.183  90.00 11598  90.00 12
41 S1A43-2 900 HS -280 8554 13.025 7.181  90.00 11598  90.00 12
42 S1A33-2 910 HS -30.0 8558 13.025 7.182  90.00 11599  90.00 12
43  2A4 930 HS -300 8570 13.017 7.186  90.00 116.04  90.00 7
44 S1A43-3 880 HS -31.0 8554 13.019 7.180  90.00 11600  90.00 12
45 S1A44-2 89.0 HS -340 8555 13.023  7.181  90.00 116.00  90.00 12
46 S1A43-4 900 HS -380 8555 13.026 7.180  90.00 11596  90.00 12
47 SIA33-3 89.0 HS -390 8551 13.032 7.179  90.00 11600  90.00 12
48  SV-17T 890 HS -41.0 8546 13.037 7.178  90.00 11597  90.00 10
49 S1A33-4 900 HS -440  8.558  13.032 7.177  90.00 11597  90.00 12
50 SAN-SP-C 90.8 HS -44.5 8565 13.030 7.175  90.00 11599  90.00 3
51 1Bl 920 HS -450 8567 13.031  7.181  90.00 11603  90.00 7
52 5Al 940 HS -500 8574 13.032 7.178  90.00  116.02  90.00 7

1. Bailey (1969)

2. Brown & Bailey (1964)

3. Cole et al. (1949)
4. DePicri (1979)

5. Finney & Bailey (1964)
6. Phillips & Ribbe (1973)
7. Priess (1982)
8. Prince et al. (1973).

9. Stewart (1974)
10. Weitz (1972)
~ 11. Wright & Stewart (1968)

12. Zeipert & Wondratschek (1981)
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Table 2.2. The Al/(Al + Si) contents of the T, siteé of specimens in Table 2.1: Column 1 = xt, as deter-
mined from mean T-O bond lengths using structural data (Kroll and Ribbe, 1983, Tables 2 and 3). Col-
umn 2 = 3t, calculated by the [110],[110] method of Kroll (1980). Column 3 = xt, predicted by our
sigmoidal model. Column 4 is the residual of [column 2 - column 3], subject to round-off errors. Column

5 = It, predicted by our linear model. Column 6 = [column 2 - column 5].

No. Sample 2V, 1 2 3 4 5 6
1 PELLOTSALO 82.5 1.01 1.00 1.00 0.00 0.97 0.02
2 CAIE 820 097 0.97 1.00 -0.02 0.97 0.00
3 RC20C 78.5  0.96 0.94 0.97 -0.02 0.95 -0.01
4 PONTISKALK 770 0.9 0.99 0.96 0.03 0.94 0.05
5 SP-U 760 091 0.91 0.95 -0.04 0.93 -0.03
6 PIC 710 087 0.90 0.92 -0.02 0.90 -0.01
7  CAIB 650  0.90 0.87 0.88 0.00 0.87 0.00
8 SPH 61.5 . 0.82 0.85 -0.04 0.85 -0.03
9 AID 530 082 0.81 0.81 0.01 0.81 0.01
10 SP-M 73.7 0.95 0.93 0.02 0.92 0.03
11 SPZ 71.8 0.89 0.92 -0.03 0.91 -0.02
12 SPI 69.1 . 0.91 0.90 0.01 0.89 0.02
13 SP-B 68.5  0.83 0.88 0.90 -0.02 0.89 -0.01
14 7007 650  0.85 0.87 0.88 -0.01 0.87 0.00

(to be continued)



(continued)

No. Sample 2V, 1 2 3 4 5 6
15 SP-V 63.5 . 0.85 0.87 002 0.86 -0.01
16 HIMALAYA 63.0 0.90 0.90 0.86 0.03 0.86 0.04
17 SP-K 61.4 . 0.85 0.85 -0.01 0.85 -0.01
18 CAIA 60.0 0.84 0.82 0.85 -0.03 0.84 -0.02
19 P2A 49.0 0.78 0.79 0.79 000 0.79 0.00
20 SP-F 49.0 . - 0.73 0.79 -0.05 0.79 -0.05
21 SP-D 46.2 . 0.75 0.77 -0.03 0.77 -0.03
22 P50-56 44.0 . 0.75 0.76 -0.01 0.76 -0.01
23 SP-C 43.6 072 . 0.74 0.76 -0.02 0.76 -0.02
24 P2B 38.0 0.73 076 0.74 0.02 0.74 0.02
25 SP-A 34.8 . 0.77 073 0.05 0.73 0.05
26 2Bl11-1 35.0 . 0.74 0.73 0.01 0.73 0.01
27 2B31 34.0 . 0.75 073 0.03 0.73 0.03
28  2B131 28.0 . 0.72 0.71 0.01 0.71 0.01
29 2B12 26.0 . 0.72 0.70 0.02 0.70 0.02
30  2B11-2 25.0 ) 0.71 0.70 0.01 0.70 0.01
31 2B6 20.0 . 0.70 0.69 0.01 0.69 - 0.01
32 SV-17 9.0 0.64 0.62 0.67 -0.06 0.67 -0.05
33 2B15-1 0.0 . 0.68 0.67 0.01 0.66 0.01

34 S1A43-1 -15.0 . 0.64 0.66 -0.02 0.65 -0.02

9z

(to be continued)
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(continued)

No. Sample 2V, 1 3 4 5 6

35 2B15-2 -16.0 0.68 0.66 0.02 0.65 0.02
36 S1A33-1 -20.0 0.63 0.65 -0.03 0.64 -0.02
37 2B4-1 -20.0 0.64 0.65 -0.01 0.64 -0.01
38 2B4-2 -22.0 . 0.65 0.65 0.00 0.64 0.01
39 7002 22,0 0.60 0.63 0.65 -0.02 0.64 -0.01
40 S1A44-1 -24.0 0.63 0.64 -0.01 0.63 -0.01
41 S1A43-2 -28.0 0.61 0.63 -0.02 0.62 -0.02
42  S1A33-2 -30.0 0.61 0.63 -0.02 0.62 -0.01
43 244 -30.0 0.64 0.63 0.01 0.62 0.02
44  S1A43-3 -31.0 0.62 0.62 -0.01 0.61 0.00
45 S1A44-2 340 0.61 0.61 0.00 0.60 0.00
46 S1A43-4 -38.0 0.60 0.60 0.01 0.59 0.02
47 S1A33-3 -39.0 . 0.57 0.59 -0.02 0.59 -0.01
48  SV-17T -41.0 0.54 0.56 0.59 -0.03 0.58 -0.02
49 S1A33-4 -44.0 . 0.57 0.57 0.00 0.57 0.01
50 SAN-SP-C -45.0 0.54 0.56 0.57 -0.01 0.56 0.00
51 1Bl -45.0 0.58 0.57 - 0.01 0.56 0.01
52 5Al -50.0 0.56 0.54 0.02 0.54 0.02




methods on the K-rich phase only (Stewart and Wright, 1974); these parameters were
used to calculate Xt;. Since ”geoloéic.evidence is abundant for a range in 2V, of tens
of degrees in one feldspar crystal, and of 50° or more among the crystals in a single hand
specimen” (Stewart ahd Ribbe, 1983, p. 133), it is rerhaxjkable how good the agreement
is with the sigmoidal curve. |

A corollary of the assumed linear variation of n,, n, and n, relative to Xt; (Fig. 2.2)
is that the birefringences (y - a), (y - B) and (B - «) also vary linearly with Zt,. These li-
near relationships, if used in conjunction with equation 6, will lead to the following
general equations for the sigmoidal curve (after considerable mathematical manipu-

lation). Thus, for O.A.P. = (010) we obtain:

(¥s = Bg) — (¥ — o) sin’V,
[(Ym = Bm) + (¥s = B + [(Bm — o) — (15 — a5l sin’V,

Tt, = 0.44 [ } +0.56 (8)

For O.A.P. 1+ (010) or ~ L (010) we obtain:

: (vs = Bs) — (Bs — a5) Sin2vx
[(Ym = Bm) + (vs = Bl + [(Ym — am) — (Bs — ay)] is_inzvx

It = 0.44 [ ] + 0.56 (9)
HHefe‘ the subscripts § and m respectively are abbreviations for HS and LM. To the ex-

tent that the refractive index data plotted in Figure 2.2 are correct, equation 8 becomes

1.626 , (10)

Zt; = 1.686 — 3
1.600 — sin“V,

and equation 9 becomes

St = — 1.024 + —317 : (11

2.667 — sin’V,
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Also, to the extent these refractive indices and equations 10 and 11 are valid, the cross-

over point of the sigmoidal curve (i.e., the point where V, = 0°) occurs at £t; = 0.67.
Linear model: xt, versus sin’*Vx

Equation 7 indicates that sin?V, represents the quotient of two birefringences.
Even if both birefringences vary linearly with Xt,, their quotient and thus sin?V, would
not do so (see the discussion by Bloss, 1952). Equations 10 and 11 also indicate that
Zt, is related nonlinearly to sin?V, Nevertheless, given the magnitude of the coefficients
in Equations 10 and 11, and the fact that 0° < V, < 45° so that 0 <sin?V, < 0.5, the
relationship between Zt; and sin?V, is nearly linear. This explains why a linear re-
gression performed on the data on Table 2.1, using sin?V, as the independent variable
and Zt, as the dependent variable, yields a coefficient of determination, 2 = 0.962 (see

Fig. 2.4). The resulting equation is split into two segments. For O.A.P. = (010),

It; = 0.665(3) — 0.711(17) sin’V, , (122)
and for O.A.P. perpendicular to (010), or nearly so

xt; = 0.665(3) + 0.711’(17) si?lex ) (12b)

with numbers in parentheses referring to the estimated standard deviations (esd) for the
respective coefficients. Each indicates, as for the sigmoidal model, that if V, equals 0°,
then Zt; = 0.665 (esd = 0.02). These equations predict ‘that 2V, will equal 57.6° for a
?:ompletely disordered high sahidine (Zt; = 0.5) and 86.7° for a completely ordered low
microcline (Zt; = 1.0). These compare to literature values of 54° and 82°. It should

be noted that the largest 2V, value reported for a sanidine, 63°, is for a specimen syn-

3
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Figure 2.4. Sin?V, and 2V, versus Xt;: The It; values were determined by the
[110],[110] method of Kroll (1980), as discussed by Kroll and Ribbe, 1983). The line
represents a least-squares regression fit to the data for 52 specimens in Table 2.1.
See Equations 12a and b, and cf. Su et al. (1983b) for an earlier version.
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thesized by Tuttle (1952). Optically positive ”isomiérodines" (2V, > 90°) were discussed

in Footnote 2.

Linear model: t, versus tan’*Vx

Priess (1981) and Ott (1982) found linear relationships for Zt, or t; and t; versus
tan?V, for suites of monoclinic K-rich feldspars between 2V, ~ 50° [0.A.P. = (010)] and
2V, ~ 63°[0.A.P. L (010)]. We tested tan?V, with our suite of 52 monoclinic and triclinic
specimens and obtained an equation which may be split into two segments. For O.A.P.

= (010),

It = 0.664(4) — 0.473(14) tan’V, , (132)
gnd for O.A.P. L or nearly < to (610),

St; = 0.664(4) + 0.473(14) tan’V, , ©13b)

with r2 = 0.958 and esd = 0.03 (just slightly higher than the esd of 0.02 for equétion 6
A).

The rationale for near-linearity in the relationship between It, and tan?V, is similar
to that for Zt, and sin?V,, because equations similar to 8 through 11 can be derived for
the tan?V, bf'unction. The greater range of values of tan?V, (from 0.0 to 1.0) accounts for

- the smaller r? and larger esd for equation 13 over equation 6 A.
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Discussion and Summary

Earlier work and partial birefringences

Finney and Bailey (1964, Fig. 2, p. 426) plotted the distant order function,

=

S - ‘)51_ [0.25 — t
i 1.50

against 2V, for all five structures of K-rich feldspars available at that time. Ribbe and
Gibbs (1969, p. 86) recognized flaws in this and other distant order parameters and
suggested that they be abandoned in favor of some more direct measure of the Al/(Al
+ Si) content of the tetrahedral sites (for example, those used by Weitz (1972) and De-
Pieri (1979)). But Finney and Bailey’s result was nonetheless an important contribution.

As may be demonstrated mathematically, S will be linearly related only to t;0 when
tim is <0.25, whereas, if t;m > 0.25 or if the feldspar is monoclinic, S will be linearly
related to Zt;. Of course, It; is the parameter we find to be rather precisely predictable
from 2V,. Finney and Bailey (1964, Figs. 3 and 4) obtained a good nonlinear correlation
of 2V, and "b”-a and a nearly perfect linear correlation of S and “b”-a, where the biref-
ringence value "b”-a, as first proposed by Hewlett (1959), is equivalent to our (n, - n, ).
Although they stated that their “diagrams should not be interpreted too vigorously . . .
at this stage of our knowledge,” Finney and Bailey’s ideas have proven to be correct.
If we were to suggest a partial birefringence most sensitive to order-disorder m K-rich
feldspars, it would be (n, - n.), which passes through zero at 2V, = 0. Values for a Zt,

versus (n, - n.) plot may be derived from Figure 2.2.
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Complete characterization of AlSi distribution in triclinic K-feldspar

A measurement of 2V, (or partial birefringence, (n, - n. )) permits easy determi-
nation of t; or (t;0 + t;m), and thus, using equation 3, of t; or t;0 = t,m. However,
the individual Al contents of T,0 and T,m in triclinic potassic feldspars are not available
from these measuréments alone. Brown (1962, Fig. 2, p. 32) and Stewart (1974, Fig. 2,
p. 158) suggested that the extinction angle a’ or X’ to the trace of (010) on (001) cleavage
fragments may be linearly related to the difference (t;0 - t;m). A few data suggest a
correlation between this extinction angle and the y* reciprocal lattice angle (Brown,
1962). In turn, y* is well known to be linearly correlated to (ti0 - tym) (see Kroll and
Ribbe, 1983, Fig. 5, p. 80). Marfunin (1966) hinted at the utility of angles between the |
individual optic axes and the normal to (010) in differentiating structural states of K-rich
feldspars, but cohﬁrmation from lattice parameters or structure determination is lacking.

It is our intention to obtain complete optical and lattice parameter characterization
of as many intermediate microclines as possible, so as to be able to fully characterize
average Al,Si site distributions in triclinic potassic feldspars using rapid spindle or uni-

versal stage methods.

Unusual potassic feldspars

Bambauer and Laves (1960) studied a large (>1 cm) adﬁlaria “crystal” from Val
Casatscha, Switzerland. This specimen exhibited coarse lamellar domains whose 2V,
angles and a* and y*»angles (recorded by X-ray precession methods) suggested a range
of structural states from “(high) sanidine . . . (axial plane ~ | (010), 2V, = 50°)... to
microcline . . . (axial plane ~ 1 (010), 2V, = 50°. Between these extremes a continuous

series of intermediate optical orientations was found” (p. 178). These unusual orien-
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tations, representing a range of intermediate microclines with triclinic symmetry, are not
accomodated by our model. Carefully correlated structural, optical, and electron mi-
croscope studies of these and similar specimens are now under way to resolve the dis-

crepancies.
Summary

Values of 2V, rheasured’ for potassic feldspars in thin sections, plus the observations
of whether r < v, which indicates the optic plane to be parallel to (010), or » > v, which
indicates the optic plane to be perpendicular to (010) or nearly so, should suffice to de-
termine t; and t, (for monoclinic) or (t;0 + t;m) and t;0 = t,m (for triclinic crystals)
from grain to grain (or point to point). Further study is needed to confirm or establish
more certainly the relationship between (t;0 - t;m) and extinction angles, especially X’
on (001), which has the greatest potential. The K-rich feldspars of “unusual” optic ori-

_entation require speéial attention.

We urge that all investigators measure and report full optical orientation data for
crystals on Which structures are determined or that investigators in possession of such
crystals (or for that matter, any knbwn intermediate microclines) send them to FDB or

PHR for further study.
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CHAPTER 3. OPTICAL PROPERTIES OF SINGLE CRYSTALS IN THE
ORDER-DISORDER SERIES LOW-HIGH ALBITE

Introduction

The structural and thermodynamic aspects of AlLSi order-disorder in albite have
received much attention, but few systematic investigations have been conducted on the
variation of the optical properties of albites as a function of structural state. Measure-
ments of the optic axial angle 2V (Raase and Kern, 1969) and extinction angles (Raase,
1978) on a series of synthetic albites are the only data available for intermediate struc-
tufal states. The paucity of data is due to the difficulty in obtaining suitabie single
crystals, and although the opﬁcal measurements of previous workers were done on single
grains, the structural state was assessed from unit cell dimensions or the parameter
A131 = 20(131) - 26(131) determined by X-ray powder methods. However, in this in-
vestigation it was possible to carry out both optical measurements and X-ray precession
photography on the same single crystal for eight samples of different structural states,
produced by a new technique. This provided the first precise charécterization of the
optical properties of albite as a function of the reciprocal lattice angles a* and y*, which
in turn may be used to establish an accurate estimate of the ALSi order-disorder in each

optically characterized crystal (see preliminary report by Su et al., 1985).
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Experimental Procedures

An iron- and calcium-free low albite from Clear Creek, California (Ab,,,Or,,, elec-
tron microprobe analysis by Ian Steele, University of Chicago) was used as the starting
material for this study. Cleavage fragments ranging up to approximately 1 mm in size
were embedded in reagent grade Na,CO; and sealed in gold capsules. The carbonate,
although supposédly “anhydrous,” contains approximately 1 percent HZO’; no water was
added. The capsules were run in NaCl pressure cells in piston-cylinder devices at 17-18
kbar. The Na,CO; is adequately plastic so that single crystals large enough for the op-
tical and X-ray work may be readily recovered after the experiment by dissolving the
carbonate in 1 molar HCl. The determination of the equilibrium disorder-temperdture
relations of albite and the prepafation at high pressures of albite with any desired degree
of AlSi order ranging from low albite to highly disordered material are described in
Goldsmith and Jenkins (1985). In fact, it was Prof. J .R. Goldsmith of the University of
Chicago who provided the suite of seven intermediate albites from which single crystals
were selected for this study.

These albites were prepared by heating at temperatures of 750° to 1000°C for 6-19
days (Table 3.1), and they cover the range from aBout 10 to 90% disordered. Of course,
modification of structural state by diffusive Al-Si exchange is somewhat slower in rela-
tively large crystals than in fine powders, and this is quite possibly related to rates of
hydroxyl or hydrogen diffusion in the albite. But in a study of this sort, it is essential
that the crystals used be as homogeneous as possible with respect to structural state.
The only nondestructive test we have of this is to examine single crystal X-ray photo-
graphs for sharpness of diffraction spots. Although there is some subjectivity in this
approach, all of our specimens were selected after examining zero-level precession pho-

togfaphs of each crystal in both the [100] and [001] orientations. Measurements of the
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Table 3.1 Heating'conditions, reciprocal lattice angles (degrees), Al contents of T sites [At, = (t,0

- tim); Xt, = (t,0 + tim); t.0 = t.m], diffusive order parameter Q,4 and configurational entropy
S. (J/mol K) of the Clear Creek albites.

Sample T(°C) P(kb) Days a* v* At, Xt t, 0 tim  t0 Q;d S,
MABI177 1000 17. 6 85‘.87> 88.19 0.11 0.58 035 024 0.21 020 184
MAB169 780 17 | 19 85.96 88.52 024 064 044 020 0.18 038 177
MABI76 775 17 19 85.96 88.66 030 066 048 0.18 0.17 045 172
MABI71 770 17 15 86.14 8940 0.59 080 0.69 0.10 0.10 073 133
MABI167 760 18 15 86.26 89.99 0.82 092 0.87 0.05 0.04 0.90 7.9
MAB172A 750 17 18 86.31 90.04 0.83 093 0.88 0.05 0.04 0.90 7.2
MABI151 750 18 12 86.32 90.14 0.87 095 091 0.04 0.03 0.93 6.0
LA-CC 86.39 90.46 1.00 1.00 1.00 0.00 0.00 1.00 0.0




o* and y* reciprocal lattice angles from these photographs provided the basis for char-
acterizing the structural states of these crystals (see Table 3.1).

It should be pointed out that the degree of Al,Si order in these relatively large
crystals is not necessarily that of the equilibrium configuration at the temperature of the
run, because equilibration of structural state requires longer run times than with the
powdered specimens studied by Goldsmith and Jenkins (1985). Prof. Goldsmith reports
that the reaction to jadeite at the surface of the grains is favored in the lower temper-
ature experiments. The presence of Na,CO; produces a silica-undersaturated environ-
ment, and jadeite becomes stable and is formed at pressures well below those of the
albite «~— jadeite + quartz curve (Holland, 1980). However, satisfactorily homogene-
ous single crystals of all _degrees of order were produced for this study before the cleav-
age fragments were too badly corroded by the reactibn.

From each sample, a single crystal of 200-500 pm in maximum dimension was se-
- lected and mounted on a eucentric goniometer head,» usually with b*, the noi'mal to the
(010) cleavage face, subparallel to the glass fiber. The goniometer head was attached to
a Supper spindle stage mounted on a Leitz ORTHOLUX polarizing microscope, which
was in turn equipped with an interference wedge filter to serve as a monochromator and
a photomultiplier eyepiece to determine precise extinction positions. The optic axial
angle was measured for each crystal at either one peak wavelength, D = 589 nm, or at
three différent wavelengths, F = 486 nm, D, and C = 656 nm, by determining extinction
positions as the dial axis of the spindle stage was rotated through 360° by 10° incre-
ments. The extinction data were then processed by the FORTRAN program EXCAL-
IBR (Bloss and Riess, 1973; Bloss, 1981) which calculated, for each wavelength, the optic
axial angle and the orientations of the optic axes and the three principal vibration di-

rections. The standard errors of estimate of 2V as calculated by EXCALIBR are 0.1 to
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0.5° for the Clear Creek albites. Their changes with wavelength (dispersion) were
quantitatively calculated by DISPER, a subroutine of EXCALIBR.

Once the principal vibration directions X, Y and Z were located, each could be
successively oriented parallel to the vibration direction of the polarizer so that its asso-
ciated refractive index could be measured without appreciable error from misorientation.
Refractive indices were measured with a refined double variation method on our cali-
brated system which is supported by computer programs with related statistical analysis
capabilities. These permit the indices of colorless crystals like albites in the refractive
index range of 1.52-1.60 to be measured with unprecedented accuracy and precision.
The standard error of estimate of all indices determined in this study is 0.0001 to 0.0002.
For each principal refractive index, n,, n; or n,, 30 to 70 matches between the refractive
index of the immersion oil and that of the crystal were obtained at different temperatures
and wavelengths covering the visible ra’nge.,. Using least-squares methods, the match
point data were fit into the linearized Sellmeier dispersion equation (see Bloss, 1981, p.

128),

I —wtacy (1)
where n is the refractive index measured at wavelength A. The vregression coefficients,
ao and a,, can be used to calculate the refractive indices at any given wavelength in the
visible range.

After the optical data bwere collected, the goniometer head was transferred to an
X-ray precession camera so that k0 and Ok/ photographs could be taken with Cu or
Mo radiation. The locations of X,Y,Z and of a*,b*,c*, obtained from the optical and
the X-ray studies, were then jointly plotted on a stereonet after proper conversion of the

different settings of the two arcs of the goniometer head during the optical and X-ray
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investigations. Thus, the optical orientation as well as extinction angles on the (001) and
(010) planes could be derived.

The reciprocal lattice angles a* and y* were méasured directly from the A4k0 and
Okl precession photographs, using a measuring device with a vernier of 0.05°. For each
angle, at least 10 readings were taken and then averaged to obtain the final value of the
angle measured (Table 3.1). Estimated errors of measurement of both a* and f* are less

than 0.1°.

Results and Discussion

- Angles o* and v* and the estimation of ALSi distribution

The line relating v* to a* for increasingly disordered Clear Creek albite (Fig. 3.1,
left) differs slightly from that (Fig. 3.1, right) by which Kroll and Ribbe (1983) joined the
- end members low albite (LA) to analbite (AA). This discrepancy is puzzling, particularly
since the line joining LA to AA follows the trend for 43 synthetic albites as variously
measured by Wright and Stewart (1968), Raase and Kern (1969), Martin (1970), and
Kroll et al. (1980). Crystal structure analyses of the partially disordered Clear Creek
crystals, soon to be undertaken, may supply an explanation. In the meantime, however,
one may derive -approximate Al,Si distributions in these albites using a method first
quantified for alkali feldspars in general by Stewart and Ribbe (1969) and expressed in
the following regression equation by H. Kroll and P.H. Ribbe (manuscript in prepara-

tion):

v* — 44.778 — 0.502460*

Aty = (40 = 4m) = — 0050610

2)



1 ] 1 i 1 1
\_AA

88.0°} % —40.3

‘ . |
+ 0.4

88.5°- +t .
" ks | Hos

89.0°|- + I |
.>|<. ) —0.6

[ ]
Y * - !l; 4 tHo

89.5°}- + 107

. B
B + —o.8

*
90.0°|- ¥ 1
| —0.9
90.5°| LAD\ 410
1 1 L | | by | 1 |
85.5° - 86.0° 86.5° *~86.0° 86.5°
a*

Figure 3.1. Reciprocal lattice angles, y* versus. a* for albites: To the left is a plot
of data for the Clear Creek albite suite of single crystals (A) with end members AA
(analbite) and LA (low albite) (O0) from Kroll and Ribbe (1983) shown for compar-
ison. To the right is a plot of similar data for synthetic albites: (x) Wright and
Stewart (1968), (o) Raase and Kern (1969), (+) Martin (1970), (o) Kroll et al.
(1980), and (O) Kroll and Ribbe’s AA and LA. The t;o scale to the right was cal-

culated using Equation (35).
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where t;0 and t;m are the Al contents of the Tio and Tim tetrahedral sites. Smith
et al. (1985) have recently clarified a nagging uncertainty about the degree of order in
low albite By refining its crystal structure at 13 K using neutron diffraction. They de-
monstrated unequivocally that it is completely ordered (Withip the'limit of error) with
0.997(4) Al in T,o0, and 1.001(3), 1.002(3), 1.006(4) Si in T,m, T,o0, T.m, respectively.
This result verifies the assumption of complete order implicit in recent structural studies
of low albite. |

All X-ray and neutron diffraction refinements of feldspar structures have shown
that, to a first approximation, t;0 = tum. It is therefdre necessary to determine only
one more occupancy value in addition to At, to obtain a complete estimation of AlLSi
distribution of all four tetrahedral sites. A study of the lattice parameters of the 43
synthetic albites indicated that t,0 is linearly related to y* as shown by the straight line

(in Fig. 3.1) representing the regression equation
tj0 = —25.15(15) + 0.2892(17)y* [r* = 0.999] . (3)

In Equation (3) t;0 is determined by combining (t;0 - t;m), as estimated from a* and

v* (Eqn. 2), with (t;0 + t;m), as estimated by the equation for triclinic feldspars,

b — 21.5398 + 53.8405¢*

Ity = (40 + 4m) = T 15.8583¢c

4

(Kroll and Ribbe, personal communication).

At present, Equation (3) is thought to be the best one to estimate t;0 of albites
from y*. However, because Equation (2) was calculated using only the data from the
four alkali feldspar end members LA (low albite), AA (analbite), LM (low microcline)
and HS (high sanidine) (Krbll and Ribbe, 1983, Table 3.4), the following equation (sim-
ilar to Eqn. (3) but based solely on the data of Kroll and Ribbe’s end members LA [o*
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= 86.39°, y* = 90.46°, t;0 = 1.0, At; = 1.0] and AA [a* = 85.94°, y* = 87.96°, t,0
= (.28, At,; = 0]), was used henceforth in our calculations to ensure internal consistency

of the estimations:
tjo = —25.05 + 0.2880v* . (5)

If drawn in Figure 3.1, Equation &) would be represented by a straight line precisely
joining the points labelled LA and AA; it is statistically identical to and nearly coincident
with the bold line representing Equation (3).

Using Equations (2) and (5) plus the observed a* and y* values, and assuming t;o0
= t,m, we can calculate. the Al,Si distribution among all four tetrahedral sites as well

as the configurational entropy,
S. = —RI[X; InX; + (1 = X)) In(1 — X))] ,

where R is the gas constant and X, is mole fraction of » Al‘ in tetrahedral sites T, as cal-
culated above. See Table 3.1. The diffusive order parameter used by Salje (1985) can
also be calculated, because Q,y = At;/Zt;. It is evident that all these calculations in-
volving Al,Si occupancies, although the best estimates currently avaﬂab}e, are strongly
model-dependent. Thus caution must be exercised in their use and interpretation.

It should be. noted in Table 3.1 that none of our samples are analbites having t;0
= tym and t,0 = t;m. Thus, we use the term high albite (HA) for the most disordered

of our series.
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Refractive indices

“The principal refractive indices for light vibrating most nearly parallel to crystallo-
gfaphic axes a, b and c -- respectively symbolized n, (= n,), n, (= n,), and n. (= ng) as
suggested by Su et al. (1984) and Bloss (1985) -- were determined for Fraunhofer lines
F, D and C (Table 3‘;2), but only those for D have been plotted versus y* and At; in |
Figure 3.2. The resultant trends, linear within the limits of measurement, shdw that as
v*, At,, and Xt; and thus the degree of Al,Si order increéses from HA to LA, n, increases,
n. decreases, and n, increases. Consequently, as Figure 3.2 illustrates, the optic sign
changes from negative to positive at (t;0 - t;m) = 0.71. The relationship between the
principal refractive indices ahd the structural states can be explained by analogy with the
interpretation propoéed by Stewart and Ribbe (1969) and Su et al. (1984) for K-rich al-
kali feldspars. From HA (or AA) to LA, the number of Al atoms encountered in the
tetrahedral framework along thev b axis directipn (Al,) decreases from 1.5 to 1.0, and the
number of Al atoms encountered along the ¢ axis direction (Al) increases from 0.75 to

1.0. In fact,
Al, =2 — 3t and Al = (1 + 5t,)/2

(Su et al., 1984, Fig. 3 and Eqns. 4 and 5). Thus the variations of Al, and Al, With ALSi
ordering cause the b cell edge to decrease in length by about twice as much as the ¢ cell
edge increases. Because the three principal vibration directions X, Z and Y of the albite
indicatrix are subparallel to crystallographic axes, a, b and c, respectively, the variations
of the corresponding indices n, , n,, and n. (in that order; Fig. 3.2), can be accounted for,
to a first approximation, by contraction of a and b and by expansion of ¢ from HA to

LA. Linear Equations (12)-(14), relating n,, n, and n, at 589 nm to v*, At,, and Zt, are
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Figure 3.2. Refractive indices and 2V, at 589 nm plotted versus At; and y* for Clear
Creek albites: The curve for 2V, is calculated from the linear regression equations
(12b, 13b, 14b in Table 3.4) relating n, ng and ny to Aty.
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Table 3.2 Observed (o) and calculated (c¢) optic axial angles 2V,, extinction angles X’A[100] on (010) and on

(001) (degrees), and refractive indices of the Clear Creek albites.

589 nm (D) 486 nm (F) 589 nm (D) 656 nm (C)

Sample
2V,(0) (010) (00)) @ p T 2V(0) « B T 2V «a B v 2Vyo)

MABI177 53.6 7.8 9.0 1.5333 1.5408 1.5426 52.0 1.5276 1.5346 1.5364 53.6 1.5251 1.5322 1.5340. 53.2
MAB169 66.1 9.7 7.5 1.5338 1.5465 1.5434 66.4 1.5279 1.5344 1.5372 66.3 1.5255 1.5321 1.5348 65.0
- MABI176 66.7 104 7.4 1.5334 1.5402 1.5431 66.0 1.5279 1.5342 1.5370 67.1 1.5257 1.5318 1.5346 68.0
MABI171 859 155 6.2 1.5346 1.5397 .1.5444 87.4 1.5288 1.5338 1.5383 86.7 1.5265 1.5314 1.5360 87.9
MABI167 96.6 17.5 3.8 1.5351 1.5394 1.5449 96.8 1.5289 1.5333 1.5388 96.1 1.5267 1.5310 1.5364 96.2
MABI172A 974 194 3.8

MABI151 98.8 18.0 4.6 1.5347 1.5391 1.5451 98.6 1.5289 1.5332 1.5391 98.7 1.5266 1.5308 1.5366 98.9
LA-CC 103.4 21.0 3.3 1.5347 1.5389 1.5455 102.51.5288 1.5329 1.5394 102.8 1.5264 1.5305 1.5368 101.9
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listed in Table 3.4, which summarizes the results of a number of regressions performed
on the data to obtain either linear or quadratic regression equations of the form
y =a + a;x or

y = a, + a;X + a,x?.
The dispersions of refractive indices

From the analysis of the refractive-index dispersion data for more than 100 ionic
and covalent materials (solids and liquids), Wemple and DiDomenico (1969, 1971) used
a single-oscillator description of the frequency-dependent dielectric constant, which
equals the square of the refractive index n, to define a “dispersion-energy” parameter

E,. The analytical expression is
n’ = | = E4By/(Ej — h’?) , 6

where n is the refractive index at frequency o, E, is\the dispersion energy, E, is the single
oscillatory energy, and h is Planck’s constant.

The parameter E,, a measure of the strength of interband optical transition, is re- |
lated to the charge distribution within each unit cell and thus is a quantity closely related

to chemical bonding. E, is found to obey the simple empirical relationship
I':“‘d = BNcZaNe ’

where B is a coefficient whose value depends on the nature of the chemical bonding
(ionic or covalent), N, is the coordination number of the cation nearest neighbor to the
anion, Z, is the formal chemical valency of the anion, and N, is the effective number of

valence electrons per anion. Wemple and DiDomenico (1969, 1971) state that the ob-
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served simple dependence on coordination number and chemical valency suggests further
that nearest-neighbor atomic-like quantities strongly influence the electronic optical
properties of materials.

Values of E,, Eo and A, can be easily calculated from the Sellmeier dispersion con-

stants a, and a; using the following equations derived from Equation (6):
83 - B - O
We strongly suggest that these quantities be reported in all optical investigations of
non-opaque minerals so that a data base of dispersion parameters W111 be established.
Ultimately, new insight may be gained into the optical properties of matter and their

relationships to chemical bonding and other features of crystal structures.
| The calculations of E4, Eq, and A, of the Clear Creek albites (Eqns. 7 and Table 3.3)
show thét these values are very insensitive to the distributions of Al,Si among the tet-
rahedral sites in albites. The grand mean values, i.e., the mean values of all the principal
vibration directions, are E, = 16.7 eV, E, = 12.7 eV and A, = 97.7 nm. These may be
compared to the values E, = 19.1 eV, E, = 13.0 eV and 4, = 95.3 nm which was ob-
tained from optical measurements on an anorthite (AngsAb,,0Ory,;) from Mt. Somma,

Vesuvius, Italy, by the author.
Optic axial angle

It should be emphasized that, because n,, n; and n, are linear functions of y*, At,
or It,, the optic axial angle 2V, cannot be, since sin’V, = (n;2-n3?)/(n;2-n72). A
predicted 2V, curve is calculated from Equations (12b), (13b) and (14b) in Table 3.4,

which relate At; to n,, ny and n, at 589 nm; it is plotted in Figure 3.2 and fits the ob-
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Table 3.3 Dispersion energy E, (eV), single oscillator energy E, (¢V), and

single oscillator wavelength A, (nm) associated with na, np, and ny of the

Clear Creek albites.

ng v

- Sample ' 7

Es Eo % E¢ Eo % Ey Eo X
MABI177 167 129 964 165 125 99.1 166 126 98.6
MABI169 166 128 972 169 128 969 16.7 12.6 98.6
MABI176 17.1 13.2 943 166 126 982 166 125 98.9
MABI171 168 129 963 168 127 973 168 127 973
MABI167 164 126 981 166 127 979 169 127 974
MABI1351 16.6 128 97.0 167 127 98.0 167 126 98.7
LA-CC 164 12.6 98.2' 16.7 12.7 973 16.6 125 99.1
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Table 3.4. Equations relating a* to y* and some optical properties to y*, At, and Zt,, as derived by least-
squares regression methods: The numbers in parentheses are the standard errors of estimate referring to last
digit(s). The term a, is the intercept, and a, and a, are coefficients of y* (or At, or £t,) and At,?, réspectively.
Coefficient of determination r2, square root of mean square errors s, and predicted values for the end members

123

LA (y* = 90.46°, At, = 1.0, £t, = 1.0) and AA (y* = 87.96°, At, = 0.0, =t, = 0.5) are also listed.

Ecjn. Dep. Ind. a, a, a, r? s Pred. LA Pred. AA

no. var. var. it =1.0 Xt;=0.5
11 a* v* 65.73 (53) 0.2284: (59) 0.996 0.014
12a na v* 1.4748 (89) 0.00060 (10) 0.878 0.0002 1.5291 1.5276
12b na Aty 1.52754(17) 0.00154(26) - 0.877 0.0002 1.5291 '1.5275
12¢ na Ity 1.52584(43) 0.00323 (53) 0.879 0.0002 1.5291 1.5275
13a np v 15992 (22)  -0.00073 (2) 0.995  0.0001 1.5332 1.5350
13b np Aty 1.53483 (4) -0.00188 (6) 0.995 0.0001 1.5330 1.5348
13c nf Xt, 1.53689(11) -0.00394 (15) 0.993 0.0001 1.5330 1.5350
14a ny y*  1.4228-(69)  0.00129(78) 0.982  0.0002 1.5395 1.5363
14b ny Aty 1.53617(13) 0.00330(21) 0.981 0.0002 1.5395 1.5362
14c ny Ity 1.53253(30) 0.00696 (38) 0.985 0.0002 1.5395 1.5360

(to be continued)
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(continued)

Pred. LA Pred. AA

Eqn. Dep. Ind. ao a, a r? s

no. var. var. It;=1.0 xt,=0.5
152 Ext.(010) v*  -492 (28) 5.7 ) 0.983 0.7 1208 6.6
15b Ext.(010) At, 62  (6) 146  (8) 0.982 0.7 20.8 6.2
15c Ext.(010) =t, -9.8 (L.3) 306 (1.6 0.984 0.7 20.8 5.5
16a Ext.(001) v* 222 (190 24 (2 0.958 0.5 3.1 9.2
16b Ext.(001) At, 94 (4  -62 (5) 0.958 0.5 3.2 9.4
16c Ext.(001) =t 162 (9)  -13.0 (LI) 0957 . 0.5 3.2 9.7
17 ) A, 687 (6) 155  (9) 0.980 0.8 84.2 68.7
18 7 Aty 1285 (1.5)  -494  (T)  28.1(60)  0.981 1.1 107.2 128.5
19 () Aty 99.3 )] -10.5 (6) 0.981 0.5 88.8 99.3
20 I Aty 434 (1.3) -49.5 (6.1) 24.1 (5.4) 0.990 1.0 18.0 43.4
21 La At, 151.1 (3.5) -32 (16) 43.0 (15) 0.873 2.6 162.1 151.1
22 R At, 31.3  (3.8) 33 (17) -48.0 (15) 0.910 2.7 16.3 31.3
23 N At 1259 (1.4)  -440 (63)  252(56)  0.979 1.0 107.1 125.9
24 Ka At, 1555 (7) 189 (1.1) 0.982 0.9 174.4 155.5
25 D A, 55 (D) 151 (3.1) -12.8 (2.8)  0.830 0.5 3.2 5.5




served 2V, data points quite well. In albites the Y-Z plgne is very close to the b-c. plane.
The structural inhomogeneity within the b-¢ plane, which is mainly determined by the
AlSi distribution among the four nonequivalent tetréhedr'al. sites, is the least for HA (or
AA) and the greatest for LA. This accounts for the smaller difference between n; and
n, for HA (or AA) and the greater difference between ny and n, for LA. Accordingly,
from HA (AA) to LA, 2V, increases with ordering.

The 2V, values for ordered low albite in the literature include 102.8°(Rémona,. CA;
J.R. Smith, 1958), 103.0° and 102.5° (Tiburon, CA; Crawford, 1966, and Su, personal
communication), and 102.9° (Amelia, VA; Wolfe, 1976). For heated Amelia albites,
Tuttle and' Bowen (1950) reported 2V, values of 45-55°, and Laves and Chaisson (1950)
reported 40° and 60°; the former measured 45° and the latter 56 + 3° on synthetic albites.
J.R. Smith (1958) determined mean 2V, values of 46.9° on heated Ramona, CA and 45.3
and 46.7° on heated Amelia, VA albite crystals. With one exception, it would appear
that 45° is the hmmng 2V, value for most highly disordered albite. We cannot be sure
which samples were HA or which AA, although if any are completely disordered, they
must be analbites. |

'fhese >01:‘>tic axial angles are close to values we obtained: 103.4° (observed) and
102.8° (calculated from refractive indices) for the Clear Creek, CA low albite (Table 3.2)
and an extrapolated value of 45° for the most disordered albite. The latter was arrived
at by assuming Xt; = 0.5 in Equation (8), as given below.

For K-rich feldspars, Su et al. (1984) observed that Xt,, the Al content of the T,

sites, was linearly related to sin?V, Their Equations (13a) and (13b) permitted Xt, to be

closely estimated from the optical axial angle 2V,, of a K-rich feldspar, a quantity much

more easily determined than the lattice parameters b and c*. Similar regression

equations permit Xt,, At, and Q. to be estimated for albites provided 2V, is known:
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It; = +0.353(17) + 1.014(37) sin’V, [ = 0.992,s = 0.02] ,  (8)
At; = —0.353(39) + 2.121(83) sin®V, [r® = 0.991,s = 0.03] , ®
Quq = —0.169(27) + 1.910(57) sin®V, [r* = 0.995,s = 0.02] .  (10)

For these equations the numbers in parentheses that follow each number represent the
standard error of that number in terms of its least units cited. Thus 0.353(17) indicates
a standard error of 0.017 for 0.353; r? is the coefficient of determination, and s is the
square root of the mean square errors. The high r? values and small s values for re-
gression Equations (8)-(10) indicate that 2V,, an easily measured quantity, may also
serve to estimate the AlSi distributions over the tetrahedral sites of albites. Indeed, the

precision is comparable to that obtainable by use of lattice parameters.
| Extinction angles X’A[100] on (010) and X’A[100] on (001)

Extinction angles were calculated by combining data on the orientation of the op-
tical indicaitrix, as obtained by spindle stage techniques, with data on the crystallo-
graphic axis orientation as obtained by X-ray precession photography on the same
crystal (see Table 3.2 and Fig. 3.3). Because we did not measure 26(131) - 26(131) for
this suite of albites, it is not possible to compare the results of this study directly with
the extinction angles of the suite of synthetic intermediate albites studied by Raase
(1978).

Both extinction angles show linear relationships with At;, Zt;and y* (Eqns.

(15a,b,c) and (16a,b,c) in Table 3.4). The extrapolated values are 6.2° on (010) and
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Figure 3.3. Extinction angles X’A[100] on (001) and X"A[100] on (010) versus y* and
'At, for Clear Creek Albites: The lines represent Equations (15a,b) and (16a,b) in

“Table 3.4.
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.9.4° on (001) for HA (or AA) with =t; = 0.5 and 20.8° on (010) and 3.2° on (001) for
LA. Raase’s extrapolated values are 7.7°, 8.1° and 19.9°, 2.8°, respectively.

In Figure 3.3 the variation of X’A[100] on (010) with order-disorder is greater than
that of X’A[100] on (001) because the migration trend for X from HA to LA is subpar-
allel to (010) and nearly perpendicular to (001) (bcf. Fig. 3.4).

Optical orientation

The universal stage was once the major tool for determining optical orientations
of feldspars. Because the crystallographic directions were derived indirectly from twin-
ning (twin planes, composition planes, and twin axes) or cleavages, the results were less
precise (and less accurate) than thosé obtained by spindle stage techniques, which are
capable of locafing an optical direction to within a few tenths of a degree, and which are
capable of working in concert with the X-ray precession method, which is in turn capa-
ble of locating both diréct and reciprocal crystallographié axes to within 0.1°.

As the Cieaf Creek albite is increasingly disordered, its three principal vibration
axés X, Y and Z and its two optic axes A; and A, for the wavelength 589 nm change
orientation relative to the crystallographic directions ¢ and b* (lakge hollow arrows, Fig.
3.4, numerical data are listed in Table 3.5). A similar plot of the Burri et al. (1967, Plate
V) data for low albite (labelled LA in Fig. 3.4) conforms to that for the natural Clear
Creek albite. In contrast, their data points for high albite (HA) appear discrepant rela-
| tive to the Clear Creek trends for A,, Y, and particularly for Z. For Z the discrepancy
approximates 17°, which seems beyond errors of measurement.
~ The Y-Z planes of albites of differing structural states are all nearly parallel to the
b-c or (100) plane. Consequently, it is not surprising that, as disordering changes the |

ALSi distribution among the tetrahedral sites (and thus the relative dimensions along b
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e

Figure 3.4. Optical orientations of the Clear Creek albites at A = 589 nm: The

projection plane is perpendicular to +c¢ with + b* pointing E (east). The large dots
labeled LA and HA are the end members LA (low albite) and HA (high albite) of
Burri et al. (1967). [The symbols of LA from Burri et al. (1967) for Y and Z fall right
on the Clear Creek albite points and are thus omitted from this diagram for clarity.]
The direct and reciprocal crystallographic axes of the Clear Creek albites are repres-
ented by small dots. The labels L and H correspond to the samples LA-CC and
MABI177, respectively (Tables 3 and 4). The hollow arrows show the migration

trends from low to high albite. The points of the arrows do not necessarily represent i

“the extrapolated positions of completely disordered high albites.
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Table 3.5 The spherical coordinates of two optic axes A, and A, and the

principal vibration directions X, Y and Z (degrees) of the Clear Creek

albites at 589 nm: The projection plane is perpendicular to+c¢ and +5* is
toward the E (east) direction as in Figure 3.4 LA(BPW) and HA(BPW) re-
fer to the end-member data of Burri et al. (1967, p. 271), which are listed
here for comparison. The spherical coordinate angle ¢ counts clockwise

starting from +5b*.

Sample Alr A: s Y - :
¢ p o p <P p ¢ P ¢ p
HA(BPW) 248.5 66.0  298.3 82.1 2745 725 45.0 259 178.5 71.5
MABI177 2523 57.6  300.3 86.8 278.4 70.7 34.3 38.8 175.7 57.8
MAB169 2424 61.0 305.5 88.8 2763 72.5 374 31.5 177.8 64.8
MABI176 241.5 61.6 306.3 89.6 276.2 73.1 36.9 30.7 178.1 65.1
MABI171 229.8 67.6  133.3 853  273.5 78.2 32.3 234 179.1 70.1
MABI167 221.5 71.2 1363 83.7 2704 80.8 28.0 193 177.6 73.2
MABI172A 221.1 73.0 136.6 82.8 270.1 82.7 234 17.8 1779 73.8
MABIS5I 2208 71.2 1384 83.1 271.1 81.0 28.2 192 1784 73.2
LA-CC 217.2 73.5 1383 79.9 268.6 85.0 146 17.8 177.1 72.9
LA(BPW) 218.2 734  138.1 81.2 269.2 84.0  18.6 17.5 177.4 73.6
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Table 3.6 Euler angles I, II and III as defined by Burri et al. (1967) and the spherical coordinates ¢
and p (degrees) of the crystallographic axes -a, -b, +a* and +c*: The projection plane is perpendicular

to +c¢ and +b* is toward the E (east) direction as in Figure 3.4. The spherical coordinate angle ¢

counts clockwise starting from +b*.

Sample | I1 HI -a -b a* c*
@ ¥ o I La R N Ka D o p o p O p ¢ p

MABI177 70.7 124.3 98.4 38..8.148.1 34.3 122.2157.0 -4.3 270.0 63.5 178.2 86.3 88.2 90.0 80.8 26.7
MABI169 72.5116.5 96.3 31.5144.7 37.4 115.2 160.5 -2.2 270.0 63.5 178.5 86.2 88.5 90.0 81.0 26.7
MABI176 73.1 116.1 96.2 30.7 145.4 36.9 114.9 161.3 -1.9 270.0 63.6 178.7 86.2 88.7 90.0 81.0 26.7
MABI71 78.2 110.3 93.5 23.4 149.0 32.3 109.9 167.5 -0.9 270.0 63.5 179.4 86.0 89.4 90.0 81.4 26.8
MABI167 80.8 107.090.4 19.3 151.028.0 106.8 170.4 -2.4 270.0 63.4 179.8 859 89.8 90.0 81.7 26.8
MABI72A  82.7106.3 90.1 17.8 155.6 23.4 106.2 172.4 -2.1 270.0 63.4 180.0 85.9 90.0 90.0 81.8 26.8
MABIS1 81.0 107.091.1 19.2 151.6 28.2 106.8 170.6 -1.6 270.0 63.4 179.9 85.8 89.9 90.0 81.8 26.8
LA-CC 84.9 107.1 88.6 17.8 163.3 14.6 107.1 174.7 -2.9 270.0 63.4 180.5 85.7 90.5 90.0 82.0 26.8




and c), the concomitant changes in the values of n, and n, will be accompanied by
changes in the orientation of Z and Y. Quantitative data for the changes in optic ori-
entation caused by increasing order in the Clear Creek albite are summarized in Table
3.6 (Euler angles I, II and III and spherical coordinates for -a, -b, a* and c*) and in
Table 3.5 (spherical coordinates of A;, Az, X, Y and Z for 589 nm).

. Note that in Table 3.4 Euler angles ©, ® and K,, as defined by Burri et al. (1967),
appear linearly reiated to At; whereas angles ¥, L, , I, R, N and D (Burri et al.,, 1967) -

bear a quadratic relationship to At;.
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CHAPTER 4. OPTICAL PROPERTIES OF THE HIGH ALBITE (ANAL-
BITE)-HIGH SANIDINE SOLID SOLUTION SERIES

Introduction

Many attempts h.ave been made to characterize the variation of the refractive
indices (and 2V) of alkali feldspars of “high” structural state (see a review of early
literature by Hewlett, 1959, p. 534). The classic work of Spencer (1937) on what
he called the “thermal stability of the potash-soda feldspars” produced excellent sets
of optical data on naturally-occurring perthitic specimens and their heat-treated
and presumably homogenized equivalents that have been used widely in subsequent
studies. Adding six sets of data, only one of which was collected on a homogene-
ous specimen, Tuttle (1952, Fig. 2, p. 559; cf. Deer et al., 1963, Fig. 30, p. 60) drew
straight lines through a, B and v, deﬁneating a “sanidine-anorthoclase” series and
an ”“orthoclase-low albite” series. Smith’s Figure 8-9 (1974, p. 386) is a modified
version of Tuttle’s drawing with a few additional data points, but it gives limiting
curves only for the low series.

To date, the careful study by Hewlett (1959) of a suite of chemically analyzed
sanidines and anorthoclases is the best documented, because he not only measured
refractive indices and corrected the a values for effects of minor components, but
he also checked crystals for homogeneity by single-érystal X-ray methods and re-
ported d-spacings determined from powder diffraction patterns. He used d(201) as
an independent measure of Ab-content (note that strain may affect this parameter)
and was the first to use d(001) and d(010) as measures of Al,Si order-disorder.
Hewlett combined some of Spencer’s data with his own to prepare a semiquanti-

tative picture of the relationships among optical properties, composition and degree
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of ALSi ordering in alkali feldspars. A notable contribution was his recognition
that structural state is directly related to partial birefringence “b”-a, where "b” is the
principal refractive index whose vibration direction is most nearly parallel to the &
crystallographic axis.

However, as far as the high albite-high sanidine series is concerned, the re-
lationships between refractive indices and composition have remained confusing,
at 'best,r and the various attempts to summarize and/or simplify them for determi-
native purposes (e.g., Bambauer et al., 1979, Fig. 223-232, p. 123; Shellex, 1985,
Fig. 9.61, p. 182; Phillips and Griffen, 1981, Fig. 7-20, p. 342) are miﬂeading and

incorrect except perhaps for the a vs. mol % Or curves. -

Factors Affecting Refractive Indices

In addition to minor chemical constituents, a number of factors have com-
bined to obscure the correct relationship between refractive indices and mol % Or
in the high albite-high sanidine series. First, one must define what is meant by

“high” structural state.
- Definitions

The symbols t;0, tym, t;0, t.m are used to designate the aluminum contents
of the T,0, T.m, T,0, T.m tetrahedral sites of triclinic alkali feldspars (where t; =
the number of Al atoms in T; sites divided by the total number of T, sites). Thus,
high albite (HA) is defined as t;0 > t;m 2 t,0 = t,m, where (t;0 + t;m) > (t;0

+ t,m). There is no convention to exactly define "high” albite as opposed to "in-
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termediate” albite. However, we have designated Xt, E‘(tlo + t;m) as a measure
of structural state and used only specimens with 0.5 < XZt; <0.65 in this study.
Analbite (AA) is also highly disordered and metrically triclinic, but it has ilo =
tym and t;o = t,m, thus making it possible for AA to invert displacively to met-
rically monoclinic monalbite above the transition temperature (~980°C for pure,
highly disordered NaAlSi;Os). The distinction between HA and AA is unimportant
at this stage of our investigation.

For the K-rich series, monoclinic high sanidine (HS) has been defined tradi-
tionally on the basis of having its optic axial plane parallel to (010) [shorthahd:
O.A.P. = (010)]. Using data from crystals whose average composition was 90
mol % Or, Su et al..( 1984) established the fact that 0.5 < =t; < 0.67 for K-rich

high sanidines.
Methods of determining structural state

To deterﬁxine Tty it is most desiréble to have a neutron diffraction refinement
of the AlSi distribution among nonequivalent tetrahedral sites or, failing that, an
x-ray structure refinement. The latter involves interpretation of bond lengths in
terms of Al content t, of site T, and fhis is described at length in a review by Kroll
and Ribbe ( 1983), who also prescribed methods of quantitatively estimating Xt,
using demonstrated relationship among lattice parameters, mean T;-O bond

lengths, and Al contents of tetrahedral sites or pairs of sites, namely £t; = (t;0 +

- tym) [note that £t,= 1 - Zt,]. The Kroll-Ribbe equations (10a and 10b, p. 77) re-

cently have been revised using additional structural data and a better algorithm for
regression analysis, so we will use the following to calculate Zt; for specimens

whose lattice parameters are available:
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for monoclinic feldspars,
Xty = 2t; = 72.245 — 3.11306 — 200.785¢* ;
for tficlinic feldspars,

b — 21.5398 + 53.8405¢c*

Tt =40 + hm = T — 15.8583¢"

(standard error of estimate is £0.01 for assumed errors of = 0.002 A in b and
+0.00002 A in c*; Kroll and Ribbe, pers. comm.).

In the absence of lattice parameters, we have used the optic axial angle 2V,
to determine relative structural state. A full discussion is consigned to the follow-
ing chapter. Fortunately, it is not extremely ﬁnportant for the present study that
structural state be precisely known, because refractive indices are not extremely
| sensitive to variation in Xt;, varying from as little as 0.00001 to a maximum 0.00006

per 0.01 Xt,in any isocompositional series.

Labelling principal refractive indices

Probably the factor that has most obscured the true relationships among op-
tical properties and composition in the HA(AA)-HS series is the same one that
plagued the relationships among refractive indices and structural state for the K-
rich alkali feldspar series, low microcline-high sanidine. The principal refractive
index of a feldspar should be labelled, not a, B, y or n,, n; n, in the traditional
manner, but n,, n,, n. according to which crystallographic axis a, b or ¢ the vi-
bration direction most nearly parallels. Hewlett’s (1959) “b” corresponds to n,, and

in all alkali feldspars n, a. For monoclinic high sanidines with O.A.P. = (010),
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n, = B and n, = ¥, but these are reversed for all other alkali feldspars, i.e., those

with O.A.P. 1(010) or ~ 1 (010) (Su et al., 1984; Bloss, 1985).

The Data Base

Choice of specimens

~ The 32 chemically analyzed alkali f’eldspars with 0.50 < Xt; <0.65 were se-
lected for this study and are listed in Table 4.1. They include a heated high albite
from Ramona, CA (J.R. Smith, 1958), two high albite single crystals prepared by
heating a Clear Creek, CA, specimen at high pressures (Su et al., 1986), a highly
disordered anorthoclase (the structure of which was determined by DePieri and
- Quareni, 1973), a homogeneous Eifel sanidine (Tuttle, 1952), the 14 homogenized
and ”sanidinized”'specimens of Spencer ( 1937} which had- been heated for 100 to
300 hours at 1075°C, and nine sanidines and one anorthoclase from Hewlett (1959).
New data were added for a heated Eifel sanidine (7002H) and two natural vblcanic
specimens (439 and 1909-261; Carmichael, 1965) by Warner et al. (abstr., 1984),
who determined optical properties and lattice parameters on the same single crys-
tal. Because submicroscopic intergrowths have some small effects on refractive
indices, we have attempted to use homogeneous feldspars for our investigation.
To our knowledge we have allowed only two exceptions to this, namely Hewlett’s
specimens 4 and 15, which are described as having less than 5% exsolved Na-
feldspar component (his Table 8, p. 527; see also powder diffraction studies of the

Hewlett specimens by Emerson and Guidotti, 1974).
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Table 4.1. Data of homogeneous alkali feldspars with Xt, < 0.65: For each sample, the corrected composi-
tion Or/(Or+Ab) and Ab/(Or+ Ab) and the corrected refractive indices are listed below their respective
observed values. The negative sign of 2V value indicates that optic axial plané is parallel to (010). The xt,
values were derived either from lattice parameters b and c* (w/o *) as described in the text. or from 2V and
mol % Or (with *) using Figure 5.2 in Chapter 5. Ref = reference, as listed at the bottom of the table.

No. Sample Or Ab An Cn Srf Rbf Fef n, n, n, 2V, xt; Ref
1 MABI77 03 997 0.0 00 00 0.0 0.0 1.5276  1.5346 1.5364 53.6 0.59 7
0.3 99.7 1.5276  1.5346 1.5364
2 MABIG69 03 997 00 00 00 00 00 1.5279 1.5344 1.5372 66.1 0.64 7
0.3 99.7 . 1.5279 1.5344 1.5372
3 RAMONA(H) 1.1 987 02 00 00 00 0.0 1.5273 1.5344 1.5357 469 0.51* 4
iI.1 98.9 1.5272 1.5343 1.5356 _
4 DQ-1 252 679 65 04 00 00 00 1.5275  1.5324 1.5337 56.0 0.54 1
27.1 729 1.5237  1.5289 1.5303
5 HEW-10 27.9 69.3 1.4 05 09 00 0.0 1.5258 1.5313 1.5328 55.5 0.61 2,3
28.7 713 1.5242  1.5298 1.5314
6 SP-R(H) 396 569 34 0.1 00 00 0.0 1.5222 1.5282  1.5293 49.8 0.62* 5,6
’ 41.0 59.0 1.5201 1.5263 1.5274
7 SP-P(H) 434 565 01 00 00 00 00 1.5209 1.5265 1.5267 150 0.50%* 5,6
434 56.6 1.5208 1.5264 1.5266

(to be continued)
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(cbntinued)

No. Sample Or Ab An Cn Srif Rbf Fef n, n, n, 2V, 3t; Ref

8 439 438 514 38 00 01 00 09 1.5238  1.5292 15306 533 0.59 59
460 54.0 1.5210  1.5266  1.5281 |

9 SP-N(H) 50.7 486 0.5 02 00 0.0 00 1.5202  1.5255  1.5258 340 0.57* 5,6
51.1 489 | 1.5198  1.5251 1.5254

10 SP-M(H) 522 460 1.8 00 00 00 0.0 1.5206  1.5255  1.5263 450 0.63* 56

532 468 o 1.5195  1.5245  1.5253

11 HEW-15 527 424 32 12 03 02 00 1.5223  1.5269 1.5274 413 063 23
554 44.6 : 1.5193  1.5242  1.5247 |

12 HEW-4 576 389 20 11 03 0.1 00 1.5226  1.5269  1.5275 41.8 0.60 23
59.7 40.3 1.5204 1.5249  1.5255

13 1909-261 597 371 1.7 1.1 03 00 0.1 1.5221  1.5268  1.5273 353 059 59
61.7 383 | 1.5200 1.5249  1.5254

14 SPJH) 612 378 07 00 03 00 00 1.5191  1.5240 1.5240  -16.0 0.52* 5,6
61.8 382 1.5185 1.5234  1.5235

15 SP-I(H) 640 352 0.8 00 00 0.0 0.0 1.5190  1.5237  1.5237 0.0 0.55* 56
64.5 35.5 1.5185 1.5233  1.5233 |

16 SP-K(H) 662 320 1.6 00 02 00 00 1.5198  1.5246  1.5251 200 0.58* 56
67.4 326 : 1.5187 1.5236  1.5241

17 HEW-13 667 313 17 00 00 03 00 1.5194  1.5239  1.5240 21.8 0.61 23
68.0 320 1.5184  1.5230  1.5231

18 HEW-5 677 269 1.8 13 22 0.1 00 1.5235  1.5277  1.5283 2.5 062 23
71.6 28.4 1.5203  1.5247  1.5253

w

(to be continued)



(continued)

2V,

No. Sample Or Ab An Cn Srf Rbf Fef n, n, n, It; Ref
19 HEW-3 698 27.1° 0.1 28 02 00 00 L5211 15253 15258 358 0.65 23
720 280 | , 15189  1.5232  1.5237
20 SP-G(H)  7L1 262 01 22 04 00 00 15199 15247 15242 290 0.53* 56
731 269 1.5180  1:5229  1.5224
21 SP-H(H)  7L1 251 19 L7 02 00 00 15203 15250 15248 -170 0.56* 56
739 261 15178 1.5226  1.5224
22 SP-F(H) 728 252 16 02 02 00 00 15192 15240 1.5236 -280 0.54* 56
743 257 1.5180 15229 1.5225
23 HEW-2 740 249 08 01 01 01 00 15191 15237 15237 00 0.60 23
748 252 1.5185 15231  1.5231
24 T-1 764 223 08 00 00 00 04 15201 15252 15248 170 0.59* 8
774 226 15193 1.5245  1.5241
25 HEW-1 774 196 1.6 09 04 01 00 15206 15248 15248 00 059 23
- 798 202 15187  1.5230  1.5230 .

26 HEW-12 792 175 22 06 02 03 00 15199 15241 15241  -100 057 23
819 18.1 15179 15223  1.5223
27 SP-D(H) 809 174 12 03 02 00 00 15189 15236 1.5233 -33.0 0.56* 56
823 17.7 15178 1.5226  1.5223
28 HEW-11 790 153 17 12 24 04 00 15228 15269 1.5270 280 061 23

838 162 1.5195  1.5239  1.5240 |
29 7002H 831 142 05 13 00 00 09 1519 15243 15237 -426 054 59
| 854 14.6 L5177 15226 1.5220

€L

(to be continued)
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(continued)

No. Sample Or Ab An Cn Srf Rbf Fef n, n, n, 2V, It; Ref

30 SP-E(H) 856 122 09 LI 02 0.0 0.0 1.5190  1.5235  1.5232 -29.0 0.60* 5,6
87.5 125 15175 1.5221  1.5218

31 SP-C(H) 905 84 07 02 02 00 00 1.5187 1.5233  1.5227 -44.8 0.56* 5,6
v 91.5 8.5 1.5180  1.5227 1.5220

32 SP-A(H) 926 74 00 00 00 00 0.0 15192 1.5240 1.5230 -53.8 0.52* 5,6
926 74 1.5192 1.5240 1.5230

1. DcPieri & Quareni (1973)
2. Emerson & Guidotti (1974)
3. Hewlett (1959)

4. Smith (1958)
5. Smith & Ribbe (1966)

6. Spencer (1937)

7. Su et al. (1986)
8. Tuttle (1952)
9. Warner et al. (1984)




Corrections for minor constituerits

| Chemical factors that obscure the relationship between ref’racti\}e indices and
mol % Or are the nonbinary constituents‘ commonly found in minor amounts in
high temperature alkali feldspars. Hewlett (1959, p. 520f.) dévised a simple linear
method to correct his n, indices (only) for the effects of iron content plus Ca-, Ba-,
Sr- and Rb-feldspar components. Our sources of mean refractive indices T, were
the same as his for SrAl,Si,Os (Srf), but differed for anorthite (An), celsian (Cn),
RbAISi;0s (Rbf) and KFeSi;O; (Fef); see Table 4.2. We used the following ap-

proach to calculate the corrected indices:
corr __ _obs — —obs
Nabe = Napbe — [(ni - na,b,c)Mi/ 100] ,

where M, is mol % Qf the ith component and 1%, is the value of n,, n, or n, ap-
propriate to the mol % Or of a feldspar as determined from regression lines fitted
to the observed indices (plotted in the upper portions of Figs. 4.1a,b,c; lines not
shown).

More refined values for ng%. could have been attained by iterative methods,
and we tested two of the more "impure” specimens (Hew-11 and Hew-15) 6n1y to
find that the final values of vngfgfc changed insignificantly (by +0.00015 or less).
Corrected indices are listed below their respective observed values in Table 4.1.
These are plotted in the lower portions of Figures 4.1a,b,c as a function of Or/(Or
+ Ab), whereas the observed values are plotted in the upper portions as a function

of Or/(Or + Ab + An + Cn + Srf + Rbf).
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Figure 4.1. The principal refractive indices as a function of composition for alkali
feldspars with £t, < 0.65: (a) n,, (b) n,, and (c) n.. The upper portion of each figure
displays the observed refractive indices; the lower portions have indices corrected for
minor constituents. Regression lines are drawn through the corrected data sets, seg-
mented at Or, . (d) The regression lines for HA-HS series from the three separate
figures a,b,c on the same scale, together with the observed 2V, data points and the
2V, curve calculation from the regression lines for refractive indices. Data in Tables
4.1 and 4.3.
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Table 4.2. Refractive indices of some end member feldspars: The “av-
erage” structures of the alkaline earth feldspars are disordered (see Ribbe,
1984, p.16-21), the structural state of the Rb-feldspar is not known, and
the Fe-feldspar is an “iron sanidine.” Ref = references, as listed at the
bottom of the table.

End member n, n, n, n Ref
CaAlSi,08 1.5751 1.5838 1.5886 1.5825 2
BaAl;Si,Os 1.589 1.593 1.599 1.594 4
SrAl;Si;Os 1.574 1.582 1.586 1.581 3
RbAISi;0s 1.520 . 1.529 1.525 1
KFeSi;04 1.554 1.595 1.605 - 1.585 S

1. Boratskaya and Vlasova (1975)* 4. Roy (1965)

2. Burri et al. (1967) 5. Wones and Appleman (1961)

3. Eskola (1922) * Brown, W. L. (pers. comm.)
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Variation of Refractive Indices with Composition

Warner et al. (abstr., 1984) attempted to correlate n,, n,, n, with mol % Or
for a few analyzed single crystals whose lattice parameters had been determined.
In that preliminary study effects of minor constituents were ignored, and linear re-
gression lines showed that n, and n, crossed between 70 and 80 mol % Or. How-
ever, it was observed that the n, data were significantly better fit with a quadratic
equation than a linear one. Numerous unresolved questions led to this broader
investigation using the 32 data sets described above. For only five of these were
indices, composition, and structural state all measured on the same crystal, so it is
obvious that some scatter in the relationships is to be expected. Moreover, scatter
is inevitable because a rather wide range of structural states (0.50 <ZXt, < 0.65)
was iﬁtentionally allowed and some chemical zoning and variation in structural
state are expected from grain to grain within any bulk-analyzed sample (see espe-
cially Table § of Hewlett, 1959).

In first examining the trends with Or content of both observed and corrected
n,, 0, N, indices in Figures 4.1a,b,c, it was obvious that they were nonlinear. For
the corrected values there are relatively steep negative slopes from 0 to ~60
mol % Or, with flatter trends to 100 mol % Or. This was evident in Hewlet-t’s
plots of corrected n, indices for homogenized alkali feldspars of high structural
state.” His own data extended only from Ors; to Orss (for some reason he did not
plot existing high albite data or the Or;s specimen in his Fig. 2a), although
Spencer’s (1937) data covered a broader range, Or., to Ors, (see Hewlett's Fig.
2b). These nonlinear trends required a physical explanation, and aftei recalling the

nonlinear variations in lattice parameters and unit cell volume (see Kroll and
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Ribbe, 1983, Fig. 2, p. 72-73) the answer became apparent: density is a controlling

factor for refractive indices. The well known Gladstone-Dale relationship is

n—1 _
p _Ekigi’

where 11 is the mean refractive index, p is density, k; the Gladstone-Dale “constant”
and vy, the weight fraction of the ith oxide (see Larsen, 1921).

7 Spencer (1937, Fig. 3, p. 459) showed that specific gravity varied nearly line-
arly for his “orthoclase microperthite” series, but he had no data between Or,, and
Or; (albite) and in any case, microperthites are essentially mechanical mixtures of
the end members. Spencer indicated that specific gravities increased for his Na-K
homogenized equivalents (short heating times at 850°C), but he did not measure
them for his feldspars “sanidinized” at 1075°‘C. Barth (1969, Fig. 3.21, p. 590)
produced a density vs. mol % Or curve from Orville’s (1967) series of synthetic
high alkali feldspars, and Smith (1974, Fig. 12-15, p. 590) plotted those data and
the densities calculated from Orville’s (1967) LA-LM alkali exchange series.

We used unit cell volumes and compositions from the well characterized
LA-LM and AA-HS exchange series (Kroll et al., 1986, Tables 4 and 5) and cal-
culated theoretical densities for these solid solution specimens. The trends in Fig-
ure 4.2 are similar to those in Smith’s Figure 12-15. Of course, polynomial curves
will best fit these data, but we arbitrarily chose Or,, as a flexure point in the AA-HS
density curves and decided to use that point to break the refractive index trends in
Figureé 4.1a,b,c into two distinct segments.

Least-squares linear regression analyses of data between Or, and Or, and
Or, and Oryy produced the six lines shown in Figures 4.1,a,b,c and plo-tted ona

single graph in 4.1d. Slopes, intercepts and related statistical data are listed in Ta- .
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Figure 4.2. Variations of density with mol % Or for the LA-LM and the AA-HS
alkali-exchange series: Densities were calculated from unit cell volumes and com-
positions reported by Kroll et al. (1986, Tables 4 and 5).
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Table 4.3. Statistics for equations relating principal refractive indices to mole fraction of Or, Xo,, for the
samples in Table 4.1, as derived by linear least-squares regression methods: The numbers in parentheses are
standard errors referring to last digit(s) of the intercept a, and the coefficient a, of the independent variable
Xor Coefficient of determination r2, square root of mean square errors s, and predicted values for end and
intermediate membérs Or, , Org, and Oryy are also listed.

Eqn. Or range Dep. a, a, r2 s Predicted n

no. mol %  var. Or, Ory Oryg0
1 0 - 60 n, 1.5276(:5)  -0.0146(11) 0.951 0.0008 1.5276 1.5188
2 0 - 60 n, 1.5345( 3) -0.0180( - 8) 0.984  0.0006 1.5345 1.5237
3 0 - 60 n, 1.5365(: 5) -0.0205(11) 0.973  0.0008 1.5365 1.5242
4 60 -100 n, 1.5205(15) -0.0026(19) 0.091  0.0008 1.5189 1.5179
5 60 -100 n, 1.5257(14) -0.0032(19) 0.137  0.0008 1.5238 1.5225
6 60 -100 n, 1.5280(17) -0.0063(22) 0.319  0.0009 1.5242 1.5217




ble 4.3. There is excellent agreement (£ 0.0001) between refractive index values,
n,, n,, N, predicted for Orﬁo‘f‘rom each of the three pairs of regression equations,
indicating that the ﬂexufe point is well chosen.

Note that in Figure 4.1d the n, and n, curves cross a:1t about Or,3, where 2V,
= 0° and the optic axial plane changes from O.AP. ~ -‘-(010) to O.A.P. = (010).
This intersection will vary, depending on the average structural state of the data set
(see Fig. 5.2 in Chapter 5). In this case Or;; is the value for spécimens which havg

an average Xt; of 0.60.

Discussion of Results

It is interesting to note that ffom high albite (Or,) to high sanidine (Or,y) the
| mean corrected refractive index varies ffom 1.5329 to 1.5207, which amounts to a
relative change of 2.32% in (- 1), and the density calculated from the data of
Kroll et al. (1986) varies between 2.615 and 2.555, also a relative change of 2.32%.
Furthermore, it is obvious that the variation of ngr, with Or/(Or + Ab) closely
follows the density curves. Compare Figures 4.1d and 4.2. Although we feel that
our fitting of two linear segments to the indices is a simplification, it is probably
all that the data can substantiate. More sophisticated treatment would require a
séries of data sets for which indices, 2V, structural state, and bulk composition each
had been measured on the same crystal. The work involved in such an undertaking.
would seem unjustified in the light of the present results. Even if better curves for
n,, Ny, N vs. Or were to be produced, they would have no practical application.
The curve plotted in Figure 4.1d represents the variation of optic axial angle

2V, with Or/(Or + Ab) as calculated from the equati’ons of n,, n, n. vs.
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Or/(Or + Ab) summarized in Table 4.3. If the observed 2V, values for specimens
1-32 (Table 4.1) are plotted in Figure 4.1d, the scatter is great and is due almost
exclusively to differences in the structural states of the specimens used for deter-
mining the refractive index curves. This will be demonstrated in the following

chapter.
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CHAPTER 5. ALKALI FELDSPARS: STRUCT URAL STATE DETERMINED
FROM COMPOSITION AND OPTIC AXIAL ANGLE 2V

Introduction

Quantitative measures of the structural state of alkali feldspars have been employed

in geoiogical investigations for many years. Kroll and Ribbe ( 1983, p. 95) listed 30 stu-
dies in the period 1975 to 1982 that involved use of unit cell parameters for that purpose.
Wright and Stewart (1968) introduced the now familiar b-¢ plot, which was quantified
by Stewart and Ribbe (1969) in terms of It; = 2t; or (tlo + t;m), depending on whether
the feldspar is monoclinic C2/m or triclinic C1. [The symbols t;, t;0 and t;m indicate
‘the Al content of the T, Ti0 and T;m tetrahedral sites in the structure of the alkali
 feldspar.] Kroll_ahd Ribbe (manuscript in preparation) have summarized the more recent
equations for determiniﬂg structural state from lattice parameters. However, separating
feldspar from rocks and indexing x-ray powder diffraction patterns for least-squares re-
finement of unit cell parameters is tedious at best. Short cuts involving d-spacings of a
_ certaixi few peaks in a powder pattern were introduced by Hewlett (1959), refined by
Wright ( 1968), and put in equation form by Kroll and Ribbe (manuscript in prepara-
tion). All the while and for decades preceding the development of X-ray methods, use
of optic axial angle 2V as a quantitative measure of structural state (where composition
is known) has tantalized petrologists. Stewart (1974) concluded that 2V depended “on
the Al content of the T;sites” (Zt;) in isocompositional series, and Su et al. (1984) con-
firmed this quantitatively for the K-rich low microcline-high‘ sanidine series. The very
careful work of Bertelmann et al. (1985) demonstrated the interdependence of composi-

tion, Zt; and 2V, for a limited range of monoclinic K-rich feldspars (69 < Or < 82).
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This chapter attempts to relate quantitatively the relationships among compos-
itions, structural states (Zt,) and optic axial angles 2V for the entire range of homoge-
neous alkali feldspars. In order to do this, the optical properties of the limiting series

around the periphery of the quadrilateral on a b-c plot were first established.

Optical properties of the limiting series of alkali feldspars

The assumption that refractive indices vary linearly with £t, = 2t, or (t;0 + tlm)-
in the series low microcline-high sanidine (LM-HS) was substantiated by Su et al.
(1984). Fortunately, for purposes of comparison with this order-disorder series, the re-
fractive indices of the low albite-high albite (LA-HA) series were also found to vary lin-
early with Xt; (Su et al., 1986, see Chapter 3 for details). Preliminary optical and X-ray
investigation of the highly disordered high albite-high sanidine (HA-HS) solid solution
series (Warner et al., abstr., 1984) led to somewhat misleading conclusions that since
have been superceded by the study described in Chapter 4. -

In all three of these studies n,, n,, n. were defined as the principal refractive indices
for light vibrating most nearly parallel to the a, b, ¢ crystallographic axes, respectively
~ (Su et al., 1984; Bloss, 1985). Accordingly, n, = n, for all alkali feldspars, n, = n, and
n. = n, for those high-temperature, monoclinic, K-rich sanidines whose optic axial
planes (O.A.P.) are parallel to (010), and n, = n, and n. = ng fqr all the triclinic and
some of the monoclinic alkali feldspars whose O.A.P.’s are perpendicular or approxi-
mately perpendicular to (010). Recognition of this switch in optical identity obviates the
confusion that has long surrounded the variation of optical properties of different series
in the system NaAlSi;Os-KAISizOs. It has been particularly useful in delineating the
variation of the optic axial angle 2V, which must vary sigmoidally (approximately line-

arly with sin?V,, see Su et al., 1984) if the refractive indices vary linearly within an iso-
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compositional order-disorder series or if they vary linearly within an alkali-exchange or
a solid solution series of felspars which have a particular structural state.

The low albite-low microcline (LA-LM) solid solution series has eluded detailed
optical investigation because no natural single crystals exist except for nearly pure end
- members. However, 2V has been measured on a few minuie grains of alkali-exchanged
specimens whose lattice parameters were determined by X-ray powder diffractometry
- (Rankin, 1967 on specimens of Orville, 1967). The assumptions involved in arriving at
a trend for the refractive indices of this series will be discussed at a later point in this

chapter.

Variation of 2V with composition and structural state

The optic angle 2V is of particular interest for the alkali feldspars. Minor substi-
tutions of [(Ca,Ba,Sr) + Al] for [(Na,K) + Si] and Fe3+ for Al all tehd to increase the
refractive indices (Hewlett, 1959; Plas, 1966; Smith, 1974), but effects on birefringences
(and thus 2V) aré relatively small. Although some scatter possibly due to these effects
was unaccbunted for, Stewart (1974, updated by Stewart and Ribbe, 1983) found that a
plot of the b and c unit cell parameters for more than 80 alkali feldspars whose 2V values
were known could be contoured with straight lines for 2V rather well. Because the b-c
plot has long been established as a quantitative indicator of structural state (Zt,) for the
entire range of alkali feldspars (Stewart and Ribbe, 1969), it is obvious that there exists
some quantitative relationship among 2V, Xt; and composition. This was implied by
Tuttle (1952) and again by Hewlett (1959), both of whom used optical data from Spencer
(1937) as well as their own.

Smith (1974, Fig. 8-5, p. 380) plotted 2V as a function of mol % Or for synthetic -

and for perthitic, non-perthitic, and heated natural alkali feldspars. In so doing, he
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traced the approximaté location of the solvus and roughly indicated (with straight lines)
the limiting HA-HS and LA-LM series, as did Bambauer et al. (1979, Fig. 223-232, p.
123). Smith’s Figure 8-6 (p. 383) summarizes the 2V versus mol % Or data of Wright
and Stewart (1968) and Rankin (1967) for natural and ion-exchanged alkali feldspars.
Smith asked, “Is it possible to go further and make a quantitative structural interpreta-
tion of the 2V,Or diagram? Unquestionably, there is a strong tendency for the vertical
position on the diagram to correlate with Si,Al order-disorder, but it seems the corre-
- lation is somewhat imperfect.” Certainly part of the imperfection may have resulted
from compositional impurities and from poorly characterized specimens [for example,
wide ranges of 2V on grains from an alkali-exchanged powder must indicate that either
bulk composition and/or structural state differ from grain to grain (cf. Rankin, 1967)].
Submicroscopic twinning, exsolution and strain will also affect 2V. But much of the
imperfection must be attributed to the model that has been used until now. The effects
of Al,Si ordering and composition on 2V in homogeneous feldspar can be properly in-
terpreted only in terms of their effects on refractive indices which, in turn, determine the
magnitude and sign of 2V, as well as the orientation of the optic axial plane. Based on

this approach, we have developed a quantitative model for this system.

Assumptions for a Model Relating 2V to Structural State and Composition

As documented in Chapters 2 and 3 and discussed above, our model for the vari-
ation of 2V, with structural state at constant composition in alkali feldspars assumes

that
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(i)  n, n, n vary linearly with total Al (£t,) in the two Titetrahedral sites\ of
monoclinic and in the T,0 plus Tim sites of triclinic feldspars in (a) the
LA-HA series and (b) the LM-HS series, and that

(ii) by extension of (i), n,, 1, 0. vary linearly with Zt; for all isocompositional
series of alkali feldspars, without regard to the symmetry of individual mem-

bers.

As documented in Chapter 4, our model for the variation of 2V with composition
for a series of high alkali feldspars with 0.50 < Zt; < 0.65 (mean Xt; = 0.60) assumes

that

(ii) n,, n,, n. each vary in two linear segments with mol % Or/(Ab+ Or) for the
HA(AA)-HS series, reflecting the variation in density with mol % Or of the
same series (see Fig. 4.2, Chapter 4). The first line segment has a relatively
steep negative slope between Or, and Or, and the second is much flatter be-

tween Org, and Oryy,. See Figure 5.1,

The variation of 2V, with composition for the LA-LM solid solution series (Zt;, =

1.0) assumes that

(iv) n,, n,, n. vary with mol % Or in the same manner as for the HA-HS series
and mimic the variation in density for the LA-LM alkali-exchange series.

The assumed trends of the two-segment model (Fig. 5.1) are discussed below.

Among the above, only assumption (iv) is not directly supported by refractive index .
data. This is because data are nonexistent, except for the end members. The two-seg-
ment model in Figure 5.1 is based by analogy on the variation of the indices with com-

position in the HA-HS series. The Gladstone-Dale relationship and the density curve for
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Figure 5.1. Variation trend of refractive indices of alkali feldspars versus mol % Or:
Solid lines are the obsevaed trends for HA-HS series with Zt; = 0.60. Dashed lines
are the assumed trend for LA-LM series with Xt; = 1.00. -
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the LA-LM series (Fig. 4.2, Chapter 4) give us reason to expect that the analogy is valid
and that the Or,, point is at or near the point at which the slopes of the linear segments
change.

Additional support is found in the fact that the highest 2V, value measured by
Rankin (1967) in each sample of the alkali-exchanged feldspars of Orville (1967) plots
very nearly on the 2V, vs. mol % Or curve calculated froni (iv) for Zt, (see the solid tri-
angle _symb;ls on Fig. 5.2). This would not be true, for example, if one assumed
straight-line variations in n,, n,, n. with mol % Or between LA and LM. Furthermore,
srn_aﬂ adjustments to the slopes of the segments or even the point of flexure would not
change partial birefrigences substantially and thus would affect the calculated 2V, curve

only slightly. Bambauer et al. (1979, Fig. 228-232, p. 123) obtained a 2V curve similar

to ours, but gave no justification for it.

Selection of 2V and refractive indices of end members

- If assumptions (i-iv) are valid, then the immediate problem is to choose refractive
indices and 2V for the LA, HA(AA), HS and LM end members and the Or,, flexure
point (Table 5.1) that will permit calculation of a working diagram of 2V versus
mol % Or contoured for Zt;, (Fig. 5.2). Of course, this determinative diagram must re-
produce Xt, values calculated by lattice parameter methods on the same specimens. Our
requirement is that the standard error of estimate for Figure 5.2 be about the same as
that for determinihg It from lattice parameters, i.e.,. 0.02 (Kroll and Ribbe, 1983).

The following additional constraints were observed.

(a) The optic axial angles calculated from these hypothetical refractive indices

must be in agreement with 2V, values of 103° for LA and 45°for HA(AA)
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Table 5.1. Optical data of some natural and heated alkali feldspars and ex.trapblated values for end members
from other sources: These are used as reference values in selecting refractive indices and optic angles (degrees)
of “hypothetical” end members (LA,LM,HA HS) and Or,, members. The values for the “hypothetical” reference
points are the ones used to construct Figure 5.2. Ref = references, as listed at the bottom of the table.

It Or An Description | | n, n, n, 2V, (°) Ref

mol %

1.00 0.3 0.0 Low albite 1.5288 (1) 1.5329 (2) 1.5394 (2) 103.4 S

) Clear Creak, CA

0.99 0.5 02 Low albite 1.5290 (2) 1.5331 (2) 1.5395 (1) 102.5 7,8
Tiburon, CA '

1.00 0.8 1.2 Low albite 1.5290 (2) 1.5330 (2) 1.5388 (2) 102.9 3,9

- Amelia, VA :
Al.l 0.2 Low albite 1.5286 (3) 1.5326 (3) 1.5388 (3) 103.0 4

Ramona, CA :

1.00 0.0 - 00 Low albite 1.5289 1.5329 1.5393 103.0 .
Hypothetical

1.00 60.0 0.0 Na microcline 1.5194 1.5226 1.5257 89.2

- Hypothetical

¥6

(to be continued)
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(continued)

Ity Or An Description n, n, n, 2V, (°) Ref
mol -

1.00  95.0 0.0 Low microcline 1.5178 (9) 1.5217 (7)) 1.5247 (9) 82.5 1
Pellatsalo, USSR

099 98.0 0.0 Low microcline 1.5178 (9 1.5218 (7) 1.5243 () .77.0 2
Pontiskalk, Switzerland

1.00  100.0 0.0 Low microcline 1.5183 1.5217 1.5243 82.2
Hypothetical

0.60 0.0 0.0 High albite 1.5276 (8) 1.5345 (6) 1.5264 (8) 4
Extrapolated

0.60 0.0 0.0 High albite 1.5276 1.5344 1.5267 60.3
Hypothetical

0.60  60.0 0.0 Na high sanidine 1.5188 (8) 1.5238 (8) 1.5242 (9) 6
Extrapolated

060  60.0 0.0 Na high sanidine 1.5186 1.5238 1.5243 334
Hypothetical

0.60 100.0 0.0 High sanidine 1.5179 (8) 1.5225 (8) 1.5217 (9) 6
Extrapolated

(to be continucd) |



(continued)

p2 Or An Description n, n, n, 2V, (°) Ref
- mol %

0.60 100.0 0.0 High sanidiﬁe 1.5176 1.5227 1.5220 -44.1
Hypothetical

0.50 0.0 0.0 High albite 1.5273 1.5348 1.5361 45.0
Hypothetical :

0.50  60.0 0.0 Na high sanidine 1.5185 1.5242 1.5240 214
Hypothetical

0.50  100.0 0.0 High sanidine 1.5174 1.5229 1.5214 -64.0
Hypothetical

1. Bailey (1969)

2. Finney & Bailey (1964)
3. Harlow & Brown (1980)

4. Smith (1959)
5. Su (see Chapter 3)
6. Su (see Chapter 4)

7. Su (unpublished data)

8. Wainwright & Starkey (1968)
9. Wolfe (1976)
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data from Table 5.1 are plotted here. Solid triangles represent the largest 2V, value
measured by Rankin (1967) on each of the compositions in the LA-LM alkali-

exchange series of Orville (1967).
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[both pure NaAlSi;Og with Xt; = 1.0 and 0.5, respectively] and 82.2° for LM
and 64° for HS [both pure KAIlSi;Os with £t; = 1.0 and 0.5, respectively].

The choice of 103° for LA is based on the following data: 103° (Ramona, CA;
Smith, 1958), 103.4° (Clear Creek, CA; Su et él., 1986 — see Chapter 3), 103° and
102.9° (Amelia, VA; Tuttle, 1952, and Wolfe, 1976), 103° and 102.5° (Tiburon, CA;
Crawford, 1966, and this author). Burri et al. (1967) and Marfunin (1966) also chose
103° for LA.

Tuttle and Bowen (1950) obtained 2V, = 45°-55° for heated albite and ~45° for
synthetic albites, Laves and Chaisson (1950) measured 64°and 40° on heated Amelia al-
bites and Schneider (1957) 50° on a heated vein albite. In addition, Smith (1958) meas-
ured 45° and 47° on heated Amelia and Ramona albites, respectively, and extrapolation
to completely disordered albite of Raase and Kern’s (1969, Fig. 2, p. 229) data gave
47°. Burri et al. (1967) and Bambauer et al. (1971) chose 2V, = 50° for their hy-
pothetical end-member high albites, but based on the above evidence, 45° is probably a
better value. In fact, our choice of 45° for HA is based both on this and on the ex-
trapolated 2V, of 44.8° determined for the series of heated Clear Creek albites using
Equation 8 in Chapter 3.

A value of 2V, = 82.2° was chosen for LM in part because it is near the 2V, ob-
served in the structurally-analyzed, fully ordered low microclines, from Pellatsalo (Orss,
82.5°; Brown and Bailey, 1974; cf. a new refinement by Blasi et al., 1985). Furthermore,
it was found that in ultimately testing the 2V,-Or-Zt;model, use of 83° and 84° for hy-
pothetical LM consistently underestimated Xt,for the more ordered K-rich feldspars,
whereas use of values lower than 82° had the opposite effect.

The choice of 2V, = 64° value for the‘ HS end member was based in part on the
2V, = 63°, 0.A.P. = (010)) , for a synthetic K-feldspar measured by Tuttle (1952, p.
557) and on an extrapolated 2V, = 63° at 100 mol % Or for 23 heated alkali feldspars
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studied by Spencer (1937; also see Tuttle, 1952, Fig. 1). Tuttle (1952) did not publish
any X-ray data for his synthetic K-feldspar, so it is not known whether it is completely
disordered (Zt; = 0.5). Spencer (1937) mentioned that some of the feldspars he heated
had not reached equilibrium. Therefore, the 63° value might not represent a completely
disordered HS end member. Ultimately, the choice of 64° was made in the process of
testing our 2V,-Or-Zt; model (as discussed below). It was found that if 63° is chosen,
the model tends to underestimate slightly the Zt;, of sanidines with O.A.P. = (010), i.e.,
the Zt; values read from an early version of Figure 5.2 were usually lower than Zt,cal-
culated from lattice parameters. However, if 64° is chosen, a noticeably (though only

slightly) better fit resulted for sanidines.

(b) Hypothetical n,, n,, n, values chosen for each end member must exactly re-
produce the 2V, values in (a) and agree with observed or extrapolated re-
fractive indices accep’_ced for HA, LA, LS, LM to within the standard error

of routine measurements.

Discussion of this constraint is complicated by the fact that specimens in the
HA-HS seﬁes investigated in Chapter 4 had an average structural state of £t; = 0.60
rather than 0.50 for theoretically complete disordered series. The indices for the end
members of the 0.60 series are predicted from the regression equations given in Table 4.3
of Chapter 4, but the hypothetical values used in constructing Figure 5.2 (see Table 5.1)
had to be slightly adjusted from the predicted indices. Adjustfnents amount to :1:0.0003‘
or less and are well within the standard erroré of estimates of the regression equations
and also within twice the standard error (26 = 0.0006) for careful refractive index mea-
surement using conventional double variation methods.

For the LA-LM series, data are only available for the LA and LM end members.

- The refractive indices and the calculated 2V, values chosen for the hypothetical LA are
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very close to the arithmetic mean values obtained for the four natural low albites listed
as reference values in Table 5.1. Only two sets of refractive indices were available for
LM, one frorﬁ Pellatsalo, Lake Lagoda, USSR [Orss, =t; = 1.0 (BroWn and Bailey, 1964,
Blasi et al., 1985)] and the other from the Pontiskalk formation, Switzerland [Orys, Zt;
= 0.99 (Finney and Bailey, 1964)]. Since the compdsition of Pontiskalk microcline is
closer to Or,y , its n, and n_ values were assigned to hypothetical LM. However, in ordei
to obtain a calculated 2V, of 82.2°, a hypothetical n, value had to be chosen that is
0.0005 higher than that of the Pontiskalk microcline.

The index values for hypothetical HA and HS at Zt; = 0.50 were obtained by lin-
ear extrapolation from LA and LM through the HA and HS points at Zt; = 0.60 (as-

sumptions (i) and (i1)) to reproduce 2V, values of 45° and 64°. See Table S.1.

(c) Hypothetical n,, N, n, values for the Ory, flexure points must agree within the
related standard errors of estimates with those predicted by the regression

equations in Table 4.3 of Chapter 4 for the £t; = 0.60 series.

This constraint was easily accommodated by the values listed in Table §.1. How-
ever, the corresponding values for Ory, in the Zt; = 1.0 series (Table 5.1) were chosen
rather subjectivel& from the LA-LM curves in Figure 5.1. Their values were affirmed
by the fact that 2V, = 89‘° agrees reasonably well with Rankin’s (1967) value of 86° for
Orss. The reference n,, n,, 0. indiées for Or,, at It = (.5 were obtained by linear ex-

trapolatibn of their respective values at £t; = 1.0 and 0.6, based on assumptions (i) and

(ii).
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Construction of the Determinative Diagram

A 2V, vs. Or diagram (Fig. 5.2) was contoured for Xt; using the refractive indices
for the hypothetical LA, HA(AA), HS, and LM end members and those of low and high
Ory, (Table 5.1). The calculations used in constructing this diagfam are given in detail
in the Appendix, as is the derivation of the following equation relating Zt; to the mole

fraction (not mol %) KAISi;Os and one-half the angle 2V,:

by + bjXg, + byXo, sin’V, + bysin®V,

aq + aIXOr + a2XOr Sil'l2\’x + as sinsz

ot (1

Because a two-segment linear model was adopted for the variation of refractive indices
with Or content and two differerit orientations of optic axial plane exist for K-rich
members, three sets of coefficients for Equation (1) are required to account for the three
cases (A) where Or < Or 60% mol or X,, < 0.6; (B) where Or > 60% or X,, > 0.6 and
O.A.P. (~) -+ (010) and (C) where Or > 60% or Xo, > 0.6 and O.A.P. = (010). They
are listed in Table 5.2.

For those who are undertaking systematic investigation of the structural states of
alkali feldspars in certain geological terraines, Equation (1) should prove uséful if a

computer is employed to process the experimental data.

Evaluation of the Determinative Diagram

Data for a total of 109 natural, heated natural and synthetic alkali feldspars are
plotted in Figure 5.2 and are listed in Table 5.3 together with their compositions, meas-

ured 2V, angles, selected lattice parameters (where available), and structural states as
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Table 5.2. Coefficients of Equation 1 for calculating £t; from X,, and 2V,.: Case A
= Or < 60% mol; Case B = Or > 60% and O.A.P. (~) < (010) and Case C = Or
> 60% and O.A.P. = (010).

Coefficient Case A Case B Case C
ao 0.00408 0.00169 -0.00169
a; -0.00235 0.00163 -0.00163
a, 0.00095 -0.00233 -0.00070
as -0.00128 0.00069 0.00238
bo - 0.00152 0.0001 1 -0.00011
b: -0.00018 0.00217 -0.00217
b, -0.00174 -0.00270 -0.00053
b, 0.00288 0.00346 0.00357
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Table 5.3. Alkali feldspars, their compositions (mol %), 2V, (degrees), and direct and reciprocal cell edges
b (A) and c* (A"), and Al content of the T, tetrahedral site, £t,: For 2V values, a minus sign indicates
that the optic axial plane is parallel to (010). Sym = symmetry (M = monoclinic, T = triclinic).
zt,(b,c*) = Zt, derived from observed b and c*. xt,(2V,0r) = xt, estimated from 2V and mol % Or using
Figure 5.3. A = Zt,(b,c*) - £t,(2V,0r). Ref = references, as listed at the bottom of the table.

No. Sample Or Non- Sym 2V, b c* It, It, A Ref
alkali (b,c*) (2V,0r)

1 SA1 94.0 20 M -50.0 13.032 0.15503 55 35 0 14

2 1B1 92.0 2.0 M  -45.0 13.031 0.15498 57 .56 .01 14

3 SAN-SP-C 90.8 1.1 M 445 13.030 0.15506 S5 .56 -.01 3

4 S1A33-4 90.0 1.0 M -44.0 13.032 0.15498 56 56 0 27
5 7002H 85.0 0.5 M 426 13.033 0.15510 54 54 0 13,24
6 SAGT-N 85.0 1.0 M -420 13.033 0.15501 S5 55 0 9

7 SANN-R 85.0 1.0 M -420 13.033 0.15501 h) 55 0 9

8 SANI-R 85.0 1.0 M 415 13.033 0.15501 55 S5 0 9

9 SVG3-N 85.0 1.0 M 415 13.033 0.15501 S5 55 0 9
10 SV-17T 87.0 2.0 M -41.0 13.037 0.15496 55 .56 -.01 25
11 S1A33-3 89.0 1.0 M -390 13.032 0.15498 .56 58 -.02 27
12 SV-1050 82.0 20 M -384 13.034 0.15502 54 S5 -0l 12
13 S1A43-4 90.0 1.0 M -38.0 13.026 0.15491 59 58 .01 27
14 S1A44-2 89.0 1.0 M -34.0 13.023 0.15494 .60 .59 .01 27
15 SAND-R 85.0 1.0 M -338 13.026 0.15494 .59 58 01 9

(to be continued)
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(Continued)

No.

Sample Or Non- Sym 2V, b c* It, It, A Ref
alkali (b,c*) (2V,0r)

16 SANG-N 85.0 1.0 M -338 13.026 0.15494 .59 58 .01 9
17 SAAT-R 85.0 1.0 M -336 13.026 0.15494 .59 .58 .01 9
18 S1A43-3 88.0 10 M -310 13.019 0.15496 .61 .60 .01 27
19 S1A33-2 91.0 1.0 M -300 13.025 0.15490 .60 .61 -01 27
20 2A4 93.0 20 M -300 13.017 0.15488 .63 .62 .01 14
21 SV-850 82.0 20 M 295 13.026 0.15498 58 58 0 12
22 HEW-11 79.0 53 M -280 13.015 0.15500 .61 57 .04 6,11
23 S1A43-2 90.0 10 M -280 13.025 0.15491 .60 .62 -.02 27
24 SATO-R 85.0 10 M -263 13.026 0.15492 .59 .60 -.01 9
25 S1A44-1 89.0 1.0 M -240 13.021 0.15487 .62 .62 0 27
26 7002 85.4 10 M 220 13.015 0.15497 .62 .61 .01 13
27 2B4-2 93.0 20 M 220 13.018 0.15480 .64 .64 0 14
28 S1A33-1 91.0 1.0 M -200 13.024 0.15483 .61 .64 -.03 27
29 2B4-1 93.0 20 M -20.0 13.017 0.15489 .63 .65 -.02 14
30 2B15-2 95.0 20 M -160 13.014 0.15473 .66 .66 0 14
31 S1A43-1 90.0 1.0 M -150 13.020 0.15484 .63 .64 -.01 27
32 SAGA-R 85.0 10 M -11.8 13.019 0.15488 .62 .63 -.01 9
33 SANU-N 85.0 10 M -118 13.019 0.15488 .62 .63 -01 9
34 SVGI-N 85.0 10 M -11.8 13.019 0.15488 .62 .63 -.01 9
35 HEW-12 79.2 30 M -100 13.018 0.15515 57 .61 -.04 6,11
36 STOT-R 85.0 10 M -9.0 13.019 0.15488 .62 .63 -.01 9

(to be continucd)
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(Continued)

Or Non- Sym

No. Sample 2V, b c* >t, Xt, A Ref
alkali (b,c*) (2V,0r)

37 HEW-2 74.0 1.0 M 00 - 13010 0.15511 .60 .59 .01 6,11
38 HEW-1 77.4 29 M 0.0 13.017 0.15508 .59 .61 -.02 6,11
39 2B15-1 93.0 2.0 M 0.0 13.011 0.15478 .66 .66 0 14
40 SV-0 82.0 2.0 M 5.2 13.023 0.15486 .61 .63 -.02 12

41 SV-17 - 87.0 2.0 M 9.0 13.028 0.15481 .61 .65 -.04 25

42 2B-6 94.0 2.0 M 20.0 13.008 0.15471 .69 69 0 14

43 HEW-13 66.7 1.7 M 22.0 13.010 0.15506 .61 59 .02 6,11
44 2B11-2 92.0 2.0 M 25.0 13.003 0.15473 70 .69 .01 14

45 2B12 94.0 2.0 M 26.0 - 13.005 0.15466 71 .70 .01 14

46 2B131 92.0 2.0 M 28.0 13.004 0.15469 .70 .70 0 14

47 2B31 92.0 2.0 M 34.0 12.997 0.15462 .74 71 .03 14

48 SP-A 95.4 2.0 M 34.8 12.989 0.15462 .76 73 .03 17,18,19
49 2B11-1 95.0 2.0 M 35.0 13.003 0.15458 73 73 0 14

50 1909-261 59.8 3.1 M 35.3 13.004 0.15528 .59 61 -.02 13,24
51 HEW-3 69.8 3.1 M 36.0 13.002 -0.15500 .65 .65 0 6,11
52 P2B 93.1 1.5 M 38.0 12.995 0.15460 75 73 02 4

53 GC-2 32.5 0.8 T 40.9 12.966 0.15605 55 .55 0 9,23
54 HEW-15 53.6 4.7 M 42.0 . 12,984 0.15537 .63 .62 01 6,11
55 HEW-4 57.6 34 M 420 12.999 0.15529 .60 .63 -.03 6,11
56 HEW-5 67.7 5.3 M 43.0 12.998 0.15522 .62 67 -.05 6,11
57 Sp-C 90.5 1.1 M 43.6 12.996 0.15469 a3 .75 -.02 17,18,19

(to be continued)



(Continued)

No. Sample Or Non- Sym 2V, b c* Ity Xt, A Ref
alkali (b,c*) (2V,0r)

58  P50-56 87.7 04 M 440 12.995 0.15465 74 74 0 26

59  BENSON 95.0 00 M 44.5 12.997 0.15451 .76 .76 0 26

60 FOX-86 79.0 50 M 450 12996 0.15468 73 72 .01 8

61 FOX-46 80.9 31 M 45.0 12.994 0.15465 74 12 .02 8

62 PUYE 42.0 12 M 455 12.974 0.15566 .60 .60 0 26

63 SP-D 82.3 14 M 462 12.982 0.15488 713 73 0 17,18,19

64 FOX-18 81.7 2.7 M  48.0 12.994 0.15466 74 .74 0 8

65 SP-F 74.5 1.5 M 49.0 12.976 0.15504 72 73 -.01 17,18,19

66 FOX-82 71.9 54 M 490 12.994 0.15469 73 g4 -01 8

67 P2A 93.1 1.5 M 49.0 12.989 0.15455 78 .18 0 4

68 MT.GIBELE 22.3 6.9 T 49.2 12.936 0.15642 .56 57 -.01 10,22

69 AID 90.4 14 T 530 12984 0.15453 .81 79 .02 4

70 439 44.1 39 M 53.3 12.993 0.15574 59 .65 -.06 13,24

71 MABI177 0.3 00 T 53.6 . . 58 .55 .03 21
72 SH1070 88.0 00 M 555 12.983 0.15458 79 .79 0 6,11

73 DQ-1 25.2 6.5 T 56.0 12.953 0.15625 54 .62 -.08 5

74  HEW-10 27.9 28 T 56.0 12.935 0.15623 .61 62 -01 6,11

75 FOX-B 85.8 23 M 56.0 12.988 0.15452 .79 79 0 8

76 I-5 ‘ 0.0 0.0 T 57.0 .58 57 .01 16

77 1-1 0.0 00 T 58.0 .60 .58 .02 16

78 0.0 0.0 T 58.0 .59 .58 .01 16

I-3B
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| (Continued)

No.

Sample Or Non- Sym 2V, b c* Ity Xt A Ref
alkali (b,c*) (2V,0r)

79 CAIA 88.6 19 M 60.0 12.984 0.15448 81 .82 -.01 4

80 FOX-C 88.9 14 M 60.0 12.976 0.15443 .84 .82 .02 8

81 HIMALAYA 88.1 00 M 63.0 12963  0.15441 .88 .84 .04 15

82 SP-V 88.0 14 M 63.5 12.973 0.15450 .84 .84 0 17,18,19

83 FOX-D 88.1 10 M 64.0 12.971 0.15443 .85 .85 0 8

84 7007 88.1 1.0 M 65.0 12.967 0.15451 85 - .85 0 13

85 CAIB 88.6 1.9 T 65.0 12.976 0.15433 .88 .86 .02 4

86 HEW-6 89.4 08 M 66.0 12.976 0.15449 .83 .86 -03 6,11
- 87 MABI169 0.3 0.0 T 66.1 .64 .64 0 21

88 MABI176 0.3 0.0 T 66.7 .66 .65 .01 21

89 I-12 0.0 0.0 T 67.0 . . v .66 .65 .01 16

90 SP-B 89.0 1.3 M 68.5 12.970 0.15439 87 .88 -01 17,18,19

91 FOX-E 83.3 0.7 T 70.0 12.970 0.15442 .88 .88 0 8

92 P1C 90.0 1.4 T 71.0 12.971 0.15431 90 90 0 4

93 SP-Z 87.4 1.1 M 71.8 12.965 0.15442 .88 90 -.02 17,18,19
94 SP-U _ 86.8 1.1 T 76.0 12.960 0.15425 95 93 .02 17,18,19

95 PONTISKALK 98.0 0.0 T 71.0 12.962 0.15404 .99 .96 .03 7

96 I-3A 0.0 0.0 T 78.0 . . .79 75 04 16

97 RC20C 85.5 1.3 T 78.5 12.961 0.15417 .96 95 .01 4

98 V-3 0.0 0.0 T 80.0 . . 7 .76 .01 16

99 CAIE 88.6 1.9 T 82.0 12.963 0.15408- .98 98 0 4

(to be continued)
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Non- Sym

Ref

No. Sample - Or 2V, b c* I, Ity A
alkali (b,c*) (2V,0r)

100 PELLOTSALO 95.0 00 T 82.5 12.964 0.15399 1.00 99 .01 1
101  PRILEP 96.5 0.0 T 84.0 12.964 0.15400 1.00 1.01 -.01 20
102 MABI7I 03 00 T 859 .80 82  -.02 21
103 III-16 0.0 00 T 92.0 92 .88 .04 16
104 MABI167 03 00 T 966 92 93 -0l 21
105 MABIT2A 0.3 00 T 974 93 94 -.01 21
106 111-47 0.0 00 T 98.0 .95 94 .01 16
107 MABISI 0.3 0.0 T 98.8 . . 95 95 0 21
108 TIBURON 0.3 0.0 T 1025 12.781 0.15653 .99 99 0 22,23
109 LA-CC 0.3 00 T 103.4 1.00 1.00 0 21

1. Bailey (1969) 10. Harlow (1982) 19. Stewart & Wright (1974)

2. Brown & Bailey (1964) 11. Hewlett (1959) 20. Strob (1983)

3. Cole et al. (1949) 12. Ott (1982) 21. Su ct al. (1986)

4. DePieri (1979) 13. Phillips & Ribbe (1973)  22. Su (unpublished data)

5. DePieri & Quareni (1973) 14. Priess (1981) 23. Wainwright & Starkey (1968)

6. Emerson & Guidotti (1974)  15. Prince et al. (1973) 24. Warner et al. (1984)

7. Finney & Bailey (1964) 16. Raase & Kern (1969) 25. Weitz (1972)

8. Fox & Moore (1969) 17. Smith & Ribbe (1966) 26. Wright & Stewart (1968)

9. Gering (1985) 18. Spencer (1973) 27. Zeipert & Wondratschek (1981)




expressed by Xt;, the total Al content of the two T, tetrahedral sites. Values of It, are,
of course, model-dependent, and this has been reviewed in detail by Kroll and Ribb‘e
( 1983). The now familiar 5-c plot of Wright and Stewart (1968) has been used for more
than 15 years to obtain estimates of It fér alkali feldspars, but there has always been
a flaw in its use: plots of b versus c for alkali exchange series are nonlinear, leading to
systematic misestimates in Zt, of up to 0.05 (see e.g., Luth, 1974; Hovis, 1984).

Recently Kroll and Ribbe (personal communication) have found that a plot of b
versus ¢* linearizes the exchange series (to about 0.01) and makes them parallel to Zt,
contours on a b-c* quadrilateral. They derived equations for determining Zt, based on
crystal structure analyses of 21 monoclinic and 16 triclinic alkali feldspars and a different
algorithm for calculating Zt, from latticé parameter data.

For monoclinic feldspars, |
Etiv= 2t; = 72.245 — 3.11306 — 200.785¢* . (2)
For triclinic feldspars,

b — 21.5398 + 53.8405¢*
21.1567 — 15.8583¢c*

2t =t0 +tym = 3
We used these equations to calculate Zt; for the 93 samples in Table 5.3 whose unit cell
dimensions were known.

For the eight intermediate synthetic albites studied by Raase and Kern (1969), Zt,
was calculated using his reported values of A131 =26(131) - 26( 131) for CuKa radiation
and the equation Zt; = t;0 + (1 - t;0)/3, where t;0 = 1.965 - 0.849(A26) axid where
(1-t0)/3 =tym = t;0 = t,m is implicitly assumed. Similar values for Zt, are given

by Smith (1974, Fig. 8.7) in his interpretation of Raase and Kern's results. For the eight
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albite crystals in the Clear Creek series, It, values were calculated using reciprocal lattiqe
angles a* and y*, as described in Chapter 3. |

For each sample in Table 5.3, ‘an estimated Al content of the T,tetrahedral sites,
Zt:(2V,0r), was obtained from its position relative to the Xt; contours in Figure 5.2,
based on its 2V, value and composition. Nearly 83% of the £t;(2V,Or) values are within
£0.02 of their corresponding Zt,(b,c*) values, i.e., Lt; calculated from lattice parameters,
and 97% are within +0.04 of their corresponding Zt,(b,c*), as displayed on histogram
in Figure 5.3. This remarkable agreement substantiates the linear model for variation
of refractive indices in the series LA-HA and LM-HS and the two-segment models for
HA-HS and LA-LM. In particular it justifies the choices of 2V, and refractive indices
for the hypothetical end members and low and high Org, . And one can conclude from
this test that the standard error for estimating Zt; from 2V and Or using this diagram is
about 0.02, which is the same as that attained by estimation using lattice parameters
reﬁned from X-ray powder diffraction data.

Also marked in Figure 5.3 are the numbers of samples containing totals of > 2 mol
% non-alkali feldspar components. It seems that high non-alkali content tends to cause
an underestimate of Xt; if we treat the r‘Z.tl estimated from lattice parameters b and c*
as the “true” values. This may be due to the fact that £t; > 1.00 in feldspars with An,
Cn and Srf components.

It should be recalled that the final 2V, values (and thus the refractive indices) for
hypothetical LM and HS as well the Ory, reference points were adjusted a few degrees
one way or the other to attain a best fit of the model to the entire data set, and this re-
presents one degree of empiricism inherent in the present model. The others are the
models relating lattice parameters to Xt; and for that matter, those relating results of
crystal structure analyses, i.e., Al,Si-O bond lengths, to lattice parameters. Further re-

finement of Figure 5.2 for use in determining structural states may be anticipated as new,
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Figure 5.3. Histogram showing frequency distribution of A values from Table 5.2:
N.A. (non-alkali) refers to mol % of end members other than Ab and Or.
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more precise data become available, but for the moment this diagram should prove very
useful in routine petrographic investigations of alkali exchange series, natural and heat-
treated homogeneous alkali feldspars. On the other hand, it may also be reasonably
anticipated that, even if there are refinements, the actual adjustments will be relatively
minor, because most of the samples used in evaluating this model are representative of
alkali feldspars in terms of their geological occurrences or conditions of formation, and

their ranges of chemical compositions in terms of both major and minor constituents.

Case Study of Alkali Exchange Series

Wright and Stewart (1968) described six alkali-exchange series. For each they
" measured 2V, and the unit cell parameters on (1) a starting material of known compo-
sition, (2) its K-exchanged equivalent, and (3) its Na-exchanged equivalent. They esti-
matéd compositions of exchanged materials from unit cell volumes. See Table 5.4. We
calculated Zt;(b,c*) from the b and c* lattice parameters, usiﬁg Equations (2) and (3)
above. Note in the far right column of Table 5.5 that structural state does not vary
significantly [£0.02 in Xt;] among any three members of a series, indicating that the
ALSi distribution has remained almost unaffected during the exchange experiments.
This is an expected result, and one that has been demonstrated in dozens of similar ex-
periments.

For the five sanidine and orthoclase specimens, the mean values of Ztl(ZV,Or), ie.,
those determined from 2V and mol % Or using Figure 5.2, agree w1thm +0.02 with
Zt,(b,c*) for the natural and K-exchanged specimens only. For all the Na-exchanged
members, however, mean Xt;(2V,Or) is systematically less than XZt,(b,c*) by 0.06 to as

much as 0.11. A possible explanation for these discrepancies is the fact that the starting
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Table 5.4. Compositional, optical and structural state data for six feldspars that were alkali-exchanged by Wright and
Stewart (1968): The range and the mean value of 2V, for each sample and the corresponding Xt, values estimated
from Figure 3 using 2V, and Or are listed. These are compared to Zt; estimated from lattice parameters b and c*,
using an equation from Kroll and Ribbe (in preparation) as expalined in the text.

Sample Sample Or 2V, (®) zt,(2V,0r) It
type name mol % min max  mean min max mean (b,c*)
Sanidine Puye 42 40.5 49.0 45.5 0.57 0.62 0.60 b.60
Puye + KCl 95 -52.0 19.0 -17.0 0.55 0.70 0.63 0.61
Puye + NaCl 2 425 52.0 48.0 0.50 0.54 0.52 0.62
Orthoclase P50-56 86 41.5 52.0 44.5 0.72 0.77 0.74 0.74
P50-56 + KCl 95 35.0 42.0 39.0 0.73 0.75 0.74 0.74
P50-56 + NaCl - 8 61.5 67.0 65.0 0.62 0.66 0.65 0.71
Orthoclase Benson 95 37.5 51.5 44.5 0.74 0.79 0.76 0.76
Benson + NaCl + KCl - 97 38.5 455 = 420 0.74 0.77 0.75 0.76
Benson + NaCl 7 64.0 67.0 66.0 0.64 0.67 0.66 0.72
Orthoclase SH1070 88 50.0 60.0 555 0.77 0.82 0.80 0.79
SH1070 + KCl 96 48.0 48.5 48.0 0.78 0.78 0.78 0.79
SH1070 + NaCl 4 66.5 74.5 69.5 0.65 0.72 0.68 0.76
Orthoclase Spencer-B 89 . : 68.4 . . 087  0.87
Spencer-B + NaCl 11 72.5 71.0 750 0.72 0.76 0.74 0.85
Microcline Spencer-U 84 69.0 72.0 71.0 0.87 0.89 0.88 0.95
Spencer-U + KCl 94 67.5 71.0° 70.0 0.88 0.91 0.90 0.94

Spencer-U + NaCl 0 78.5 86.0 82.5 0.75 082 079 0.96
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material is monoclinic and the Na-exchanged member triclinic. By analogy with the
sanidine-microcline transformation, one might expect polysynthetic Albite (A) and/or
Pericline (P) twins to develop with inversion. If the Na-exchahged member is submi-
twinned, the optical properties will be different from its untwinned equivalent (Marfunin,
1966, Table 21, p. 140; see also Smith, 1974, Table 8-1, p. 372).

With a program by ‘Hauser and Wenk (1976) as modified by B.J. Cooper, we cal-
culated the effects 6f both submicroscopic Albite (A) and Pericline (P) twinning on 2V,
of albite usiﬁg the refractive indices and optic orientation of a high albite (£t, = 0.59,
specimen MAB-177 described by Su et al.,, 1986; see Chapter 3). The results in Ta-
ble 5.5 indicate that 2V, could be reduced by up to 20°, implying that a crystal is more
disordered than it actually is, depending on the degree and type or mix of types of sub-
microscopic twinning.

This “comfortable” conclusion is, however, open to question, because the interme-
diate microcline (Spencér U, Table 5.5), that started as triclinic and presumably is no
more twinned after Na-exchange than before, also shows too low a 2V, value and thus
appears to be significantly more disordered than is indicated by Zt:(b,c*). Of course,
additional twinning may have beén introduced by the exchange process. Note that even
for unexchanged and K-exchanged Spencer U there is poor agreement between
Zt,(2V,0r) [= 0.88,0.90] and Zt,(b,c*) t= 0.95], and that the latter is further than the
former from the Xt; value of 0.91 calculated by Kroll and Ribbe (1983, Table 3, p. 65)
from a structural analysis by Bailey (1969). The fact that the original Spencer U speci-
men is not homogeneous but contains two phaées (Stewart and Wright, 1974) may have

some bearing on the confusion surrounding this specimen.
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Table 5.5. Effects of submicroscopic twinning on 2V of high albite: The host
material is MAB169, a high albite with £t; = 0.59 (see Table 3.1 in Chapter

3). Host = Percentage of untwinned host individual; Ab = Percentage of

Albite law twin individual; Pe = Percentage of Pericline law twin individual;
Ab-Pe = Percentage of Albite-Pericline law twin individual. A(2V,) is the dif-
ference between the 2V, of untwinned crystal and that of twinned crystal.

Twin law Host Ab Pe Ab-Pe 2V, A(2V))
None 100 0 0 0 53.6 0.0
Albite 90 10 0 0 49.2 4.4
80 20 0 0 44.5 9.1

70 30 0 0 39.5 14.1

60 40 0 0 35.1 18.5

50 50 0 0 33.2 20.4

Pericaline 90 0 10 0 49.8 3.8
80 0 20 0 45.9 7.7

70 0 30 0 4.1 1.5

60 0 40 0 39.2 14.4

50 0 50 0 380 156

Albite-Pericline 40 40 10 10 "35.1 18.5
30 30 20 20 36.9 16.7

25 25 25 25 37.8 15.8
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APPENDIX

“Calculation of 2V-Or Diagram Contoured for Xt

Because a two-segment linear model was used to delineate the variations of refrac-
tive indices of alkali feldspar series with the same structural state, calculations were
carried out separately for the ranges Or,q and Org.e. For the latter, two orientations

of the optic axial angle (O.A.P.) were also treated separately.

The refractive indices of end members and Or,, members are those listed in Ta-

ble 5.1.
Symbols used in the following derivations are:
Or: mol % Or (KAISi;Os);
Sty Al content of T, sites;

A, B, C: principal refractive indices most nearly parallel to crystallographic di-
rections a, b, ¢, respectively. The superscripts indicate the values of Xt,
and subscripts the values of mol % Or. E. g 06A ., is n, at Zt; = 0.6 and

Or = 60, and B, is n, at 21;1 = 1.0 and given Or.
Case 1. Or < 60
(1) Refractive indices for the series with Zt; = 1.0.
. 105, = 'l,"oAO + (M0A — 19A,) O1/60
10g,. = 9B, + (9B, — 9By) Or/60
L0c,. = 19¢, + (19C, — 19C;) Or/60

(2) Refractive indices for the series with It = 0.6.
* 6C0r %9Cy + (*°Cep — *°Cy) Or/60

(3) Refréctive indices at Zt, and Or.
A=10 Aor — OCAo; = YA0)Et; — 1.0)/0.4
B = 9By, — **B,, — *Bo,)(t, - 1.0)/0.4
C = 0Co, = (*9Co, = MCo)(Et; — 1.0)/0.4

(4) Optic axial angle 2V, at Zt, and Or.

2V, = 2sin”/(C? - B?)/(A? - B?)

M
2
3

4
()
(6

0
(8
€)

(10
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Case 2. Or > 60 and O.A.P. (~) -+ (010)

(1) Refractive indices for the series with £t; = 1.0.

Hhor = g + (P - 1'°A60)(Of ~ 60)/40 (1
1Bor = "Bgy + (“"Byog — "*Be)(Or — 60)/40 (12)
10Cor = M0Cq0 + (10Cy09 — MC4o)(Or — 60)/40 (13)

(2) Refractive indices for the series with Zt, = 0.6.

*Aor = **Ago + (Ao = “*Ago)(Or — 60)/40 (14)
%6Bor = “®Bgy + (**B1oo — “®Bgo)(Or — 60)/40 (15)
%8Cor = *6Csp + (*6C100 — “®Cep)(Or — 60)/40 (16)

(3) Refractive indices at Zt; and Or.

A =YAq — Ao, — AL)EY — 1.0)/0.4 (17)
B = "'Bg, = (®Bo; — ""Boy)(Et; — 1.0)/0.4 (13)
C = Cq, = (*°Cor — Cop)(Ety — 1.0)/0.4 (19)

(4) Optic axial angle 2V, at Or and Zt;.

_ 2v, = 2sin™,/(C? - B?/(A? - B?) | (20)
Case 3. Or > 60 and O.A.P. = (010) '

In thxs case, the equations for A, B and C have the same forms as (17), (18) and
(19), respectively, but C > B. Thus,

2V, = 2sin”\/(B? - CHya? - C?) 1)

The above calculations were undertaken at increments of 1 mol % from 0 through
100% and for Zt, at increments of 0.01 from 0.5 through 1.0 to get 2V, values at each
Or,Zt, point. Then 2V, was plotted versus mol % Or and contoured for Zt;, as seen in
Figure 5.2.

Derivation of Equation (1) in the Text
Case 1. Or < 60.

Substituting (1) and (4) into (7), (2) and (5) into (8), (3) and (6) into (9), we can
express the three principal refracuve indices A, B, C as functions of Xt, and Or:

= fl(Ztl,Or) , (22)
B= fz(ztl ,01’) ’ (23)
C = f3(Z,,0r) . (24)
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Because the birefringences of alkali feldspars are very low (<0.011), the fondwing
approximate equation for calculating 2V from refractive indices can be used:

sin’V, = (B — C)/(B — A) . (25)

Substituting (22), (23) and (24) into (25) and rearranging the terms, we can express
Zt, as a function of sin?V, and or X,, (mole fraction of KAISi;Os; Xo, = Or/100).

= bo + bIXOr + bzXor sin2Vx + b3 si112Vx
g + 81Xor + 8.2X0r sinZVx + as sinsz

Zty ) (26)

where ao = 08¢, — 19¢, — 06p 4 10p

a; = 5/3[(*°Cgp = %°Cg) = (**Bgg — *°Bg) — (1°Cep — °Cp) + (**Bgg — "By)],
2 = 5/3(""Ago = "*A) = (“"Beo = ""Bo) — (“*Ago — “*Ao) + (“*Bgo — “By),
a; = "°A0 _ 0‘6A0 _ 1.0B0 + °'6B0,

by = a9 + 0.4("°Cy — *By),

by = a; + 2/3[("%Cq0 — °Co) — (**Bgo — "By)},

by = 2 + 2/3[(""Bgo — ""Bo) = (""Ago — *Ag)],

by = a + 0.4("°B0 _ 1.0A0)’ ‘

Case 2. Or > 60 and O.A.P. (~) L (010)

In this case, the equation has the same form as (26), but the coefficients are dif-
_ ferent. '

o= 0.6C%°6— 0'686(;) 6 - Cen -(')-61.0B60 0.6 1.0 1.0 1.0 1.0
+ 2/3[(""Cep — ""Cioo) = ("Bgg — " Bigp) — ((TCsp — Cigo) + ("Bgp — " Bygp)l

a; = 5/2[(**Cgp = *°C1g0) = (**Bsp — *®B1gg) — (*°Cop — "Cy00) + (**Bgg — "*Byoo)l

% ="Bep ;60.6A60 ;61 "Beo + 1;)0? Y 1.0 1.0 0 0
+ 2/3((*°Ag0 = “®A100) = C°Bgo — *®Bioo) — (PAg0 — "PAs00) + (**Bgo — *Byo0)]

a3 = 5/2(**Bgg = *°Bigo) = (**Aso = *®As00) = (**Bgg — "*B1go) + (PAgp — 0A;00)]
by = a9 + 2/5(""Cep = "*Beg) + 3/5[("°Ce0 = °Ci00) = (**Bgp = “*B1g0)]

by = a; + (“"Bgo = "*Bygg) = (*°Cgo = 1C100)]

by = 2 + (%A — "Ajo0) — (“Bgo — "*Bygo)]

by = a3 + 2/5("%Bgy — "PAg0) + 3/51(""Bep — "*B1gg) = (PAgo — MPAs00)]
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Case 3. Or > 60 and O.A.P. = (010)

In this case, the equations still has the same form as (26), but the coefficients are
different.

o= 0.6B6(§) 6 - 0.6(:6(? 6 “Bao :61.0(:60 0.6 1.0 1.0
+ 2/3[(*%Cgp — *5C100) = (**Bgo — **Byoo) — (*°Cgp — °Cyo0) + (**Bgg — Bygo)l

a; = 5/2["Bgy — *°Bioo) — (*°Cep — *°Cio0) — (“*Bgp — "Byog) + (*°Csp — °Cy00)]
a, = 5/2[(*°Cgp = *°C1g0) = *°Agp = *®Ag0) = ("*Cs0 = *Cio0) + (1%Ag0 = "PAg0)]

% =""Co ;60‘6A60 —(;61.0(:60 " 1(.)06A6 Y 1.0 1.0 1.0 1.0
+ 2/3[(As0 — Ai00) = (Cs0 — T Cioo) — (Ao — TAjo0) + (TCsp — Cioo)l

bo = ag + 2/5(""Bgy — "OCy0) + 3/5[("*Bsg — "*Byge) — ("*Cs0 — "°Cy00)]
by = a; + (*%Cp — °Cy00) = (*Bgo — "Byo)]
by = a; + (“%Ag0 — "PA100) — (M°Cgp — MCyp0)]

by = a3 + 2/5("°Coo = Ag0) + 3/5[(*"Co0 — °Cro0) = (MPAgo = "PAs0)]
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