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Introduction 

The polymorphs Alz3i05 -- na.'nely, andalusite, sillimanite, and 

kyaYlite - have long been studied for use as geothermometers and 

geobarometers in metanorphic petrology. Despite such intensive 

study, the location of the triple point for these three polymrphs 

rem.ins moot. As reasons for the discrepancies, Holdaway ( 1971, 

p.98) cites: (1) difficulties encountered i.n detemining reliable 

equilibrium data for most silicate systems at moderately low 

temperatures and pressures and ) the possibility that deviations 

from the ideal composition Al2Si05 might affect the relative 

stab Hi ties of the polymo:rphs. Holdai;,iay discounts factor (2), 

however, concluding that "the only elements present in mre than 
3+ i+ If trace arrnunts in one or more of the polymorphs are Fe- and t1n- ' 

and that· the solid solution of F'e3+ in A12s105 polymo:rphs does not 

importantly affect their relative stabilities "except, to a small 

extent, in the andalusite-sillimanite boundary. 11 

Earliert Strens ( 1968, p.846) had concluded that high Mn content 

might stabilize andalusite into the field of sillimanite and kyanite. 

In some andalusites rich in Mn3+, Fe3+ may also be high. Such 

anda.lusites, characterized by high Mr:l3+ and Fe3+, are frequently 

.recognized as a special variety, * viridine • To date no systema.tic 

* The question as to retention of this varietal na.w has been under 
consideration by the Commission on New Minerals and Mineral Names of 
the International Mineralogical Association. 
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study of the variation in the optical properties and lattice 

para.meters of andalusite with increasing Mn3+ and Fe3+ content has 

been performed with the precision achievable by spindle stage and 

back-reflection Weissenberg methods. The optical work by Herbosch 

(1968) on viridines and by Vrana et al. (1978) on viridine and 

kanonaite exclude data for andalusite and, rrnreover, their plots of 

the refractive indices a, S, and y against the sum of Mn3+ and Fe3+ 

do not agree (Fig.1}. · Consequently, a need existed to determine 

where the answers lay. This need wa.s admirably met by use of spindle 

stage methods because they permit, unlike the earlier studies, 

determination of 2V, refractive indices, lattice parameters, and 

composition (by microprobe) from the same single crystal. An 

exciting but unforeseen finding is that there likely exist 

andalusites that, because they contain about 2. 74 weight percent 

appear optically isotropic or nearly so. 

Understandably, such isotropic andalusites have not as yet been 

reported either because andalusites in the required composition range 

are absent in nature or, rrnre likely, because petrographers have 

consistently failed to recognize these isotropic or near-isotropic 

andalusites. 

The structure (Fig.2) of andalusite (AlzSi05; Pnnm; .a=7.89, 

b=7.90, c::5.55) - solved by Taylor (1929), refined by Burnham and 

Buerger (1961), and rrnre recently studied using neutron diffraction 

by Finger and Prince (1971) arid by Peterson and Mcr-tlllen (1980) 

consists of (1) silicate tetrahedra and of Al within either (2) 
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Figure 1. Variation of refractive indices versus Mn3+Fe3 substitution 

in the andalusite structure. A) Herbosch, 1968. B) Vrana et . 1978. 
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Figure 2. Ortep drawing of the anda1usite structure. Lines marked a 

and b are the g and Q cell edges with Q. parallel to the ()Ctahedral 

chains; these cell edges outline the unit-cell. Also the site 

locations a:re given next to cor:respondi.ng positions. 
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distorted octahedra, these being the 6-coordina.ted M( 1) sites, or 

within (3) distorted bipyramids. these being the 5-coordinated M(2) 

sites. The M( 1) octahedra share edges to form continuous chains 

parallel to Q. These chains are linked laterally by chains (also 

parallel to Q) wherein silicate tetrahedra alternate with M(2) 

polyhedra. 

Vrana et al. ( 1978), on the basis of x-ray data, concluded that 

the new mineral kanonaite, analyzed chemically to be (Mn3+ o. 76, 

Fe3+0.02' Al o. 23 )AlSi05, ms isostructural with andalusite. More 

recently Weiss et al. (1981) refined kanonaite's structure (Fig.2) to 

confirm this. W'eiss et al. concluded that the refined site 

occupancies were Mn0 .74 A10 •26 for M(1) and Mn0 . 12 Alo.SS for Mn(2); 

this yields a bulk composition, Mn0 •86 Al 1•14 , that differs sli.ghtly 

from that from the chemical analysis. Abs-Wurmbach et al. (1981), 

who performed crystal structure refinements on kanonaite and on three 

(:Mn3+,Fe3+)-substituted andalusites (=viridines) close to the 

andalusite-kanonaite join, assumed that all Mn3+ entered the M(1) 

site even though the l"!Ossbauer spectra indicated that 10 to 15% of 

the total iron occupied the M(2) site. 



Experimental Procedures 

Crystal selection and preliminary orientation 

Under a binocular microscope, crystals selected from each 

andalusite, kanonaite, or viridine sample i-Jere rounted on a glass 

fiber. With this fiber affixed to a goniometer head, the crystal 

could be first studied optically with a Supper spindle stage which 

was mounte<;i on the stage of a polarizing microscope. The good { 110} 

cleavage of these crystals made it easy to adjust the goniometer arcs 

until c was parallel to the axis of the goniorooter head. The correct 

arc settings for this could be confirmed (and refined) by setting the 

microscope stage at its referenoe azimuth (Bloss, 1981) and, with the 

crystal irmnersed in an oil of index close to f3 for the grain, 

performing a 360 degree rotation about the S-axis (:::spindle axis). 

If the crystal did not rem.in extinct between crossed polars during 

this rotation, the arcs of the goniometer head were adjusted until it 

did. At the saroo time, this examination indicated that the crystal 

was indeed (optically) a single crystal. 

After the preliminary optical orientation of the crystal, the 

goniometer head v.ias transferred to a precession camera to refine its 

orientation and provide an additional check on crystal perfection. 

Finally, the crystal was photographed with a back-reflection 

Welssenberg camera (Buerger, 1937) so as to record, using unfiltered 

Cu radiation, its high angle 2e reflections. Several times, these 

8 
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photographs revealed that a crystal which had appeared optically 

perfect was actually imperfect (or a double crystal). 

Lattice parameter determinations 

For each crystal two back-reflection Weissenberg photographs 

were made, one with Q. parallel to the dial axis to obtain hkO 

reflections and a second with the crystal remunted on the goniometer 

head and re-oriented so that .a. (or ]2) was parallel to the dial axis 

so as to yield Okl or hOl reflections. For each photograph the 

diffraction spots for CuKa 1, CuKa2 , and CuK8 were indexed and their 

corresponding 2e values were measured. Approximately 50 to 55 hkO 

reflections plus 35 to 40 Okl or hOl reflections were thus indexed 

and measured for each crystal. The resultant 20 values and 

reflection indices were submitted to the least-squares refinement 

program of Burnham (1962, 1965) as revised by L. Finger. This 

corrects for systerratic errors from film shrinkage, absorption, and 

camera eccentricity while calculating the lattice parameters to the 

fourth decimal place. For two andalusites, here called And 0 and And 

1, the cell edges were also determined by powder diffraction using 

silicon as an internal standard. The cell edges for And 1 and a 

kanonaite crystal (Kan) were also checked using nonr.al-beam 

Weissenberg photos. Finally, the § cell edge for a silicon powder 

was determined by use of the back-reflection Weissenberg camera. The 
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TABLE 1. parameters by different methods 

(numbers in parentheses represent esds) 
sample powder Weissenberg back-reflection 

Ando a=7.797(3) ------ 7.7939(3) 
b=7 .900(3) ----- 7.8975(3) 
c=5.556(3) ------ 5.5549(6) 

And1 a=7.799(5) 7.794 7.7945(2) 
b::7.900 (4) 7.899 7.8997(2) 
c=5.555(3) 5.554 5.5554(4) 

Kan a=------- 7.953 7.9521(5) 
b=------- 8.044 8.0422(5) 
c=------- 5.6131(7) 

silicon a:::5.4309(2)* 5.4313(7) 

* value from NBS 
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cell edges thus obtained for these crystals confirm those obtained by 

the more precise back-reflection Weissenberg method (Table 1). 

Optical methcds 

After a crystal's perfection had been confirmed by x-:ray 

diffraction, its optical parameters (2V at several wavelengths, 

principal refractive indices for sodium light, and its pleochroism) 

were determined. Using the Bloss and Riess ( 1973) technique, the 

microscope stage settings that produced crystal extinction between 

crossed polars were determined at spindle stage settings of O, 10, 

20,. .• ,350 degrees. This was done at wavelengths 400, 666~ and 900 

nm for eJ1dalusite but at wavelengths 500 and 540 nm for the viridines 

and kanonaite because, outside the 500-540 nm range, these latte:r 

crystals became almost opaque. The extinction data for each 

wavelength were submitted to the computer program EXCALIBR which 

then calculated, for that wavelength, 2V as well as the spindle and 

microscope stage settings necessary to orient the crystal so that its 

three principal refractive indices could be measured without 

appreciable error due to misorientation. Simultaneously the 

pleoch:roic color associable with each principal vibration axis then 

became observable. 

Principal refractive indices were measured using the double 

variation methcd as described by Louisnathan et al. (1978). 
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Approximately 40 to 72 mtches between the grain each of three 

separate oils were obtained by varying the temperature of the oil a.nd 

the wavelength of the incoming light. A computer program calculated 

the 's refractive index for the temperature match and then, hy 

a linear regression n1ethod, calculated values for the two constants, 

where y equals ( n2-1 )-1 and x equals ),-2 . With 3a and a 1 kr,.._'Jwn. the 

refractive index n could then be calculated for wavelength of 

light desired. This method, when tested using glasses whose 

refractive indices were known the fifth dec.imal place, yielded 

refractive indices which were within 0.0005 of the glass's known 

refractive 5.ndex for any 'NaVelength within the visible range. 

Formulae and nomenclature 

Vrana et al. ( 1978) kanonaite ?.+ 
(MIT 0. 76 

VI 
Feo.02) Alv s1·1v oh. · 1 · t t 1 'th d 1 ·t c. :~ as a new m1nera_ isos ruc."urai w1 an a us1 e 

.A1 VI AlV S i_IV o5• th R l h . n . +- • d . t. ~ .. , .. e 1 oman numera_.s . ere m, .. ica01ng coor 1na ion 

numbers relatb;e to oxygen. They concluded that Mn3+ substituted 

largely for Al in the octahedral (M1) position, a point later 

confirmed by Abs-Wurmbach et al. ( 1981 ). These latter authors, on 
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MOssbauer spectra, concluded that Fe3+, if present, also 

predominantly occupied the octahedral (M1) sites. Recognizing that 

andalusites high in Mn frequently contain appreciable Fe3+, we may 

write andalusite's general formula as 

This formula embodies a simplification that tacitly assumes that Mn3+ 

and Fe3+ substitute only into the M1 sites which is not always the 

case. 

Acting upon the proposals by Vrana et al. ( 1.978), the IMA 

Comnission on New Minerals and Mineral Names approved the name 

kanonaite to apply to the theoretical Mn end member MnVI Alv SiIV Os· 
For solid solutions between MnA1Si05 and Al~io5 , the Conmission 

recomnends, as noted by Abs-Wurmbach et al. (1981), the names 

manganian andalusite (Mn VI <Al VI) and aluminous kanonaite 

(Mn VI > Al VI). Concuf'l"ently, the Comniss ion deleted the name 

viridine, which Klemn (1911) had used for a light green andalusite 

that contained 4.16% Fe2o3 and 4.77% Mn2o3• This places in limbo the 

role of Fe3+ in the nomenclature of Mn-rich andalusites, particularly 

because authorities like Deer, Howie, and Zussman ( 1966) define 

viridine as a green variety of andalusite that "contains appreciable 

fef'l"ic iron and manganese." Over two thirds of the nineteen analyses 

plotted in Figure 2 of Vrana et al. (1978) indicated the presence of 

appreciable fef'l"ic iron and, indeed, many of these .specimens were 
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originally called viridines. 

The question remains as to how pure andalusite must be to be so 

named without an adjectival modifier such as manganian. Based on the 

present optical :results, the term andalusite could thus represent a 

purity such that (x+y) < 0 .058 in the genero.l formula. As shown later 

in this paper, when (x+y) exceeds (ca.) 0.058, the elor,gatfon 

relative to the {110} cleavage form changes from (-) to (+) cJ1d the 

optic orientation changes from X=c, Z=a to X=a, Y::::b, and Z=c. 

Abs-Wurmbach et al. (1981) use the general formula 

for andalusite. In such case the pure kanonaite end rrember - that 

is, 100% occupancy of the octahedral site -- corresponds to x equal 

to 0.5 whereas for the general formula previously cited 100% 

f t. h 1'R1 • t b Mn:{+ • • t d b 1 1 Q occupancy o e 1'1 s1 ~es .y - is ica :e 1 . y x equa ... In 

short the values of x and y in the Abs-Wurmbach formula are only half 

as large as the values of x and y our rand Vrana' s) genera 1 

formula. 



Results and Obse.rvations 

Lattice Para.meters 

Table 2 lists description and locality and Table 3 gives the 

chemical composition and calculated density of the 20 investigated 

single crystals. The cell edges and volumes of eleven andalusites, 

eight viridines, and one kanonaite are presented in Table 4. Within 

the error of measurement, these cell edges and volumes vary linearly 

For example, 

linear regressions, performed on the data for the twenty crystals, 

yield equations with high r2 values. These equations, with standat"d 

error of estimate below each para.meter, are as follows: 

~ = 7.7869+0.0060(Mn2o3+Fe2o3) 

0.0013 0.0002 

~: 7.8931+0.0055(Mn203+Fe203) 

0.0009 0.0001 

~ = 5.5551+0.0024(Mn2o3+Fe2o3) 

0.0007 0.0001 

V = 341.41+0.66(~o3+Fe2o3) 

0.09 0.01 

15 

2 r :0.986 (1) 

2 r :0.992 (2) 

2 .r =0.976 

r2:0.995 (4) 
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TABLE 2. Sample description and locality 

sample description and locality 

1 (120399)* massive xls no matrix (Andalusia, Spain) 

2 cut gem (Minas Gerais, Brazil) 

3 (115171)* massive xls, micaceous matrix (Brazil) 

4 (M23285)** cut gem (Minas Gerais, Brazil) 

5 (98355)* xls w/qtz bio and rus (near Oreville, SD) 

6 (R11162)* genmy xls, no matrix (Minas Novas, Brazil) 

7 (14860)* green cut gem (Minas Gerais, Brazil) 

8 (Bradshaw Mtns~ , Yavapia Co. , AZ) 

9 (97418)* x1s in massive qtz w/mus (Clark's Valley, 
Fresno Co., CA) 

10 (134480)* xls w/prophyllite (Lower Hondo Canyon, 
Taos Co. , NM) 

11 (14860)* black cut gem (Minas Gerais, Brazil) 

12 (127120)* xls in feldspathic quartzite (Tjatitsvare, 
. Ultevis, Norbotten Sweden) 

13 (Laiovall, Sweden) 

14 (113990)* xls in quartzite (Petaca Dis., NM) 

15 (127121)* xls in quartzite (Kiowa Mtn., Petaca Dis., 
Rio Arriba Co., NM) 

16 (114128)* x1s in quartzite (Kiowa Mtn., Petaca Dis., NM) 

17 (Vestana, Sweden) 

18 (Tansania) 

19 (M18262)*** (Tjatitsvare, Ultevis, Sweden ?) 

20 gahnite-Mg-chlorite-coronadite-qtz-schist 
(Kanona, Zambia) 

I National Museum of Natural History 
** Royal Ontario Museum 
*** Field Museum of Natural History 
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TABLE 3. Chemical composition and calculated density 

atomic frequency calculated 
sample Si02 Al20~ t-1n203 Fe2o3 Mn(=x) Fe(:y) density 

1 37.0(5 62.8(2 0.00 0.18(1 0.000 0.003 3. 146 

2 36.9{1 • 7 (2 0.00 0.23(1 0.000 0.003 3.142 

3 37. 3(4 62.4(3 0.01(1 0.23(5 0.000 0.003 3.147 

4 36.8(5 .8(4 0.00 0.30( 1 0.000 0.006 3.148 

5 37 .1(3 62.4(2 0.01(1 0 .40(1 0.000 0.006 3.146 

6 36.7(5 .8 ( 1 0.00 0.46(7 0.000 0.010 3.150 

7 37.0(4 62.0(7 0.28 0.69(4 0.006 0.013 3.156 

8 37 •. 4 (2 61 .4 (5 0.o1( 1 1.19(3 0.000 o. 3. 153 

9 36.5(4 62.0(1 0.01(1 1.31(2 0.000 0.026 3. 151 

10 36.5(3 61.3(4 0.04(1 2.01 (6 0.000 0.042 3.158 

11 36.6(3 61.2(3 1.50(4 0.71(1 0.032 0.013 3.172 

12· .8 ( 1 59.2(3 1. (1 2.38(7 0.033 0.050 3.172 

13 36.3(1 59.7(3 1.20(5 2. 74( 1 0.026 0 3.175 

14 36.4(1 58.3(5 2.77(7 1.67(7 0.060 0.034 3.176 

15 36.6(1 58.5(7 2.99(9 1. 75(7 0.063 0.037 3.176 

16 36.5(3 57.6(9 3.65(89 1.69(18 0.078 0.037 3.195 

17 36.6(3 57.8 4.29(9 1.26 (3 0.090 0.027 3.181 

18 35.9(14 55.0(2 6.42(2'1 2 • 48 ( 13 0 • 138 0.054 3.203 

19 35.8(2 46.4(8 13.56(51 3 • 57 ( 17 0 • 3 14 0.080 3.250 
20 34.9(1 37.7(4 .7ll(45 0.70(9 0.622 0.015 3.313 
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TABLE 4. Observed cell parameters and volumes 

sample g Q Q v 

, 7.7925(2) 7.8976(2) 5.5535(4) 341.77(3) 
2 7.7939(3) 7.8975(3) 5.5549(6) 341.92(5) 

3 7.7922(2) 7.8969(2) 5.5552(4) 341.84(3) 
4 7.7924(2) 7.8970(2) 5.5535(3) 341.74(3) 

5 7.7932(2) 7 .8975(1) 5.5547(3) 341.87(2) 

6 7.7927(2) 7.8977(2) 5.5548(5) 341.87(5) 

7 7.7945(2) 7.8997(2) 5.5554(4) 342.07(3) 
8 7.7944(2) 7 .9001 (2) 5.5570(3) 342.18(3) 

9 7. 7939(2) 7.9007(2) 5.5592(5) 342.32(4) 
10 7.7964(2) 7.9039(2) 5.5616(5) 342. 71(4) 
11 7 .8021(2) 7.9055(2) 5.5576(4) 342.79(3) 
12 7.8072(2) 7.9132(2) 5.5687(4) 344.03(3) 
13 7 .8051 (2) 7 ;9118(2) 5.5682(3) 343.84(2) 
14 7 .8101 (2) 7.9145(2) 5.5667(4) 344.09(4) 

15 7.8166(3) 7.9189(3) 5.5675(5) 344.62(5) 
16 7 .8053(4) 7.9128(4) 5.5663(6) 343.79(6) 

17 7.8207(2) 7.9222(2) 5.5685(3) 345.01(3) 
18 7.8353(4) 7.9382(3) 5.5786(5) 346.98{5) 

19 7.8906(3) 7.9870(3) 5.5999(4) 352.92(4) 
20 7.9521(5) 8.0422(5) 5.6131(7) 358.98(7) 
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If x and y, as defined the genera1 formula, are use(! as the 

independent variables, linear rep:ression analyses vie1d the following 

equations: 

.a= 7.7877+0 

0.0010 0.006 

0.0006 0.001 

o.oooR 0.001+ 

=o.9or; 

0.08 0 .11 

Thus, the cell edges increase at different ra.tes with Mn-::i+ and 

Fe3+ substttutjon (F1g.3\. The a cell en12:e i.ncreases the most 

followed by t ?nd then Q. These coDclusions we'r"B aJ.so reacheri hy 

Abs-Wurmba.ch et a1. r1981) from study of four viridJnes a.nd one 

kanona. t te. The ra.tes of ceH edge ·tncreases ciue to suhstituti.on 

resemble those due to therm.'3.1 expansion (Skinner, 19,;1; Schneider~ 

1979; and Winter and Ghose, 19791. Thus in response to increase0 

temperature (Winter and Ghose 1 1Q79i or, as noterl, to Increased 
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Figure 3. Variation of the cell edges and volume versus weight 

percent Mn2o3+Fe2o3 for the 20 samples of this study. 
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along a, slightly less along b, and least along Q. This followed 

expectations because Q is parallel to the chains of edge-sharing M(1) 

octahedra. which are the main structural units in andalusite (Fig.2) 

and thus restrict expansion in the Q direction. The theme.I 

expansion along a and b can be correlated with the M( 1 )-0( d) bond, 

which lies in the ab-plane and is more nearly parallel to a than to 

.Q. Abs-Wurmbach et al. (1981) also observed that of all the M(1 )-0 

bonds, the M( 1 )-0( d) bond expanded the most as Mn2o3 plus Fe203 

content increased. 

Allowing both Mn2o3 and Fe2o3 to be independent variables, a 

multiple linear regression yielded the following equations: 

a= 7.7907+0.0062(Mn2o3)+0.0026(Fe2o3) 
0.0014 0.0001 0.0009 

2 
!' =0.995 (10) 

0.0010 0.0001 0.0006 

0.0004 0.0000 0.0003 

V = 341.54+0.66(Mn2o3)+0.53(Fe2o3) r 2:0.995 (12) 

0.12 0.01 0.08 

If we define the independent variables as x and y, the multiple 
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Unear regression yields the following equations: 

a::: 7.7908+0.258(x)+0.162(y) rn) 

0.0013 0.005 0.039 

.Q = 7 .8956+0.232(x)+0.191 (y) 2 r ::0.997 ( 14) 

0.0008 0.003 0.025 

= 5.5529+0.091(x)+0.230(y) (15) 

0.0004 0.002 0.0012 

V :: 341.58+27 .5(x)+29.1(y) ( 16) 

0.11 0.5 3.2 

In equations 9 to 16, assume that the mgnitudes of the coefficients 

for the independent variables ~ Mn2o3 a~d Fe2o3 or x and y 
indicate bow strongly the independent variable increases as Mn2o3 or 

Fe2o3 increases. Under this assumption we conclude that the g, and 1:2 

cell edges (arid particularly increase more in response to 

increased Mn2o3 than to increased Fe2o3. 

reverse 1s true. 

For the Q cell edge the 

If one measures the cell-edges or volume of a.ndalusite or 

viridine and wants to predict the value of Mn2o p...1."lls k'e o - 3 . L 2 '3~ the 

following equations can he used: 
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( 17) 

( 18) 

( 19) 

(20) 

Optics 

Before the crysta.l structures of anda.lusite and viridine i..rere 

known~ WUlfing ( 1917) concluded that andalusite and viridine were 

different mineral species because the { 110} cleavage prisms are 

length-fast for andalusite but length-slow for vtridine. The 

differing optical orentations he noted - X:::c, Y=b, Z=a 

(andalusite) and X=a, Y=b, Z=c (viridine) - also seemed to favor 

being separate mineral .species. Subsequent crystal structure 

analyses, however, disproved this and disclosed the two to be 

isostructural, the main structural unit of each belng a chain of 

edge-sharing octahedra runn..ning parallel to e,. In plotting how the 

refractive indices of anda1usite vary as Fe3+ and Mn3+ substitute for 

Al 3+ these octahedra, later authors have overlooked the difference 

in optic orientation between andalusite and viridine which Wulfing 

had correctly observed. This orientation difference precludes a 



simple plot of the refractive indices a, S, and y versus content of 

Mn3+ plus Fe3+ (cf. Fig. 1). Instead one must plot how, for this 

series, the refractive index relative to Mn3+ plus Fe3+ content 

varies for light vibrating parallel tog, (symbol: na), to 12 (symbol: 

nb) , and to Q (symbol: :nc). When this is done for the 20 samples 

here studied (Fig.4), a strong linear dependence of refractive 

indices on the sum of the weight percents of Mn?O-:<. and Fe?O:( becomes - - ··- ,.,.. 

obvious. Linear regressions perforll'll?,d on the refractive indices for 

sodium light for the 20 crystals thus yielded the following 

equations: 

na = 1.6444+0.00225(Mn2o3+Fe2o3) 

0.0003 0.00004 

nb = 1.6399+0.0036(Mn2o3+Fe2o3) 

0.0009 0.0001 

nc = 1.6325+0.0066(Mh2o3+Fe2o3) 

0.0016 0.0002 

2 r =0.994 (21) 

2 r :0.979 (22) 

2 r =0.981 (23) 

or, using the mean refractive index mri, namely (na+nb+nc)/3, yields 

the equation 

mri ::: 1.6389+0.0041(Mn2o~+Fe20~) 
._. ._/ 

2 r =0.985 (24) 

0.0009 0.0001 
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Figure 4. Variation of the refractive indices versus weight percent 

Mn2o~Fe2o3 • Solid circles represent na (the refractive index 

parallel to a), open circles represent nb (parallel to Q), and 

triangles r~present nc (parallel to Q). 
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Slightly lower r 2 values result if the linear regressions are 

perfor>med using as independent variables the mole fractions of Mn3+ 

(:::x) and of Fe3+ (=y). Thus 

na = L6451+0.094(x+y) 

0.0004 0.002 

nb ::: 1.6411+0.151(x+y) 

0.0011 0.006 

nc = 1.6346+0.274(x+y) 

0.0019 0.010 

mri = 1.6403+0. 173(x+y) 

0.0011 0.006 

(25) 

2 68 r =0.9 · (26) 

(27) 

(28) 

A renBrkable feature of Eq. (21) and (23) or of Eq. (25) and 

(27) is that, because nc increases more rapidly thar1 na (as Mn plus 

Fe increases), they intersect when (Mn2o3+Fe2o3) equals 2. 74 i;,.reight 

percent or when (x+y) equa.ls 0.058. Ne increases faster than does na 

because nc is pa."'al1el to the edge-sharing octhedra chain (::M( 1) 

sites), and it is ~+ ~+ this chain where substitution of Mn~ and Fe~ 

for A13+ occurs. Consequently, on the pure andalusite side of this 

intersection (Fig.ll) the orientation is X::c and Z::a v..tiereas, on the 

viridine side of this intersection~ it is X=a and Z=c. Wulfing's 
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observation is thus confirmed. Even more renarkahlv, the Une that 

expresses how index f3 ( =nb) increases with Mn and Fe also passes 

very close to thls point of intersection. This is also true when the 

refractive indices for wavelengths differing from ~89.3 nm are 

considered. In short, therefore, andalusites for whi.ch f~°:~+Fe2o3 ) 

approximately equals 2.74 weight percent would appear optically 

isotropic or nearly so. None of tbe 20 crystals in this study 

possessed such a composition either because they do not occur (or are 

:rare) i.n nature or, more likelv perhaps, because mine:ralokists and 

petrologists fail to recognize andalusi.te if it appears isotropic or 

nearly so. . 
If we allow both ~o3 and Fe2o~ to be lndependent variables, a 

multiple linear regression yields the following equations: 

0.0003 0.0000~ 0.0002 

nb = 1.6366+0.003h(Mn~03)+0.0067(Fe20~) 
0.0008 0.0001 0.0005 

nc = 1.n28'.:>+0.0063(~0~)+0.010~(Fe2o~' 
0.0019 0.0002 0.0012 

mri = 1.6361+0.004o<~o~)+O.OOn7fFe2o~) r-2:0.99~ (~2) 

0.0009 0.0001 0.0006 
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If we define the independent variables as x and y, a multiple linear 

regression yields the following equations : 

na = 1.6436+0.091(x)+0.158(y) 2 r =0.996 ) 

0.0004 0.001 0 .011 

nb = 1.6371+0.141(x)+0.331(y) r2=0.993 (3lf) 

0.0008 0.003 0.024 

nc = L6289+0.260(x)+0.524(y) 2 r :0.987 (35) 

0.00 0.008 0.057 

mri ::: 1.6365+0.164(x)+0.338(y) (36) 

0.0009 0.004 0.027 

In the above equations, 29 to 36, the coefficients for Fe2o3 (or y) 

all exceed the coefficients for Mh2o3 (or x); thus Fe2o3 has a 

stronger effect on the refractive indices than does Mn~O~. 
c;_ ~ 

As can be seen in Fig.3 and Fig.4 sample #16 plots below the 

regression-analyses-predicted lines for cell edges and refractive 

indices. In the final microprobe ari,,alysis of this grain, the grain 

appeared slightly chemically zoned; this could be the reason for its 

falling below the predicted regression-analyses lines. 

The values for 2Vx Table 5 range from 66.2 to 115.7. Attempts 

at correlating 2Vx to other observed parameters failed. The assumed 
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TABLE 5. Observed refractive indices and 2Vx 

sample na nb nc 2Vcalc 400/500 6bb/540 900 

1 1.6439 1.6386 1.6329 87.6 86.7 84 .1 86.3 

2 1.6439 1.6395 1.6342 84.4 85.6 83. 1 82.6 
q 1.6448 1.6398 1.6340 85.5 85 84.4 82.6 _, 

4 1.6444 1.6397 1.6340 84.2 85.5 84.6 85.5 

5 1.641+6 1.6403 1.6351 84.3 83.2 8~.6 83.5 

6 1.6446 1.6404 1.6350 82.6 84.1 83.4 8t .6 

7 1.6460 1.6417 1.6363 83.2 86.4 85.8 84.2 

8 1.6458 1.6427 1.6385 81.1 80.8 81.8 83.2 

9 1.6490 1.6i+45 1.6385 81.5 81.4 82.2 81.0 

10 1.6497 1.6476 1.6433 69.7 66.2 72.2 73.5 
11 1.6498 1.6460 1.6437 104. 1 97.7 97.9 
12 1.6551 1.6572 1.6599 97 .1 95.3 97.3 

13 1.6539 1.6551 1.6556 65.6 70J) 67.8 

14 1.6543 1.6581 1.6668 112.8 112. 1 112.5 

15 1.6565 1.6597 1.6662 109.7 110 .o 110.4 

16 1.6546 1.6589 1.6675 109 .2 109.2 109.3 

17 1.6565 1.6609 L6685 105.2 110.5 112. 1 

18 1.6663 1.6753 1.6927 107.9 108.9 108.1 

19 1.6844 1. 7124 1. 7649 105.8 108.7 107.2 

20 1. 7022 1. 7ZT3 1. 7920 114 .2 113 .?. 115.7 
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reason for failure is due to the varying rates of change of na, nb, 

and nc and that na, nb, and nc all cross (Fig.4). 

Table 6 lists the pleochroic fol"Dl.lla and absorption 

relationships for the andalusites, viridines and kanonaite studied. 

In "pure" andalusites a pink pleochroism occurs parallel to Q. With 

increasing Mn content the pink color changes to a golden-yellow and 

absorption parallel to .Q. increases. Also with increasing Mn, 

pleochroism changes from colorless to yellow-green parallel a and 

from colorless to emerald-green parallel !;2. For all three directions 

absorption increases with Mn content. 

If one knows the values of na, nb, nc, or nri, the following 

2 r =0.994 (37) 

2 r :0.979 (38) 

2 r =0.981 (39) 

2 r :0.995 (40) 
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TABLE 6. Plecohroic and absorption forrrula 

sarrple nb nc abs 

colorless colorless very l.ight reddish-pink na < nb < nc 

'J ,, colorless colorless light reddish-pink m < nb < nc 

3 colorless colorless very light reddish-pink na < nb < nc 

If colorless colorless li.ght reddish-pink na < nb < nc 

5 colorless oolorless reddish-pink na < nc 

6 colorless colorless reddish-pink na< nb< no 

7 colorless colorless colorless na< nb < nc 

8 colorles.'5 colorless colorless na< nb< nc 

9 colorless colorless very light reddish-pink na < nb < nc 

10 colorless colorless very light reddish-pink na< nb< nc 

11 green ish-vellow irish-greeen na< nb< nc 

12 very light yellow light emerald-@:reen ligr.t golden-yellow na < nb < nc 

13 light green-yellow light emerald-greBn light golden-yellow na< nb< nc 

11.t light yellow-green emerald-green golden-yellow r.a< nc< nb 

15 light yellow light eraerald-gre4!ln light golden-yellow na < nb = nc 

16 light yellow-green emerald-green golden-yellow r>.a< no< nb 

17 greenish-yellow emernld-..green golden-yellow na. < r:.c < nb 

18 yellowish-green emerald-green golden-yellow na< nc< nb 

19 yellowish-green emerald-green golden-yellow na< nc< nb 

20 green deep emerald-green deep golden-)rellow na< nc< nb 
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Gladstone-Dale constants 

The Gladstone-Dale relationship 

(41) 

defines a material's specific refractive energy K in terms of its 

refractive index n and density d. The right-hand side of Eq. (41) 

then relates K to p., , p2, ••• ,p. ( 
I • 1 

weight percent of each of the 

material's i components) and to kp k2, .•. , ki (the so-called •specific 

refractive energies of these components). Ma.ndarino ( 1981) has made 

the welcome suggestion that the constants k1, 

Gladstone-Dale constants. the Gladstone-Dale relationship is 

applied to an anisotropic crystal, the crystal's mean principal 

refractive index mri - that ( s+2w)/3 or ( rn-(3+y )/3 -- is 

substituted for n in Eq. (41). Upon occasion, a principal refractive 

index may itself be substituted for n. In such case the values for K 

and for k1, k2,. •. ki that result will pertain only to light vibrating 

along the same direction within the crystal as for this principal 

index. Indeed, this extension in application of the Gladstone-Dale 

relationship has sometimes proved most useful as, for example, in the 

work by Pabst (1973; 1974). 

For the 20 andalusite, viridine, and kanonaite crystals studied, 

precise optical, chemical, and cell edge data had been obtained so 

that from the unit cell's volume and contents, the density d could be 
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calculated for each crystal. Thus the crystal's specific refractive 

energy K could be computed using this calculated density plus either 

its mean refractive index mri (for sodium light) or one of its 

principal refractive indices. At the same time the composition of 

each crystal in term.s of its component oxides was known. For each of 

20 crystals in this andalusite viridine suite, therefore, the 

following Gladstone-Dale equation pertained 

(42) 

where k1, k3, and k14 respectively represent the Gladstone-Dale 

constants for the oxides Si02, A1203, r..tn2o3, and Fe2o3 and p1 r P2, 

P3, and p4 respectively represent the weight fractions of these 

oxides .in the crystal. These 20 equatlons were solved for their only 

* using SAS least-squares procedure GLM 

with a no intercept option. Depending upon whether the maan 

refractive index mri or principal indices nat nb, nc (for sodium 

light) were used in Eq. (42), the Gladstone-Dale constants summa.rized 

in Table 7 resulted. The constants for mri comp&"'e to .Manda.rino's 

(1981) revised Gladstone-Dale constants - namely: as follows: Si02, 

0.208; Al2o3 for nesosiHcates, 0.176; Mn2o3, 0.256; and Fe203, 

0.268. 

The Gladstone-Dale constants in Table 7 apply specifically to 

* SAS represents Statistical Analysis System and is documented ln 
Barr et al., 1976. 
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TABLE 7. Calculated Gladstone-Dale constants 

oxide Kb Kc 

Si02 0.274(64) 0.209(29) 0.261(58) 0.355( 110) 

A12o3 
nd* 0.160(37) 0 .201(17) 0 .168(34) 0.108(65) 

Al.V 0.180(7) 0.229(5) 0.189(6) 0.122(9) 

Al VI 0.136(7) 0.171(5) 0.143(7) 0.093(10) 

Mn203 0.257(31) 0.237(15) 0.250(29) 0.285(54) 

Fe2o3 0.351(36) 0 .265(17) 0.354(33) 0.431(62) 

nd'=not differentiated 
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andalusite, kanonaite, solid solutions between them, and t~ specimens 

that contain appreciable Fe2o3 as well as Mn2o3 ( =viridines ? ) • When 

used to predict fi from the oxide weight percentages for the 20 

cr:ystals, these Gladstone-Dale constants yielded values which, 

relative to measured fit were usually too low. In sample #19 fi was 

predicted as much as 0.008 too low. On the average for the 20 

cr:ystals, predicted fi was too low by 0.0017 (esd. 0.0031 ). Applying 

Mandarino's revised Gladstone-Dale constants to the 20 crystals, 

predicted n was, on the average, too low by 0.0503 (esd 0.0055), and 

predicted n for sample #19 was then 0.069 too low. Mandarino (1976) 

also cites a Gladstone-Dale constant of 0.207 for A.1203. 

Substitution of 0.207 for the revised value (0.176) yields an average 

predicted value for n too high by 0.0074 (esd 0.0103). 

For each of the 20 crystals, values had been calculated for 

for (nb-1)/d, for (nc-1 )/d and for (mrl.-1)/d, these 

representing their specific refractive energies Ka, Kh, Kc, and Kmri, 

respectively. Four linear regressions were performed by successiYely 

setting Ka, Kb, Kc, and, finally, Kmri as the dependent variable 

against the sum (Mn2o3+Fe2o3) as the independent variable. The 

following equations thereby resulted: 

Ka = 0.2048+0.00029(Mn203+Fe2o3) 

0.0001 0.00002 

2 r :::0.926 

2 r ::0.937 

(43) 

(44) 
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0.0003 0.00004 

Kc = 0.2011+0.00161(Mn2o3+Fe2o3) 

0.0006 0.00007 

Kmri : 0.2031+0.00087(Mn2o3+Fe2o3) 

0.0003 0.00003 

2 r :0.964 (45) 

2 r =0.958 (46) 

Also, the 

coefficient for ~o3+Fe2o3 is the largest for Kc, next for Kb, and 

least for Ka. Allowing both Mn2o3 and Fe2o3 to be independent 

variables the following equations result: 

Ka : 0.2045+0.028(Mn203)+0.057(Fe2o3) 2 r =0.942 (47) 

0.0002 0.002 0.012 

Kb= 0.2023+0.066(Mn2o3)+0.169(Fe203) 2 r =0.973 (48) 

0.0003 0.003 0.020 

Kc= 0.1997+0.153(Mn2o3)+0.287(Fe2o3) 2 r =0.977 (49) 

0.0006 0.006 0.042 

Kmri: 0.2021+0.o82(~o3)+0.171(Fe2o3 ) 2 r =0.977 (50) 

0.0003 0.003 0.082 
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In the above four equations, the coefficients for Fe~O? all exceed c. _) 

those of Mn2o3, presumably therefore Fe2o3 increases specific 

refractive energy roore mrkedly than Mn2o3• 

In andalusite Al occurs in 5-fold coordination (Al~) and in 

6-fold (AlVI). Consequently, the constants for Al2o3 in Table 7 

approximate an average value for Al in both coordinations. In an 

attempt to calculate Gladstone-Dale constants for A12o3 for 5-fold 

and for 6-fold coordination in andalusite, Eq. (42) was rewritten as 

(51) 

All terms on the left-hand-side of Eq. (51) a:re known for each of the 

20 crystals. For example, !<1, k3, and k:4 a:re the Gladstone-Dale 

constants cited in Table 7 for Si02, Mn2o3, and Fe2o3 whereas p1, p3, 

and p4 respectively represent the weight fractions present in the 

crystal. For simplicity, let C represent the entire left-hand side 

of Eq. (51) and substitute for k2p2 terms that individualize the 
V VI effects of Al and Al • This done, Eq. (51) becomes 

C kvvkvrvr :: p + p (52) 

V VI where k and k now represent the sought-for Gladstone-Dale 

constants for Al2o3 for Al in 5- and 6- coordination, respectively. 

S . ·1 1 V d VI . f lml ar y, p an p represent, respectively, the h~lght percent o 

Al203 as 5-coordinated and as 6-coordinated Al in each crystal. 
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These were calculated for each of the 20 crystals studied so that in 

Eq. (52), kV and kVI are the only unknowns. By use of SAS prcx'.)edure 

GLM with the no intercept option, multiple linear regressions were 

carried out using Eq. (521 as the model that is setting C as the 

dependent variable and kV and kVI as the independent variables. 

These regressions yielded Gladstone-Dale constants for A12o3 for Al 

in 5-fold coordination and in 6-fold coordination (Table 7). 

Table 8 compares for kyanite, sillin:a.nite, and kanonaite the 

empirical values of n with those calculated using Gladstone-Dale 

constants of Mandarino (1976; 1981) and those developed for' 

andalusites in this study. The andalusite-derived constants predict 

fi Which is 0.0165 too high for kya~ite but 0.0105 too low for 

sill imani te. It appears that~ although kyanite and sillin:a.nite are 

polymorphs of andalusite, their crystal structures differ 

sufficiently from andalusite that our predicted Gladstone-Dale 

constants lose accuracy when applied them. Howe·,,rer, even for 

kyanite and sillimanite, these constants more closely predict n, 

expect ln one case, then do Mandarino's. The exception is the 

kanonaite studied by Vrana et al. ( 1978), wnich contains more Mn than 

the kanonaite of this study and thus has higher refractive indices. 

Note, however, that for the kanonaite studied here, the Gladstone-

Dale constants developed in this study yield results much superior to 

those from the generalized Gladstone-Dale constants cited by 

Mandarino. 
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TABLE 8. Predicted n from Gladstone•Dale constants 

measured this Mandarino ~1andarino 
n: study (1976) ( 1981) 

kyanite 1. 7224 1. 7389 1. 7617 1.68q6 

sillimanite 1.6672 1.6567 1.6768 1.6128 

kanonaite* 1. 752 1. 7713 1. 7515 1. 7158 

kanonaite** 1. 7405 1. 7429 1. 7237 1.6850 

* kanonaite from Vrana et al. (1978) 
** kanonaite from this study 
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Pola:rizability 

The Lorentz-Lo~enz equation for molecular refractivity Rm 

(Hartshorne and Stuart, 1970, p137) reads 

(53) 

where n r>epresents a ms.terial •s refractive index, M its molecular 

weight, N rep:resents Avogadro's number~ and P represents its 

polarizability averaged over all possible orientations with respect 

to the electric vector. Armbruster and Bloss (in preparation), solve 

Eq. (53) for P and then manipulate M/d and N so as to replace them 

with V uc and Z, respectively, the volume and the number of formula 

units for the unit cell. As a result they obtain 

As Hartshorne and Stuart (1970, pp140, 151) note, a principal index 

(s, w, a, S , y ) of a crystal is sometimes substituted for n in Eq. 

(51) even though this equa.ti.on is not strictl:-t applicable to 

anisotropic media. In such case, P reasonably approximates the 

crystal's polarizability along the principal vibration axis 

associated with this principal index. 

Least squares regressions performed on the data from the 20 

crystals by setting polarizabili.ty as the dependent variable and the 
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sum of Mn3+ and Fe3+ atoms per fol"!ll.lla unit as the independent 

variable yield: 

Pa= 7.391+1.47(Mn+Fe) 

0.005 0.03 

Pb= 7.355+1.99(Mn+Fe) 

0.011 0.06 

Pc= 7.297+3.06(Mn+Fe) 

0.018 0.09 

2 r =0.994 (55) 

2 r =0.983 (56) 

2 r =0.981 (57) 

The rates of change vary for Pa, Pb, and Pc with Pc changing oost and 

Pa changing least of the three. The differing rates of change cause 

Pa to equal Pc when (Mn+Fe) equals 0.059. If both Mn and Fe are set 

as independent variables, the following multiple linear equations 

result: 

Pa= 7.378+1.44(Mn)+2.05(Fe) 2 r :0.997 (58) 

0.004 0.02 0.15 

Pb= 7.318+1.9o(Mn)+3.62(Fe) 2 r =0.995 (59) 

o.ooa o.o4 0.25 

Pc= 7.245+2.93(Mn)+5.35(Fe) 2 r =0.991 (60) 
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0.017 0.07 0.53 

In Eqs. (58) to (60) the coefficients of Fe are all greater then the 

coefficients for Mn; on the basis of this criterion, therefore, Fe 

contributes more to the polarizabilities then does Mn. 

Conclusions 

1. Substitution of Mn3+ and/or Fe3+ for Al in andalus:i.te causes 

the refractive indices na, nb, and nc -- respectively those for light 

vibrating parallel to the a, ]2 1 and .o. cell edges -- to vary 

essentially linearly with composition, no r 2 values for the linear 

regressions being below 0.97. 

2. For andalusites nc < nb < na so that the optic orientation is 

X=c, Y=b, and Z=a. 

3. As Mn3+ and/or Fe3+ substitution for Al increases, the rate 

of .increase is nc > nb > na. Consequently, nc=na at (ca.) 2.74 weight 

percent (Mn2o3+Fe2o3) or at (x+y) equal to (ca.) 0.058, where x and y 
represent Mn3+ and Fe3+ ions per formula unit. 

4. Andalusites of compositions near the intersection of the nc 

and na curves -- that is, near the compositions cited in conclusion 3 
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- should be nearly isotropic because the nb cuf"l1e also passes very 

near this intersection. This is true even for indices at wavelength 

486 • 1 and 656. 3 ran. In this compositional region, mximum 

birefringence will be about 0.0012. 

5. The absence of descriptions of anda1usites near the 

compositions cited in 3 may reflect their absence or rad.ty in nature 

or, rrore li!<ely, the failure of petrographers and mineralogists to 

recognize andalusite if nearly isotropic. 

6. For viridines and kanonaite - because for them (Mn20'3+Fe203) 

exceeds 2.74 weight percent (the point where the nc and na curves 

crossed) -- nc > nb > na so that the optic orientation X::a, Y:::b, 

Z:::c. Consequently, relative to the {11d cleavage form, viridines 

and kanonaites are length-slow whereas andalusites are length-fast. 

7. Multiple linear regressions wherein the effect of Mn3+ on 

refractive indices was separated out from that of Fe3+ indicate that 

Fe3+ increases the refractive index more than Mn.3+. This may be 

merely because iron 1s atomic number (27), and thus number of 

electrons, slightly exceeds that for mngaYiese { 26). 

8. Within the limits of measurement, the unit cell edges and the 

volume increase linearly with Mn.3+ and/or Fe3+ content in andalusites 

and viridines. 
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9. Multiple linear regressions (performed by setting the unit 

cell edges s., Q, or Q or its volume V as the independent variable) 

suggest that the s. and h cell edges increase mre in response to Mn3+ 
substitution than to Fe3+ substitution. For the Q cell edge the 

reverse is true. 

10. The optical and unit cell data permitted a set of Gladstone-

Dale constants to be generated that are specific for andalusites, 

viridines, and kanona-ites. Applied to these, they predict mean 

indices (from composition and density) that were, on the average too 

low by 0.0017. In contrast the generalized Gladstone-Dale constants 

(M::lndarino, 1981) yielded mean indices that were, on the average, too 

low by 0.0503. 

11. The present optical and unit cell data permitted Gladstone-

Dale constants for Al2o3 to. be calculated for Al in 5-fold and for 

6-fold coordination. However, the value for 6-fold coordination, 

when used to predict the mean refractive index of kyanite, yielded 

poor results. 

12. Based on linear regressions performed on the refractive 

indices for andalusites alone, the optical properties for pure 

andalusite (AliH05) are predicted to be a=1.6325, 13=1.6385, Y=1.6434 

and and 2V=84 degrees. 
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13. Based on linear regressions performed on the unit cell data 

for andalusites alone, the unit cell data for pure andalusite are 

predicted to be a=7.7917(7)A, b=7.8961(2)A, c=5.5536(6)A, and 

V=341.68A3. From this cell volume, density for pure andalusite is 

calculated to be 3. 149gm/cc3. 
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RELATIONSHIP BETWEEN CHEMICAL CCMPOSITION, 

LATTICE PARMETERS, AND OPTICAL PROPERTIES 

OF ANDALUSITE AND ITS ISOSTRUCTURAL ANALOGS 

by 

Mickey Gunter 

(AB.STRACT) 

The refracti.ve indices for Ught vibratlng along the a, b, and Q 

cell ed~es - symbols na, nb, and nc - we!"e measured for 20 

andalusite-kanonaite solid solutions rangfag from relAti~reJy pure 

andalusite (Al?i05) to ahout n2 mle percent kanona:ite (M"JA1S:i0c;). 

Of the 20 crystals, 8 contained si~ificant Fe~+ in adryition to ~~+ 

and, in the literature_, were called viridi.nes. Linear regressions 

were performed on the data using, successively, na, nl"I, and nc for 

589.3 nm as the dependent variables and, as independent vari.ables, 

annng other choices, the total sum of the weight percents for- ~o3 

plus Fe2o3• The resultant nndels 

2_o o9 r - •.-



confirm and explain WUlfing's (1917) observation that, relative to · 

the {110} cleavage, andalusite is length-fast whereas viridine is 

length-slow. Thus, the equations for na and nc intersect when 

Consequently for 

(Mn2o3+Fe2o3) 2. 74 the optic orientation is a:Z, b=Y, c:X (as in 

andalusite) whereas for (Mn2o3+Fe2o3) 2.74 the orientation is a:X, 

b=Y, c:Z (as for viridines and kanonaites). 

Andalusites at or near the 2.74 weight percent intersection 

should likely be isotropic or nearly so. Thus, for wavelength 589.3 

nm, their indices would likely be na=nc=1.6506 and nb=1.6498. Even 

at wavelengths 486.1 or 656.3 nm their mximum birefringence would be 

little mre than 0.0012. To the writer's knowledge, andalusites 

containing (ca.) 2.74 weight percent (Mn2o3+Fe2o3) have yet to be 

described. Either they are scarce or absent in nature or else they 

escaped recognition as andalusites because of their near-isotropism. 

Linear regressions performed on the optical data for andalusite 

only (viridines and kanonaite excluded) yield equations that indicate 

that, for pure andalusite for A.=589 .3: a =nc= 1.6325(3); 

e=nb=1.6385(3); y=na=1.6434(3); 2Vx:84 degrees. For mst 

andalusites, 2V varies little from 84 degrees but does appear to 

increase with Mn content. For pure andalusite the cell edges, 

volume, and density are predicted to be a=7.7917(7)A, b=7.8961(2)A, 

c=5.5536(6)A, V=341.68A3, and d=3.149gm/cc3. 
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