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AppendixB 

Identification of Fibrous Asbestos 

The most common asbestos minerals are two types of amphibole (rie­
beckite and grunerite) and the serpentine mineral chrysotile. The am­
phibole fibers are particularly hazardous to health, and the list of fibrous 
minerals regulated by the U.S. Environmental Protection Agency also 
includes the amphiboles tremolite, actinolite, and anthophyllite. De­
tails of the mineralogy and health effects of asbestos minerals are given 
by Skinner et al. (1988). 

Blue amphibole asbestos (riebeckite, also called crocidolite) was 
heavily used in coating pipes and bulkheads in warships during World 
War II. Its use in later applications was more limited, but for a long 
time amphibole fibers were routinely mixed in with chrysotile, so many 
fiber-bearing materials contain some of both minerals. Typical applica­
tions during the mid-century are found in insulation, and the manufac­
ture of floor and ceiling tiles used in public buildings. "Management 
in place" is often recommended where the material involved is unlikely 
to release fibers in everyday situations. In other situations, removal is 
often practiced whether or not it might be warranted by the mineralogy 
and etiology of the fibers. 

It is of clear importance to public health and risk management to 
identify correctly the minerals present in any fibrous product to which 
people may be routinely exposed. Optical examination offers a low­
cost means of crystal identification and fiber counting, especially as a 
precursor to more specialized methods of examination such as electron 
microscopy. 

The names and properties of the three most common asbestos 
minerals are listed in Table B-l. All are monoclinic. Amosite is another 
name for grunerite. The amphiboles are chain silicates with fiber axes 
parallel to the c crystallographic axis. Chrysotile is a septechlorite sheet 
silicate in which fibers are rolled-up sheets elongate parallel to the a 
crystallographic axis, but along which the indicatrix axis may be either 
Z or X. The so-called Z fibers may be the more common. 

Measurement of refractive index furnishes definitive information 
leading to the identification of asbestos minerals. This is done by the 
immersion method using standard refractive index liquids. If white 
light is used for illumination, the criterion of match in oblique illumina-
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tion is the orange-red ("pylon") color described in Chapter 3 (see Fig. 
3-15 or Fig. 17-3). Dispersion staining is used in many industriallabora­
tories to enhance the appearance of asbestos fibers and determine their 
refractive index. If dispersion staining is used with central screening 
(Chapter 3; McCrone, 1987; McCrone et a1. 1977), the color indicating 
the condition of match is deep violet (Fleischer et aI., 1984, Table 1). 
Other colors may be interpreted, according to the method used, by 
reference to either of these figures or the table. Either method leads 
to the correct result. 

The two amphiboles have high refractive index, near 1.7, whereas 
chrysotile has a moderate refractive index near 1.5; this distinction 
provides a fundamental and rapid basis for identification. If the un­
known fiber sample is immersed in a liquid of n = 1.56 and shows low 
relief or color fringes it cannot be one of the amphiboles. Conversely, if 
the sample is immersed in a liquid of n = 1.7 any amphiboles present 
will have low relief or show color fringes, whereas any chrysotile 
present will have high negative relief. 

The sign of the elongation is diagnostic between the amphiboles, 
being positive in grunerite and negative in riebeckite (the terms length­
slow and length-fast, respectively, are also in common use). Birefrin­
gence, hence interference color, is also diagnostic, being much larger 
in grunerite. The most spectacular diagnostic feature is the blue color 
of riebeckite, easily recognized in fibers only a few micrometers thick. 
The woolly material is pale blue to the naked eye, and unprocessed 
fibers are dark blue. 

The high refractive index along the length of grunerite is about 
the same as the low refractive index along the length of riebeckite. A 
1.698 oil is effective in seeking a color fringe to identify these minerals 
because it is more stable than the common 1.7+ oils and hence needs 
less frequent calibration. 

The dispersion method affords a rapid means of establishing quan­
titatively the diagnostic refractive index of fibrous asbestos. It is used 
according to the methods described in Chapter 16. 

Values of the dispersion, nF - no were determined at the Univer­
sity of Massachusetts from standard samples of the three mineral 
groups, with the results shown in Table B-1. Fibers were matched 
at varying wavelengths of light in different oils, and the results 
regressed in Hartmann space. A binder present in the grunerite 
sample was removed by dissolution in water, followed by rinsing 
in acetone and drying in air. Results were easily obtained for gruner­
ite and chrysotile, but the high color of riebeckite makes the recogni­
tion of color fringes and shadows difficult. To enhance the use of 
the oblique illumination stop inserted from the NW, the polarizer 
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Table B-1 
Properties of Common Asbestos Minerals 

Amphibole Serpentine 

Grunerite Riebeckite Chrysotile 
(Amosite) (Crocidolite) 

Approximate Fe7Sia0 22(OH)2 Na2Fe3(AI,Fe)2 MgsSi40 1o(OH)a 
chemical Sia0 22(OH)2 
composition 

Crystal System Monoclinic Monoclinic Monoclinic 

Fiber axis c c a 
Elongation + + (Z fiber) 

(length slow) (length fast) or 
- (X fiber) 

n along fiber -y' ex' -y' (Z); ex' (X) 
= 1.70 = 1.70 = 1.56; = 1.55 

Reported range 1.679-1.719 1.685-1.700 1.545-61 (Z) 
1.538-60 (X) 

Standard sample 1.6995 1.6995 1.559 (Z) 
(UMass) 

Birefringence strong, 0.04 weak,0.004 weak, < 0.008 

nF - nc 0.012 0.019 0.010 
Color of fibers Colorless to Dark blue to Colorless 

pale yellow greenish 
yellow 

At matching refractive index: 
Color fringe in Orange-red Orange-red Orange-red 

oblique illumination (may be 
obscured) 

Dispersion color Deep violet Deep violet Deep violet 
(central screen) (may be 

obscured) 

Diagnostic features + elong, B, Blue color, low n, ± elong 
-y' near 1.7 ex' near 1.7 colorless 

and the fiber were oriented NE, so the shadow appeared evenly 
along the length of the fiber. Slight misorientation is of no concern 
because of the low birefringence. The refractive indices no found for 
-y' of grunerite and (x' of riebeckite were both 1.6995. The chrysotile 
sample was determined to have -y' = 1.559±O.OOl, the relatively 
large error bracket being due mainly to demonstrably real variation 
among the fibers rather than uncertainty in the wavelength of 
match. 

Other possibly fibrous minerals that may occur in asbestos samples 
are talc (n along fiber 1.59), brucite (1.56), tremolite (1.63), actinolite 
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(1.67), anthophyllite (1.63), and wollastonite (1.63). Of these, only 
brucite is likely to be confused with any of the major three asbestos 
minerals, and it can be distinguished by its high birefringence and low 
hardness. Talc is also distinguished by its very high birefringence and 
very low hardness. The other minerals in the "1.6" group can be identi­
fied by the immersion method using all relevant optical properties 
and reference to standard tables. A single mount will often serve to 
determine the refractive index of tremolite, actinolite, or anthophyllite 
by the dispersion method (Su, 1993). 

Synthetic and natural organic fibers may also occur in asbestos sam­
ples, and most can be distinguished by their low refractive indices. A 
comprehensive treatment of these is given by McCrone (1987). 



References 

ADAMS, L.H. (1954) Fred E, Wright: 1878-1953. Science 120, 241-242. 112* 

ALLEN, RD. (1956) A new equation relating index of refraction and specific gravity. Am. Mineralogist 
41, 245-57. 16 

BECKE, F.J. (1893) Uber die Bestimmbarkeit der Gesteinsgemengtheile, besonders der Plagioclase 
auf Grund ihres Lichtbrechungsvermogens. Sitz. Akad. Wien 52, Abt. 1, 359. 54,55 

BECKE, FJ (1896) Unterschiedung von optisch + und -zweiaxigen Mineralien mit dem Mikroskop. 
Tschermaks Min. Petrog. Mitt. XVI, 181. 185 

BERG, J.H., and MORSE, S.A. (1981) Dispersion method for olivine, orthopyroxene, and augite. 
Am. Mineralogist 66, 985-89. 300,301 

BETHKE, eM., and BIRNIE, RW. (1980) Computer synthesis of optical interference figures. Am. 
Mineralogist 65, 1294-1301. 178 

BlOT, J.B. (1820) Memoir sur les lois generales de la double refraction et de la polarisation, dans 
les corps reg.ulierement cristallises. Mem. Acad. France III, 177-384. 106,165 

BLOSS, F.D. (1961) An Introduction to the Methods of Optical Crystallography (New York: Holt, Rinehart, 
& Winston, Inc.). 82 

BLOSS, F.D. (1981) The Spindle Stage: Principles and Practice (Cambridge: Cambridge University 
Press). ix, 40, 70, 282, 287 

BLOSS, F.D. (1985) Labelling refractive index curves for mineral series, Am. Mineralogist 70, 428-
32. 280,281 

BORN, MAX, and WOLF, EMIL (1964) Principles of Optics, 2nd (revised) Ed. (Oxford: Pergamon Press). 
1,17,30 

BRAGG, W.L. (1913) The diffraction of short electromagnetic waves by a crystal. Proc. Camb. Phil. 
Soc. 17, 43-57. 98 

BRAGG, W.L. (1937) Atomic Structure of Minerals (Ithaca, NY: Cornell University Press). 120 

BRAGG, W.L. (1975) The Development of X-ray Analysis (London: G. Bell and Sons Ltd.), 98 

BUERGER, MJ (1933) Optical Identification of Crystalline Compounds (Cambridge, MA: M.LT. Letter 
Shop; copyright by John Wiley & Sons, Inc., New York), ix 

BUERGER, M.J. (1933) Optical properties of ideal solution immersion liquids. Am. Mineralogist 18, 
325-34. 64 

BURNS, RG. (1966) Apparatus for measuring polarized absorption spectra of small crystals, Jour. 
Sci, Instrum. 43, 58-60. 138 

BURNS, RG. (1970) Crystal field spectra and evidence of cation ordering in olivine minerals. Am. 
Mineralogist 55, 1608-32. 138 

BURRI, CONRAD (1950) Das Polarisationsmikroskop (Basel: Birkhauser), 113 

'Page numbers where citation occurs. 

337 



338 References 

BUTLER, M.H. (1971) Application of the polarizing microscope in the conservation of paintings 
and other works of art. Bull. Internat. Inst. Conservators, Am. Group. May, 113. 2 

BUTLER, RD. (1933) Immersion liquids of intermediate refraction. Am. Mineralogist 18, 386-401. 
28,65 

CAMERON, E.N. (1961) Ore Microscopy (New York: John Wiley & Sons, Inc.). 83 

CHAPMAN. CA. (1940) A model to illustrate isogyres in interference figures. Am. Jour. Sci. 238, 
805-10. 178 

CHAPMAN, CA. (1943) Large magnesia-rich triphylite crystals in pegmatite. Am. Mineralogist 28, 
90-98. 200 

CHERKASOV, YU.A. (1960) Application of "focal screening" to measurement of indices of refraction 
by the immersion method. Internat. Geol. Rev. 2, 218-35. 70 

CHRISTIANSEN, C (1884) Untersuchungen tiber die optischen Eigenschaften von fein vertheilten 
K6rpem. Wiedemanns Ann. d. Physik u. Chemie (Neue Folge) 23, 298-306; ibid. (1885) 24, 439.63 

CRAIG, ].R, and VAUGHAN, D.J. (1981) Ore Microscopy and Ore Petrography (New York: John Wiley 
and Sons). 48 

DALY, RA. (1899) On the optical characters of the vertical zone of amphiboles and pyroxenes. 
Proc. Am. Acad. Arts and Sciences 311-23. 238 

DEER, W.A.; HOWIE, RA.; and ZUSSMAN, JACK (1962-1986) Rock Forming Minerals, (London: Long-
mans) as follows: viii, xii 
(1962) 1: Ortho- and Ring Silicates. 
(1962) 5: Non-silicates. 
(1963) 2: Chain Silicates. 
(1967) 3: Sheet Silicates. 
(1967) 4: Framework Silicates. 
(1978) 2nd Ed. 2A: Single-chain Silicates. 
(1982) 2nd Ed. lA: Orthosilicates. 
(1986) 2nd Ed. 18: Disilicates and Ring Silicates. 

DEER, W.A.; HOWIE, RA.; and ZUSSMAN, JACK (1992) An Introduction to the Rock Forming Minerals, 
2nd Ed. (London: Longmans; New York: John Wiley & Sons, Inc.) viii, xii 

DODGE, N.B. (1948) The dark-field color immersion method. Am. Mineralogist 33, 541-49. 70 

EMMONS, RC (1943) The Universal Stage. Geol. Soc. Am. Mem. 8. 75 

EMMONS, RC, and GATES, RM. (1957) Misconception of the intermediate refractive index. Bull. 
Geol, Soc. Am. 68, 1413. 145 

FAIRBAIRN, HW. (1943) Gelatin coated slides for refractive index immersion mounts. Am. Mineralo-
~~~. ~~ 

FAIRBAIRN, HW. (1943) Packing in ionic minerals, Bull. Geol, Soc. Am. 54, 1320. 15 

FAIRBAIRN, HW., and SHEPPARD, CW. (1945) Maximum error in some mineralogic computations. 
Am. Mineralogist 30, 673-703. 209 

FAUST. GT, and GABRIEL. ALTON (1940) Petrographic methods and their application to the examina-
tion of non-metallic minerals. U.S. Bur. Mines Inform. Circ. 7129, 3-5. 46 

VON FEDOROW, E.S. (1896) Universalmethode und Feldspathstudien. Z. Krist. 26, 246. 283 

FLEISCHER, MICHAEL; WILCOX, RE.; and MATZKO, J.]. (1984) Microscopic Determination of the Nonopaque 
Minerals, 3rd Ed. U.S. Geol. Surv. Bull. 1627 (revision of Bull 848). Includes data for many 
opaque minerals as well. viii, 14, 70, 71, 77, 82, 136, 142, 167, 199, 288 

FLETCHER, L. (1891), The optical indicatrix and the transmission of light in crystals. Mineralogical 
Mag. 9, 278-388. 117 

FLETCHER, L. (1892) The Optical Indicatrix and the Transmission of Light in Crystals (annotated reprint 
of 1891 article; London: H. Frowde). 117 



References 339 

FORD, W.E. (1932) Dana's Textbook of Mineralogy, 4th Ed. (New York: John Wiley & Sons, Inc.). 
42,284 

FRESNEL, A.J. (1827) Mem6ir sur la double refraction. Mem. Acad. France VII, 45-176. 165 

GALOPIN, R, and HENRY, N.F.M. (1972) Microscopic Study of Opaque Minerals (Cambridge: W. Heffer 
and Sons, Ltd.). 83 

GORANSEN, RW. (1926) The determination of plagioclase feldspars. Am. Mineralogist 11, 139-54. 
234 

HAFF,}.C. (1942) Fedorow method (universal stage) of indicatrix orientation. Colorado School of 
Mines Quarterly, 37, No.3. 284, 287 

HARKER, ALFRED (1901) On a question relative to extinction in rockslices. Mineralogical Mag. 13, 
66--8. 233 

HARTSHORNE, N.H, and STUART, A. (1970) Crystals and the Polarising Microscope, 4th Ed. (London: 
Edward Arnold). 2, 7, 40, 113, 283 

HAUSWALDT, HANS (1902) Interferenzerscheinungen an doppeltbrechenden Kristallplatten in konvergenten 
polarisierten Licht (Magdeburg: Hausdruckerei J. G. Hauswaldt.) 127, 134, 185 

HESS, HH (1960) Stillwater Igneous Complex. Geol. Soc. Am. Mem. 80. 90,145 

HINTZE, C. (1915) Handbuch der Mineralogie (Leipzig: von Veit) Vol. 1, p. 2237. 65 

HUMPHRIES, D.W. (1992) The Preparation of Thin Sections of Rocks, Minerals, and Ceramics (Oxford: 
Oxford University Press). 47 

HUNTINGTON, HD. (1979) Kiglapait mineralogy I: Apatite, biotite, and volatiles. J. Petrology 20, 
625-52. 293 

HUTCHISON, C.S. (1974) Laboratory Handbook of Petrographic Techniques (London: John Wiley and 
Sons). 284, 322 

HUYGENS, CHRISTIAAN (1690) Treatise on Light. (1912 English translation reprinted 1962. New York: 
Dover Publications, Inc.) 5, 10-13, 99, 100 

JAFFE. H.W. (1956) Application of the rule of Gladstone and Dale to minerals. Am. Mineralogist 
41, 757-77. 15,16 

JAFFE, HW. (1988) Crystal Chemistry and Refractivity (Cambridge: Cambridge University Press.) 
15,16 

JAFFE, HW.; ROBINSON, PETER; TRACY, RJ.; and Ross, MALCOLM (1975) Orientation of pigeonite 
exsolution lamellae in metamorphic augite: Correlation with composition and calculated optimal 
phase boundaries. Am. Mineralogist 60, 9-28. 264 

JELLEY, E.E. (1934) A microrefractometer and its use in chemical microscopy. J. Royal Microscop. 
Soc. London 54, 234--45. 40, 41 

JOHANNSEN, ALBERT (1918, reprinted 1968), Manual of Petrographic Methods, 2nd Ed. (New York: 
McGraw-Hill Book Co.) 93, 107, 110, 113, 124, 165 

JONES, N.W., and BLOSS, FD. (1980) Laboratory Manual for Optical Mineralogy (Minneapolis: Burgess 
Publishing Co.) viii, 234. 279 

JUDD, J.W. (1908) Henry Clifton Sorby, and the birth of microscopical petrology. Ceol. Mag. V, 
192-204. 47 

!<AMB, W.B. (1958) Isogyres in interference figures. Am. Mineralogist 43, 1029-67. 
176, 188, 189, 208, 209 

l<AMB, W.B. (1962) Refraction correction for universal stage measurements: I. Uniaxial crystals. 
Am. Mineralogist 47, 227-45. 207,283 

KEMP, D.RC., and HARVEY, A.D., Eds. (1983) The Petrology of Archaeological Artefacts (Oxford: The 
Clarendon Press). 2 

KORDES, E. (1960) Optische Daten zur Bestimmung Anorganischer Substanzen mit dem Polarisationsmik-
roskop (Weinheim: Verlag Chemie GMBH). 77 



340 References 

KRUMBEIN, W.e., and PElTI)OHN, F.J (1938) Manual of Sedimentary Petrography (New York: D. Apple-
ton Century Co.). 45,80 

LARSEN, E.S. JR., and BERMAN, HARRY (1934) The Microscopic Determination of the Non-opaque Minerals, 
2nd Ed., U.S. Geol. Surv. Bull. 848. viii, 14, 15, 65, 136, 140, 199 

LiPSON, HS. (1970) Crystals and X-rays (London: Wykeham Publications Ltd.). 98,100 

LONSDALE, KATHLEEN (1968) Human stones, Science 159, 1199-1207. 2 

LOUISNATHAN, S.J.; BLOSS, F.D.; and KORDA, EJ (1978) Measurement of refractive indices and their 
dispersion. Am. Mineralogist 63, 394-400. 292 

LOUPEKINE, 1.5. (1947) Graphical derivation of refractive index ~ for the trigonal carbonates. Am. 
Mineralogist 32, 502-7. 149 

MACKENZIE, W.S., and GUILFORD, e. (1980) Atlas of Rock-Forming Minerals in Thin Section (New 
York: John Wiley & Sons, Inc.) 324 

MAcKENZIE, W.s.; DONALDSON, e.H; and GUILFORD, e. (1982) Atlas of Igneous Rocks and their Textures 
(New York: John Wiley & Sons, Inc.) 324 

MALLARD, E. (1882) Sur la me sure de l'angle des axes optiques, Bull. Soc. Mineral. France V, 77-
87. 209,210 

MANDARINO, J.A (1959) Absorption and pleochroism: two much-neglected optical properties of 
crystals. Am. Mineralogist 44, 65-77. 138,202 

MANDARINO, J.A (1976) The Gladstone-Dale relationship. Part J. Derivation of new constants. 
Can. Mineralogist 14, 498--502. (Also Parts II-IV, 1978, 1979, 1981: see Jaffe [1988]). 15 

MANGE, M.A, and MAURER, H.F.W. (1991) Heavy Minerals in Colour (London: Chapman and Hall). 
43, 45, 46, 80 

MCCRONE, W.e. (1987) Asbestos Identification (Chicago: McCrone Research Institute). 334, 336 

MCCRONE, W.e.; MCCRONE, L.B.; and DELLY, J.G. (1977) Dispersion staining. Chapter X in Polarized 
Light Microscopy, 8th Ed. (Chicago: McCrone Research Institute), 169-96. 70, 334 

MERWIN, H.E., and LARSEN, E.S. JR. (1912) Mixtures of amorphous sulphur and selenium as immer­
sion media for the determination of high refractive indices with the microscope. Am. Jour. Sci. 
34,42-7. 73 

MICHEL-LEVY, A (1888) Les mineraux des roches (Paris: Baudry). 114, 278 

MILNER, H.B. (1962) Sedimentary Petrography, 4th Rev. Ed., 2 vols. (London: Murby & Co.). 
45,80 

MORSE,S.A (1968) Revised dispersion method for low plagioclase, Am. Mineralogist 53, 105-16. 
74,214 

MORSE, S.A (1978) Test of plagioclase dispersion method and rapid probe analysis. Am. Mineralogist 
63, 768--70. 304 

MUIR, J.D. (1981) The 4-axis Universal Stage (Chicago: Microscope Publications Ltd.). 282,284 

MUNRO, M. (1963) Errors in the measurement of 2V with the universal stage. Am. Mineralogist 
48, 308--23. 207 

PALACHE, CHARLES; BERMAN, HARRY; and FRONDEL, CLIFFORD (1944, 1951, 1962) Dana's System of 
Mineralogy, 7th Ed., 3 vols. (New York: John Wiley & Sons, Inc.). 86,159 

PECKETT, A(NDREW) (1992) The Colours of Opaque Minerals (Chichester: John Wiley and Sons). 
3,48,78 

PHILPOTTS, AR. (1989) Petrography of Igneous and Metamorphic Rocks (Englewood Cliffs: Prentice 
Hall). viii, 324 

POSN)AK, E., and MERWIN, H.E. (1922) The system ferric oxide-sulfur trioxide-water. Jour. Am. 
Chem. Soc. 44, 1965-94. 73 

RISSE, P.H. (1983a) Chemistry, structure and nomenclature of feldspars; 1-19 in Ribbe, 1983c. 
270 



References 341 

RIBBE, P.H. (1983b) Interference colors; 266-70 in Ribbe, 1983c. 101 

RIBBE, P.H., Ed. (1983c) Feldspar Mineralogy, Mineralogical Soc. Am. Rev. MineraL 2, 2nd Ed. 
274 

RIBBE, P.H., and ROSENBERG, P.E. (1971) Optical and X-ray determinative methods for fluorine in 
topaz, Am. Mineralogist 56, 1812-21. 225,226 

ROBINSON, PETER; JAFFE, H.W.; Ross, MALCOLM; and KLEIN, CORNELIS JR. (1971) Orientation of exsolu­
tion lamellae in cJinopyroxenes and clinoamphiboles: consideration of optimal phase bound­
aries. Am. Mineralogist 56, 909-39. 263 

ROSENFELD, J.L., and CHASE, AB. (1961) Pressure and temperature of crystallization from elastic 
effects around solid inclusions in minerals? Am. J. Sci. 259, 519-41. 47 

SAYLOR, CP. (1935) Accuracy of microscopical methods for determining refractive index by immer-
sion. Jour. Res. Nat!. Bur. Stds. 15, 277-94. 55, 71, 72 

SCHUSTER, M. (1880) Uber die optische Orientierung der Plagioklase. Tschermaks Min. Petrog. Mitt. 
3, 117-284. 230 

SHORT, M.N. (1940) Microscopic determination of the ore minerals, U.S. Ceol. Surv. Bull. 914. 
viii, 12, 13, 33, 46, 83, 120, 160, 207, 279 

SHUBNIKOV, AV. (1960) Principles of Optical Crystallography (New York: Consultants Bureau). 118 

SHURCLIFF, WA (1962) Polarized Light (Cambridge: Harvard University Press). 36 

SKINNER, H. C W.; Ross, MALCOLM; and FRONDEL, CLIFFORD (1988) Asbestos and Other Fibrous Minerals: 
Mineralogy, Crystal Chemistry, and Health Effects. (Oxford University Press) 333 

SLEMMONS, D.B. (1962) Determination of volcanic and plutonic plagoclases using a three- or four-
axis universal stage. Ceol. Soc. Am. Special Paper 69. 287 

SMITH, H.T.U. (1938) Model to aid in visualizing the optical properties of crystals. Am. Mineralogist 
23, 629-43. 160 

STAPLES, L.W. (1936) Mineral determination by microchemical methods. Am. Mineralogist 21, 613-
34. 46 

STEVENSON, J.5., and STEVENSON, L.S. (1973) Well developed growth zoning in a struvite bladder 
stone. Canad. Mineralogist 11, 985-90. 2 

STOIBER, RE., and MORSE, SA (1972) Microscopic Identification of Crystals (New York: Ronald Press). 
Reprinted 1979, 1981, 1986 by RE. Krieger, Melbourne, FL. ix 

STRENS, RG.J., and FREER, ROBERT (1978) The physical basis of mineral optics, I. Classical theory. 
Mineral. Mag. 42, 19-30. 30 

Su, S.C (1992) Calibration of refractive index liquids by using optical glass standards with disper-
sion staining. Microscope 40, 95-108. 73,290 

Su, S.C (1993) Determination of refractive index of solids by dispersion staining method: An 
analytical approach. Proc. Ann. Mtg. Microscopy Soc. Am. Abstr. 51,456-457. 294,296,333 

Su, S.C (1994) A revised dispersion method for determining the composition of olivine, orthopy-
roxene, augite, and plagioclase. Am. Mineralogist, submitted. 300, 301, 305 

Su, S.C; BLOSS, F.D.; and GUNTER, MICKEY (1987) Procedures and computer program to refine the 
double variation method. Am. Mineralogist 72, 1011-13. 40,72, 75, 292 

Su, S.C; BLOSS, FD.; RIBBE, P.H.; and STEWART, D.B. (1984) Optic axial angle, a precise measure of 
Al,Si ordering in TI tetrahedral sites of K-rich alkali feldspars. Am. Mineralogist 69, 440-48. 

272 

Su, S.C; RIBBE, P.H.; and BLOSS, F.D. (1986a) Alkali feldspars: Structural state determination from 
composition and optic axial angle, 2V. Am. Mineralogist 71, 1285-96. 276 

Su, S.C; RIBBE, P.H.; BLOSS, F.D.; and GOLDSMITH, J.R (1986b) Optical properties of single crystals 
in the order-disorder series low albite-high albite. Am. Mineralogist 71, 1384-92. 275,277,279 

SUENO, T. (1933) On the use of standard glass powders in refractive index determination, Am. 
Mineralogist 18, 421-30. 73, 290 



342 References 

TAYLOR, E.C. SR. (1959) Peristome teeth in polarized light. The Bryologist, 62, 149-55. 2 

TERTSCH, H. (1938) Zwei graphische Methoden zur Bestimmung optische Werter an bestimmten 
Kristallflachen. Tschermaks Min. Petrog. Mitt. 51, 166. 238 

TILTON, L.W. (1942) Testing of Abbe refractometers. J. Opt. Soc. Am. 32, 371-81. 40 

TOBI, AC. (1956) A chart for measurement of optic axial angles. Am. Mineralogist 41, 516-18. 
209 

TROGER, W.E. (1979) Optical Determination of Rock-Forming Minerals, Part 1, Determinative Tables. 
Revised by H. U. Bambauer, F. Taborsky, and H.D. Trochim; English edition of the 4th German 
edition (Stuttgart: E. Schweizerbart'sche Verlagsbuchhandlung). viii, ix, xii, 77, 82, 97, 207, 

209, 214, 222, 224, 226, 234, 238, 278, 280, 281, 283, 293, 304, 310, 313 

TSUBOI, SEITARO (1923) A dispersion method of determining the plagioclases in cleavage flakes. 
Mineralogical Mag. 20, 108-22. 74, 214, 305 

TsuBol, SEITARO (1934) A straight-line diagram for determining plagioclase by the dispersion 
method. Japanese Jour. Ceo/. Ceog. 11, 325-26. 74,304 

TURNER. F.J. (1947) Determination of plagioclases with the 4-axis universal stage. Am. Mineralogist 
32, 389-410. 287 

USGS 848 See LARSEN and BERMAN (1934). 

USGS 1627 See FLEISCHER et a!. (1984). 

WILCOX. RE. (1983) Refractive index determination using the central focal masking technique 
with dispersion colors. Am. Mineralogist 68, 1226-36. 70 

WINCHELL, AN., and WINCHELL. HORACE (1951) Elements of Optical Mineralogy, 4th Ed., Pt. II, 
DeSCriptions of Minerals (New York: John Wiley & Sons, Inc.). 76, 77, 136, 199 

WINCHELL. HORACE (1946) A chart for measurement of interference figures. Am. Mineralogist 31, 
43-50. 209 

WINCHELL. HORACE (1965) Optical Properties of Minerals; a Determinative Table (New York: Academic 
Press). 203 

WINCHELL. N.H., and WINCHELL, AN. (1929) Elements of Optical Mineralogy, 2nd Ed., Pt. III, Determi-
native Tables (New York: John Wiley & Sons, Inc.). 97 

WRIGHT. F.E. (1905) The determination of the optical character of birefracting minerals. Am. Jour. 
Sci. (4), 20,285-96. 208 

WRIGHT, F.E. (1911) Methods of Petrographic Microscopic Research. Carnegie Inst. Wash. Pub!. 158. 
63, 112 

WRIGHT. F.E. (1951) Computation of the optical angle from the three principal refractive indices. 
Am. Mineralogist 36, 543-56. 166, 167 

WOLFING, E.A. (1895) Beitrage zur Kenntnis der Pyroxenfamilie. Tschermaks Min. Petrog. Mitt. 15, 
38. 220 

WYLLIE, P.J. (1959) Discrepancies between optic axial angles of olivines measured over different 
bisectrices. Am. Mineralogist 44, 49-64. 207 

ZUSSMAN, JACK, Ed. (1977) Physical Methods in Determinative Mineralogy 2nd Ed. (London: Academic 
Press). 284 



Index 

a-normal method, 234, 278 
Abbe refractometer, 23, 40, 72, 73 

and critical angle, 23 
high accuracy, 40, 73 

Absorption, 6, 25-27, 29, 47, 82, 135, 137-
139, 199, 201, 202, 324, 327, 329 

biaxial crystals, 201 
defined, 29 
determination, 138, 201-202 

Absorption axes, 201 
Absorption formula, 137, 138, 201, 202 

biaxial, 202 
uniaxial, 137 

Accessory plate, 38, 57-59, 107-109, 142-145, 
148, 151, 153, 182, 187, 204, 205, 212, 
229, 237, 284, 288, 311 

colors rise or fall, 109 
effect of, 108 
principle, 107 
retardation in, 107 
three most common types, 107 
use of, 106, 109 
used to identify interference color, 112 

Accuracy, 16, 35, 40, 42, 71-73, 86, 112, 149, 
158, 210, 289 

defined,72 
improving, 72 
in routine work, 71 
of dispersion method, 289, 293 
of immersion method, 71 
tested,72 

Acicular crystal habit, 235 
Actinolite, 301, 327, 333, 335, 336 
Activity, optical, 9 
Acute bisectrix (Bxa), 125, 163, 164, 180, 220, 

224 
defined, 163 

Aegirinaugite, 329 
Aenigmatite, 254, 255 
Air, 3, 14, 17, 18, 23, 24, 34, 164, 165, 186, 

310,334 
color of light in, 24 
n taken as 1 in, 14 

refractive index of, 14 
wave velocity, 14 

Albite, 215, 230, 234, 240-242, 266, 274, 275, 
277-279, 320, 322, 330 

twin law, 240 
Alcohol, 14, 44-46, 310 
Alkali feldspar, 274, 276, 277, 319, 322 
Allowed direction, 6 
Alpha refractive index, 159-167 

confirmation, 212 
Alpha prime (a') index, 161, 181, 214 
Alpha-chloronaphthalene, 27 
Alunite, 140, 145, 152 
Amici, G.B., 40, 124 
Ammonium chloride, 27, 28 
Amosite, 333, 335 
Amphibole, 101, 168, 202, 214, 227, 238, 263, 

281, 287, 288, 301, 320, 323, 327, 328, 
333-335 

calcic, 281 
Amplitude, 3-7, 87-89, 91, 93, 97 

wave, 4 . 
Analbite, 274, 278 
Analcite, 331 
Analyzer, 36, 57, 78, 91-93, 107, 109, 113, 

156, 311, 315 
need to remove, 109, 156 
rotating, 113 

Andalusite, 281, 319, 320, 329, 281, 329 
Andesine, 330 
Angle 

axial, 163, 216 
critical, 22 
extinction, 49 
glancing, 99 
minimum deviation, 41 
of incidence, 17, 18, 22, 23, 99 
of reflection, 22 
of refraction, 17, 23, 25, 41, 79, 283 
optic, 49, 163-167, 188, 189, 207-210 
silhouette, 151 

Angles, stereo coordinate, 238 
Anhydrite, 218 

343 
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Anisotropic crystal plate, 20, 89, 90 
Anisotropic crystals, 8, 14, 21, 25, 30, 47, 49, 

76-78, 102, 104, 180 
Anisotropic substances, 3, 6, 10, 14, 16, 23, 

28, 139 
Anisotropy, test for, 310 
Annular screening, 70 
Anorthite, vii, 208, 234, 266, 278, 304, 331, 

208,331 
Anorthoclase, 330 
Anthophyllite, 327, 333 
Anthophyllite-gedrite, 301 
Apatite, 69, 110, 136, 140, 152, 158, 200, 319-

322,329 
Aperture diaphragm, 38 
Aperture; see Numerical aperture, N.A. 
Aqua regia, 82 
Aragonite, 194, 209, 235, 239 
Arfvedsonite, 301, 327 
Asbestos, 333 
Augite, viii, xi, 203, 208, 241, 259, 261-264, 

300, 301, 320, 321, 329 
Axial angle, 163 (see also optic angle) 
Axial character, 124, 136, 199 

Babingtonite, 196, 254-256 
Bakelite, 90 
Barite, 169, 184, 197 
Bartholinus and calcite, 12 
Basal section, 127, 143, 235, 327 
Basalt, 241 
Becke, F., 55 
Becke line, 50, 52-56, 61, 69, 72, 74, 76, 79, 

83, 149, 215, 311 
colored, 56, 
crystal high (ill.), 52 
crystal low (ill.), 52 
from lamellae, 262 
practice, 52 
principle, 54 
rule for, 54 
with colored crystals, 55 

Berek compensator, 113 
Bertrand lens, 35, 37, 38, 77, 123, 142 

described, 37 
Bertrand, E., 40, 124 
Beryl, 122, 199 
Beta refractive index, 159-167 

confirmation, 212 
defined, 159 
estimation, 316 

Beta prime, 162 
Biaxial crystal identification, 225, 239 

properties used, 199 
Biaxial crystals, 8, 9, 15, 30, 104, 106, 115, 

118, 123, 136, 159, 163, 168, 199-202, 
211, 215, 216, 227, 231, 232, 285 

identification, 200 
Biaxial indicatrix, 126, 160-162, 167, 173, 246 
Biaxial interference figures, 125, 172-175, 198 

naming, 173 
Biaxial minerals, abundance, 199 
Biographical comment 

Becke, F., 55 
Bertrand, E., 124 
Biot, J.B., 165 
Bragg, W.H., 100 
Bragg, W.L., 100 
Fermat, P. de, 90 
Fletcher, L., 117 
Fraunhofer, J., 27 
Fresnel, A.J., 165 
Huygens, C, 10 
Larsen, E.S. Jr., 73 
Merwin, H.E., 73 
Posnjak, E., 73 
Rutherford, E., 41 
Schairer, J.F., 75 
Snell, W., 17 
Sorby, H.C, 47 
Thomson, J.J., 100 
Wright, F.E., 112 
Zies, E.G., 323 

Biot, J.B., 1, 165 
Biot-Fresnel Law, 30, 165, 166, 176, 178, 179 

approximation, 178 
Biot-Fresnel rule, 178, 255 

approximate, 255 
Biotite, 136, 177, 202, 207, 209, 319-321, 329, 

136, 302, 329 
Birdseye maple effect, 79, 322 
Birefringence, 28, 44, 71, 78, 103, 104, 109, 

111, 113, 120, 124, 127, 129, 130, 132, 
133, 136, 144-146, 150, 156, 166, 167, 
182, 183, 185, 199, 214, 224, 226, 284, 
297, 320, 322, 326, 334-336 

and retardation, 90 
biaxial crystals, 202 
biaxial, strength, 202 
defined, 2, 21 
dispersion of, 141 
estimated from interference figures, 140 
estimated in thin section, 141 
estimation, 203 
estimation in immersion, 139 
in thin section, 323 
of a section, 21, 114, 202 
of a substance, 21 
partial, 21, 202 
strength, 139 
uniaxial crystals, 139 
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Birnie, RW., ix, 178 
Bisectrix, 125, 163, 164, 176, lBO, 215, 220, 

224 
acute (Bxa), 163 
obtuse (Bxo), 163 

Bloss, F.D., viii, ix, x, 40, 70, 73, 75, 82, 207, 
214, 234, 271, 279, 280-282, 287, 289, 292 

Borax, 222 
Bracket, refractive index, 315, 335 
Bragg, W. H., 100 
Bragg, W. L., 100 
Bragg's Law, 98-101 
Brightness, 93, 94, 97, 98 
British Museum, 117 
Brookite, 219 
Brucite, 153, 335, 336 
Buerger, M.J., ix, 64 
Buerger diagrams for color fringes, 64 
Bunsen, RW., 27 
Butler, RD., ix 
Bxa, 125, 163, 164, 167, 173--193 
Bxa direction, 176, 183, 187 
Bxa figure, 175-184, 186, 187, 190-195, 194, 

195, 197, 201, 204, 205, 206, 209, 216, 
218, 222-224, 226, 237, 238, 257, 259, 
274, 281, 317 

aragonite, 194 
color curves, 182 
distinguished from other 2-SP, 185-189 
example with color curves, 182, 193 
muscovite, 182, 194 
vibration directions, 176 
vibration vectors, 179 

Bxa', 180, 182, 183, 204 
Bxo, 125, 163, 164, 169, 173--176, 183--189 
Bxo direction, 186, 187, 204-206 
Bxo figure, 184, 204, 210, 257, 258, 261, 267 

distinguished from other 2-SP, 185-189 
examples, 184 
vibration vectors, 184 

Bytownite, 196, 203, 321, 331 

c axis, 13, 29, 119, 120, 122, 126, 127, 131-
133, 142, 153, 155, 177, 230, 235, 238, 
247, 250, 251, 254, 271, 284 

Calcite, ix, 5, 12, 13, 21, 29, 36, 95, 104, 105, 
113, 117, 127, 132, 134, 140, 145, 148-
150, 154, 155, 199, 204, 283, 327, 332 

Calcite experiment, ix, 12, 21, 29 
Cambridge, University of, ix, 99, 100 
Cancrinite, 105, 133, 140, 145, 154, 331 
Carbonate group, 122, 149 
Carbonate minerals, 120, 149, 150, 153 
Carbonates, 136, 139, 149, 200, 322, 332 
Cargille, 45, 69, 290, 291, 305 
Carnegie Institution of Washington, 73, 112 

Cauchy equation, 292 
Cauchy, A.L., 1 
Cavendish Professor, 100 
Cell edges, 271 

in feldspar, 271 
Cell mitosis, 2 
Cellulose tape, 184 
Central illumination test, 52 
Central screening, 70, 71, 334 
Chapman, CA., ix 
Chemistry, 2, 99, 207 
Cherry tomato, 67, 68, 309 
Chlorite, 136, 141, 153, 214, 224, 281, 319, 

321, 329, 136, 281, 302, 329 
Chloritoid, 321, 328 
Chondrodite, 202, 240 
Christiansen effect, 63 
Chrysotile, 333 
Circular section, 29, 117, 118, 127, 129, 160-

164, 167, 180, 284, 285 
and optic axes, 162 
biaxial, 160 
normal to, equals optic axis, 163 
origin, 162 

Class, xi, 25, 30, 72, 119, 136, 168, 199, 247, 
248,281 

holosymmetric, 119 
Classification, viii, 8, 125, 126, 172, 320 
Cleavage 

and crystal system, 241 
basal, 153 
effects of, 148 
examples, 154 
flat-topped fragments, 154 
fragments, 81 
in immersion mounts, 153 
in isometric crystals, 80 
in thin section, 80, 153 
in uniaxial crystals, 152 
pinacoidal, 236 
prismatic, 153, 235 
prismatic form, 243 
prismatic versus pinacoidal, 243 
recognition, 154, 242, 322 
rhombohedral, 153 
types, 242 

Cleavage flakes, 95, 145, 151, 196, 197, 258, 
265, 304, 320 

epsilon prime on, 148 
Cleavage forms, 207, 243--245, 316 

recognition, 243 
Cleavage fragments 

platy or rod-like, 214 
Clinohumite, 240 
Coal, 2 
Color, 2, 24--27 
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in air, 24 
in mafic minerals, 323 
isotropic crystals, 78 
of crystals, 28, 29 
of riebeckite, 334 

Color bands, 124, 144 (see also color curves) 
Color chips, 67, 72 

for color fringe test, 67 
Color curves, 124, 126-128, 130-134, 140, 

141, 144-146, 176, 183-185, 193, 198, 203 
and birefringence, 124, 127, 128-130, 203, 

204 
in Bxa figure, 182 
in Bxo figure, 184 
in flash figure, 133, 134, 185 
in interference figures, 124 
in optic axis figure, 128, 195 
not curves of equal birefringence, 183 

Color fringe, 56, 62, 64, 65, 67-fJ9, 72, 73, 83, 
147, 156, 211, 224, 291, 309, 311, 312, 
315-318, 334, 335 

and dispersion, 63, 65 
calibration, 67 
in oblique illumination, 62 
intensity, 62 
orange-red, 62, 65 
principle, 63 
pylon color, 65 
reference standard, 65 
rules, 62 

Color of light, 24, 69, 220 
and frequency, 24 

Color-blind people, 63, 145 
Compensation, 109, 110, 112 

with accessory plate, 112 
Compensator, 112, 113 

Berek,113 
Ehringhaus, 113 
elliptic, 113 
Senarmont, 113 

Components 
of vibration, 89 
plane polarized, 102 

Composition plane, 81, 154, 155, 228, 230, 
239-241 

Conchoidal fracture, 320 
Condenser, 31, 32, 35-38, 54, 58, 123 

diaphragm, 37 
substage, 37 

Confirmation, 2, 148, 212 
Conoscope, 37, 124, 286 
Conoscopic illumination, 123 
Conoscopic observation, 37, 102, 286 
Conventions, 103, 104, 109, 143, 170, 239, 250 

for naming sections or planes, 104 

Converging lens, 37, 38, 57, 58, 77, 102, 123 
Cordierite, 215, 239, 240, 331, 240, 331 
Corundum, 136 
Counter-rotating figure (CR), 174 
Cover glass, 34, 43-45, 51, 287, 310 
CR and SR figures, 190-192, 194 
CR and SR isogyres, 192 
CR figure, 192, 194, 193, 195 
CRISP figure, 258, 254, 258, 259, 318 
Cracks, cleavage, 80 
Crest, wave, 4, 87 
Cristobalite, 78, 332 
Critical angle, 22, 23, 40, 49, 52, 54, 283 

defined,22 
Crocidolite, 333, 335 
Crossed axial plane dispersion, 170, 219, 235 
Crossed nicols, 36 
Crossed polars, 36 
Crosshairs,32,33,37,62, 126, 133, 173, 175, 

213 
Crossite, 281 
Crossover, 

refractive index, 280, 281 
Crushed grains, 43, 44, 76, 82, 140, 155 

mounting, 44 
preparation, 43 

Crushed rock, crystal identification in xii, 318 
Crystal, 

aggregates, 46 
biaxial, 315 
cleavage, 80 
defined,8 
form, 79, 150 
size, 150 
system, 8 
uniaxial, 313 

Crystal identification, 
defined, 1 
isotropic, 76 
worked example, 83, 155, 223 

Crystal structure analysis, 101 
Crystal symmetry, 8, 30, 119, 215, 280 

and vibration directions, 30 
Crystal system, viii, ix, 8, 13, 30, 76, 119, 

155, 168, 228, 231, 232-234, 239, 241-243, 
245-247, 316, 335 

determination, 155 
examples of identification, 243 
hexagonal, 118 
identification from cleavage, 243 
identification in thin section, 245 
isometric (cubic), 8 
monoclinic, 257 
orthorhombic, 260 
tetragonal, 118 
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tricIinic, 254 
Crystalline precipitate, 46, 82 
Crystallization, 79 
Crystallographic directions, 2, 8, 9, 35, 116, 

118, 163, 168, 201, 228, 229, 233-236, 
235, 236, 238, 245, 251, 286 

identification, 235 
Crystallographic properties, 77, 79, 136, 155, 

168, 199, 224, 265 
Crystallographic review, 247 
Crystallography, 2, 8, 150, 247 

operations, 247 
Crystals 

anisotropic, 49 
euhedral, 80 
grown on slides, 151 
hexagonal, 151, 155 
isotropic, 49 
monoclinic, 168 
orthorhombic, 168 
tetragonal, 155 
triclinic, 168 

Cubic system, 8 
Cummingtonite, 301, 327, 301, 327 

D line, 51, 69, 83, 86, 272-274, 293, 295-297, 
310,318 

standard wavelength, 28 
Darkness, 89, 92 
Daylight, 35, 51, 106 
Density, 2, 15, 16, 35, 45, 81, 82, 86, 271, 278 

of minerals, 81 
Descartes, R., 17 
Determinative equation, 86, 296, 300, 301, 305 

alkali feldspar, 276 
dispersion method, 296 
mafic minerals, 300 
plagioclase, 305 

Detrital mineral grains, 45 
Diaphragm, 35, 37, 38, 52, 57, 72, 83, 123, 

311,322 
aperture, iris, 38 
field, 38 
pinhole, 123 
substage, 38 

Dichroism, 36, 137 
Dickey, J.S. Jr., ix, 241 
Differential relief, 322, 327, 332 
Diffraction, 3, 98-101, 253, 321 

and Bragg's Law, 98 
optical, demonstrated, 98 
related to wavelength, 98 
X-ray, 99 

Diopside, 208, 240, 259, 260, 262, 328, 208, 
328 

Dirac, P., 1 
Directions image, 123 
Dispersion, 24 

and crystal symmetry, 215 
and extinction, 220 
and optic orientation, 237 
axial angle, 216 
crossed, 220 
crossed axial plane, 170, 219, 235 
determination of, 223 
effect on extinction, 106 
estimation of slope, 293 
examples, 216, 222 
fractional, 290 
horizontal, 220 
in interference figures, 198 
inclined, 220 
monoclinic, 220, 237 
of crystals, 293, 297 
of other optical properties, 28 
of the birefringence, 141 
of the optic angle (axes), 216 
of the optic plane, 220 
of the refractive index, 25, 27, 150, 216 
of the vibration directions, 170, 219 
reciprocal (Abbe V), 290 
rhombic, 216 
showing biaxial character, 200 
strength of, 27, 220 
triclinic crystals, 222 
use in optic orientation, 237 

Dispersion curves, 27, 28, 64, 66, 73, 74, 85, 
294,304 

algebraic, 74 
liquid and solid, 28 

Dispersion formula, 274, 281 
Dispersion method, vii, viii, xi, xii, 40, 51, 

71-75, 83, 84, 150, 155, 156, 216, 226, 
278, 289, 292, 299, 301, 304, 305, 306, 
318, 334, 336 

asbestos, 334 
biaxial crystals, 226 
described, 73 
in worked example, 83, 156, 226 
precision, 74, 301, 304, 308 
procedure, 297 
recipes, 318 
use of, 289 

Dispersion staining, 69-71, 334 
asbestos minerals, 334 

Dolomite, 149, 154, 327 
Double diaphragm method, 72 
Double liquid method, 296, 297, 301 
Double refraction, 5, 21 (see also birefrin-

gence) 
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Double variation method, 75, 289 
Dravite, 137 

E direction, 133 
E ray, 116, 117, 122 

Index 

observed in mica, 97 
parallel, 105, 153, 231 
straight, 105 
symmetrical, 105, 154, 231 
table, 232 

E vibration direction, 117, 119, 120, 125, 142, types, 105, 106, 231-234 
undulatory, 105 153 

E', 132, 134, 143-145, 148 
Ehringhaus compensator, 113 
Einstein, A., 1 
Electric field, 29, 122 

in crystals, 29 
Electron microprobe, xi, 3, 48, 82, 301, 321 
Ellipsoid, 29, 117, 119, 120, 126, 149, 160, 

162, 165, 167, 168 
of revolution, 117, 126, 149 
spin,117 
triaxial, 160 

Elliptic compensator, 113 
Elongation, 235, 320, 332, 334, 335 

applied to cleavages, 228 
crystal, 227 
examples, 152 
limitations, 152 
negative, 152 
positive, 152 
rules, 152 
rules for, biaxial crystals, 227 
sign of, 151, 227 
uniaxial crystals, 151 

Energy, 9, 11, 12 
Enstatite, 328 
Epidote, 141, 328 
Epsilon, 147, 148, 156, 313 

confirmation of, 148 
e', 119, 129, 132, 135, 137, 142, 143, 147-

149, 161, 162, 180, 181, 214, 230, ~04, 
308, 313, 315, 317, 335 

defined, 117 
Epsomite, 218 
Equipment, 31, 71, 111, 140, 188, 209, 230, 

282, 286 
Error, 16, 56, 67, 71, 74, 86, 139, 151, 167, 

209, 234, 286, 293, 297,335 
Ethyldiiodoarsene, 14 
Euclase, 185 
Euhedral crystals, 80, 81, 151, 152, 227 
Extinction, 78, 97 

complete, 104 
defined, 97 
effect of dispersion on, 106, 171 
explained, 97 
imperfect, 104 
in biaxial crystals, 231 
inclined, 106, 232, 233 
inclined, in orthorhombic crystals, 231 

Extinction angle, 49, 103, 106, 221, 228--234, 
237, 238, 251, 254, 259, 260, 278, 286 

expression, 230 
in thin section, 323 
measurement, 228 
measurement with V-stage, 286 
special uses, 234 

Extinction positions, 131, 132, 151, 153, 154, 
173, 175, 228 

Extraordinary ray, 116 
Eyepiece, 31, 32, 123, 124 

F line, 293 
Fairbairn, H.W., ix 
Falling colors, 144 
Fast ray, 103 
Fedorow stage, 282 
Feldspar, viii, 55, 74, 203, 207, 215, 230, 234, 

240,265, 266, 268--274, 276-279, 286, 304, 
319, 322, 330 

cell edges, 271 
composition, 266 
optic orientation, 265 
ordering, 268 
structure, 268 

Feldspathoids, 76, 136, 200 
Fermat, P. de, 1,90 
Fermat's principle, 89, 108 
Ferroaugite, 220, 223 
Fibers 

asbestiform, 333 
organic, 336 

Fibrous minerals 
in asbestos, 335 

Field diameter, 186 
Field diaphragm, 38 
Filter, 31, 35, 38, 44, 51, 85, 290-292, 310 

interference, 290 
Flame tests, 26 
Flash figure, 125, 126, 132-134, 138, 142, 143, 

145, 147, 148, 156, 203-205, 212, 213, 
259, 261, 314, 315 

biaxial (ON), 185 
color curves in, 133, 134, 185 
distinguished from other 2-SP, 185-189 
uniaxial, 132, 314 
used for pleochroism, 138 

Flattening, sign of, 227, 228 
Fletcher, L., 117 
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Fluorapatite, 156 
Fluorite, 16, 29, 69, 76, 80, 332 
Focal masking, 69 
Focal plane, 37, 38, 54, 57, 69, 70, 77, 123 
Focal screening, 69, 71 
Focus, 31, 33, 34, 37, 38, 49, 52, 54-58, 60, 

124, 228, 246, 253, 266, 278, 310, 311, 322 
Form, 2, 8, 79, 150-152,227 
Fractional difference 

Hartmann wavelength, 295 
Fractional dispersion, 290 
Fraunhofer lines, 27 
Fraunhofer spectrum, 27 
Fraunhofer, L 1, 27 
Frequency of vibration, 5, 24, 95 
Fresnel, A., 1, 165 
Frontispiece, 62, 64, 97, 107, 110, 111, 114, 

263 

Gamma refractive index, 159-167 
confirmation, 212 

Gamma prime (y') index, 161, 181, 214 
Garnet, 46, 76, 79, 302, 319-321, 326, 78, 302, 

326 
Gassetts schist, 320 
Gedrite, 327 
Gelatin mounts, 45, 214 
Geometrical surfaces, 118 
Geophysical Laboratory, 73, 75, 112 
Gips, 107, 144, 314, 317 (see also gypsum 

plate) 
Gladstone and Dale 

rule of, 15, 16, 271, 300 
Glasses, 2, 32, 33, 43, 45, 73, 76, 323 
Glauberite, 218 
Glaucophane, 281, 301, 327, 301, 327 
Glimmer, 107 (see also mica plate) 
Goldsmith, J.R., x 
Grating, diffraction, 100 
Grunerite, 333-335 
Gypsum plate, 107, 108, 110, 142, 144-146, 

152, 187, 224, 285 
as generic name, 107 
at extinction position, 230 
in optic sign determination, 144, 205, 206 

H 20, 82, 331 
Halite, 76, 80, 83, 86 

dispersion of, 86 
Hardness, 82, 226, 336 
Hartmann equation, vii, 292, 293 
Hartmann net, 74 
Hartmann space, 69, 85, 294, 295, 334 
HCl,82 
Heavy minerals, 45, 46 
Hemimorphite, 208 

Hemispheres, 283, 284, 286 
Heulandite, 106, 209, 221 
Hexagonal crystals, 151, 155 
Hexagonal system, 120, 154, 155 
HN03,82 
Hornblende, 170, 203, 327 
Human eye, 

color sensitivity, 24 
Humite group, 240 
Huygens, c., 1, 5, 10-13, 99, 100 
Huygens' construction, 10, 11, 99, 100 

defined, 10 
Hypersthene, xi, 168, 260, 262, 263, 321, 328, 

260,328 

Iceland spar,S 
Illumination, 35 

adjustment, 35, 37 
conoscopic, 123 
daylight, 106 
Kohler, 38 
orthoscopic, 123 

Ilmenite, 241, 320, 321 
Image, 

real, 31 
virtual, 31 

Immersion method, vii, xi, xii, 49-51, 55, 71, 
72, 76, 210, 309, 311, 318, 319, 333, 336 

strategy, 50 
In phase, 88 
Index of refraction, 14, 16-18, 28, 49, 79, 133, 

149, 150, 291 (see also refractive index) 
Indicatrix, 117 

axes, 160 
biaxial, 160 
circular section, 117 
equations, 165 
models, 160 
orientation, 119, 161 
sections, 117 
symmetry planes, 118 
terminology, 163 
uniaxial, 116 

Intensity,S, 7, 24, 26, 29, 56, 62, 64, 81, 89, 
93-95, 97, 112, 137, 138, 141, 202 

Interference, 87 
constructive, 88 
destructive, 89 

Interference color, 87 
abnormal, 141 
above fourth order, 95 
compensation, 112 
defined, 93 
fall, rise, 108, 109 
first-order red, 108 
graphical explanation, 96 
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gray, 78, 106, 108 
origin, 94 
seen in calcite, 95 
seen in mica, 94 
unique, 111 
white, 106 

Interference color chart, 114 
Interference color scale, 95, 97, 128, 129 

seen in quartz wedge, 95 
Interference figure, 77, 118, 314 

O-SP, 126 
I-SP, 126 
2-SP, 126 
and cleavage type, 243 
and elongation, 227 
and flattening, 228 
biaxial, 172 
classification, 125, 172 
CRISP, 316 
defined, 123 
effect of crystal orientation, 125 
effect of dispersion, 198 
extinction in, 124 
how to obtain, 123 
n-SP, 126 
photographs of, 127, 134, 185, 241 
SRISP, 315 
types, 126 
uniaxial, 126 
uniaxial and biaxial, 123 
use, uniaxial, 134 

Intergrowths, 259, 261, 262, 264 
of crystals, 261 

Iridescence, 
in minerals, 101 

Iris diaphragm, 37, 38 
Isochromatic curves (see color curves) 
Isochromes (see color curves) 
Isogyres, 124 

behavior, 126 
colored fringes on (dispersion), 216-223 
CR and SR, 190-194 
curvature, 208 
defined, 124 
leave the field, or not, 186 
origin, 127 

Isometric crystals, 80, 81, 151 
Isometric system, 8, 78 
Isomorph,2 
Isotropic, 

inorganic crystals, 76 
minerals, 76 

Isotropic character 
determination, 77 

Isotropic crystal identification, 76, 84 

Index 

Isotropic crystals, 8, 49, 66, 78, 81, 149, 154, 
314 

Isotropic medium, 9, 10, 17 
Isotropic minerals 

abundance, 76 
Isotropic substances, 3, 20, 76, 77, 79, 104, 

145 

Jaffe, H.W., ix, x, 15, 16,264 

K feldspar, 215, 269, 271, 274, 322 
Kamb, B., ix 
Kanonaite, 281 
kD, Hartmann wavelength, 85, 295, 297, 298 
Kinsman granite, 320 
Kirchhoff, G.R., 27 
Kyanite, 106, 257, 258, 319, 321, 328 

Labradorite, 101, 330 
Lamellae, 101, 154, 240, 241, 261, 262, 287, 

321 
twin, 154, 240 

Land, E.H., 36 
Larsen, E.S., 73 
Lasaulx method, 124 
Laser, 98, 99 
Lattice, 261, 268, 269 

reciprocal, 268 
Lemniscates, 183 

color curves, 183 
Length-fast, 152, 334 
Length-slow, 152, 334 
Lens, 7, 31-35, 37, 38, 57-60, 77, 81, 102, 

123, 124, 142, 224, 257, 286, 310 
Lensoid grains, 55 
Leucite, 78, 331, 78, 331 
Light 

circularly polarized, 6 
defined,3 
elliptically polarized, 6 
monochromatic, 24 
nature of, 1 
plane polarized, 6 
sky, 215 
sodium, 70, 127, 134, 185 
source, 4 
theories of, 165 
white, 24 

Liquid, refractive index 
Cargille, 290 
dispersion, 39 
properties, 39 
refractive index, 39, 50, 290 
special plagioclase, 290 

Lithiophilite, 200 
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Lorentz, H.A., 16 
Lorenz, L., 16 
Lyons, J.B., viii, 326 

Mafic minerals, 300-302, 319, 323 
dispersion method for, 300 

Magnesite, 149 
Magnification, 32-34, 43, 123 
Mallard's constant, 209, 210 
Mallard's method, 209 
Marble, 153, 204 
Maskelynite, 117 
Match, vii, 51, 52, 54, 56, 63-65, 67-69, 71, 

74, 76, 83, 85, 86, 147, 150, 156, 211, 212, 
282, 283, 289, 293, 295, 297, 300, 305, 
309-312, 315-318, 320, 333-335 

Matching condition with dispersion method, 
85 

Matching wavelength, 70, 74, 296 
Maxwell, J.e., 1, 27 
McCrone, W.e., ix 
Media, 16, 39, 44, 82, 149, 151 
Melatope, 178, 181, 183, 192-195, 205, 213, 

218, 251, 254 
defined, 172 

Melilite, 154 
Melts, 44 

refractive index, 39 
Merwin, H.E., 40, 73 
Metamorphic rocks, 46, 105, 269, 327, 328, 

331 
Methyl alcohol, 14 
Mica, 94, 100, 107, 109, 110, 122, 182, 214, 

320, 321, 122, 168 
Mica plate, 107, 110, 107 
Micas, 329 
Michel-Levy chart, 114 
Michel-Levy method, 278 
Microchemical reactions, 46, 82 
Microcline, 241, 242, 269, 271, 320, 330 

maximum, 269 
Micrometer, 33, 209 
Micrometer scale, 32 
Microprobe, see electron, 3 
Microscope, 

binocular, 321 
compound, 2, 31 
polarizing, petrographic, 1, 31 

Miller index, 229, 249, 253, 261 
Minimum deviation condition, 100 
Minimum deviation method, 41, 73 
Mixed species in a sample, 214 
Modal analysis, 1, 34 
Monalbite, 274 
Monochromatic light, 87, 216, 310 

Monochromator, xi, xii, 35, 69, 74, 156, 292, 
310,318 

interference filter, 85, 291 
Monoclinic crystals, 168, 201, 214, 219, 221, 

222, 230, 232, 269 
extinction in, 232 

Monoclinic system, 219, 232, 237, 239, 243, 
246,248 

Moon, 112 
Morphological crystallography 

review, 247 
Mosses, 2 
Mounting medium, 43, 46, 46, 49, 50, 79, 80, 

149, 150, 215, 322 
desirable refractive index, 79 

Mount, immersion, viii, 28, 43-46, 49, 51, 52, 
153, 211, 242, 252, 267, 290, 291, 309, 
310, 318, 320 

Munsell color, 67 
Munsell color appearance system, 78 
Muscovite, 94, 97, 182, 194, 209, 218, 320, 

321, 329, 330, 194, 329 

N.A., 34, 123, 186, 188, 189, 203, 204, 209, 
224 

N-symmetry plane figure, 126 
Na2SiF., 14 
NaCl, 80, 83, 86, 331 
Negative elongation, 152, 332 
Nepheline, 154, 320, 331, 154, 331 
Nesosilicates, 168 
Newton, 1., 1 

and dispersion, 25 
Nickelsen, R.P., ix 
Nicol, W., 36 
Nicols, 36 
Niter, 104, 105, 122, 132 
Nitrate groups, 122 
Normal incidence, 20, 100 
nTI - nLi, 27, 216 
Null position, 85 

in oblique illumination, 85 
Numerical aperture (see also N.A.), 34, 123, 

186, 188, 257 
defined,34 

Odrrection, 129, 137, 138, 148 
o ray, 116, 117, 120, 122 
Objective, 31, 33, 34, 43, 70, 72, 189, 282, 286 

centering, 33 
magnification, 34 
oil immersion, 33 
used for interference figures, 123 
working distance, 34 

Oblique illumination, vii, 50, 60-63, 65, 67, 
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69-72, 75, 79, 147, 149, 211, 246, 311, 
333-335 

avoidance of, 246 
shadow, 83 

Oblique illumination test, 52, 57, 63, 76 
practice, 57 
principle, 59 
rules, 58 

Obtuse bisectrix (Bxo), 125, 163 
defined, 163 

Octahedral layers, 168 
Ocular, 32, 33, 37, 38, 105, 112, 123, 209 

description, 32 
grid, 32 
pinhole, 123 
use and care, 32 

Oil, 
Cargille, 290 
refractive index, SO, 290 

Oil immersion, 33, 164, 310, 321 
Oligoclase, 187, 330, 187, 330 
Olivine, viii, xi, 79, 104, 203, 208, 209, 240, 

300, 301, 304, 320, 321-323, 326, 330 
Omega refractive index, 119, 145, 156, 314 
ON, see optic normal, 163 
One-symmetry plane figure, see I-SP 
I-SP figure, 126, 172, 174, 196, 197, 212, 213, 

244,267 
CR and SR, 190 
defined, 126 
origin, 190-196 
two-isogyre, 190, 196 

Opaque material, 2, 48 
Operations, 143, 144, 247, 248, 284, 285 

of crystallography, 247 
Optic angle, 2, 316 (see also 2V) 

calculation from refractive indices, 165--167 
defined, 163 
determination, 207 
estimation, 207 
estimation from optic axis figure, 208 
fortuitously zero, 200 
from rotation angle, 209 
in air, 164 
in oil, 164 
in the crystal, 164 
measured directly, 285, 288 

Optic axes, 8, 159 
as propagation directions, 163 
defined, 163 
normals to circular sections, 160 

Optic axial angle (see also optic angle, 163) 
Optic axis, 102 

of calcite, 12 
defined, 117 

Optic axis figure 

biaxial, 194-196 
centered, 126, 194-1% 
color curves in, 127, 195 
estimation of 2V, 208 
examples, 132, 196 
isogyres in, 127, 194 
uncentered, 131, 196 
uniaxial, 126--132 

Optic axis sections, 103, 104, 106, 141, 155, 
212,213 

Optic normal (ON) 
defined, 163 

Optic normal figure (flash figure), 185 
color curve spacing, 185 
isogyres fuzzy, 185 
vibration vectors, 185 

Optic orientation, 30, 106, 316 
biaxial, 228 
defined, 168 
expression of, 234 
in feldspars, 265 
in stereographic projection, 247 
monoclinic crystals, 237, 257 
orthorhombic examples, 260 
related to symmetry, 168 
triclinic crystals, 238, 250, 254 
uniaxial, 118 

Optic plane, 
defined, 163 
trace of, in Bxa figure, 176, 181, 183 
trace of, in Bxo figure, 184 
trace of, in flash figure, 185 

Optic plane switch, 271, 273 
Optic sign, 120, 316 

and refractive indices, 167 
defined, 119, 164, 167 
determination, 142, 143, 179, 182, 197 
determination illustrated, 145 
direct determination, 204 
from flash figure, 142 
from optic axis figures, 143 
from refractive indices, 206 
rules, 142, 143, 205 
structural basis (biaxial), 167 
structural basis (uniaxial), 120 
uniaxial crystals, 119, 141 

Optical diffraction, 98, 99, 101 
Optical Transform Kit, 99 
Optics, 1-3, 12, 13, 20, 30, 36, 98, 99, 116, 

159, 163, 266, 267, 268, 271, 274 
crystal, 1 

Order of interference color, 95, 106--108, 110-
114, 128, 129, 133, 139, 140, 144, 145, 
162, 183, 199, 203, 204, 288, 289 

Ordering, 235, 268,269,271-275,277-281 
in K feldspar, 271 



Index 353 

Ordinary ray, 116 
Orientation diagrams, 169, 170 
Orthoclase, 232, 239, 266, 267, 320, 322, 330, 

331 
Orthopyroxene, viii, 227, 263, 264, 300, 301, 

304, 320, 321 
megacryst, 321 

Orthorhombic crystals, 168, 201, 216, 218, 
219, 231, 233, 236, 244 

extinction in, 231 
optic orientation, 168, 234 

Orthorhombic system, 9, 231, 234, 239, 246 
Orthoscopic image, 124, 131, 133-135, 143, 

145, 173, 175, 176, 183, 184, 185, 187 
Orthoscopic observation, 37, 123, 286 
Out of phase, 89, 109 
Outhouse, 75 

Paragonite, 321, 329 
Pargasite, 301 
Partial refractive index, 117, 214 
Path difference, 109 
Path length, 90 
Pericline twinning, 241 
Peristerite, 101 
Perpendicular inCidence, 19, 21 
Petrofabric study, 284 
Phase, 87-89, 91, 109, 124, 261 
Phase relationships, 87, 91 
Physics, 1, 41, 98, 99 

crystal, 29 
quantum, 27 

Pigeonite, 262-264, 328, 263, 328 
Pinacoidal cleavages, 236, 242-244, 249 

frequency, 242 
Plagioclase, vii, viii, xi, 55, 74, 106, 117, 214, 

215, 230, 240, 241, 266, 280, 286, 290, 
300, 319, 320, 321, 330, 331 

a-normal method, 234, 278 
determination in thin section, 234, 278 
composition, 278 
dispersion method, 304-307 
extinction angles, 278 
Michel-Levy method, 278 
optic orientation, 278 
twinning, 240, 241 

Plagioclase dispersion chart, 304 
Plagioclase Dispersion Set, 

Cargille, 305 
Planck, M., 1 
Plane of vibration, 4 
Plane polarized light,S, 6, 78, 104, 116 
Pleochroic colors, 137, 148, 201, 202, 257, 324 

related to composition, 202 
Pleochroic formula, 148 

Pleochroism, 29, 36, 135, 137-139, 148, 199, 
201, 202, 321, 323, 327-329 

biaxial crystals, 201 
defined,29 
determination, 138 
in mafic minerals, 323 
in refractive index determination, 148 
uniaxial, 137 

Pleochroism and absorption, 138, 139, 199, 
201,202 

determination without interference figures, 
138 

Polarization,S, 7, 9, 12, 113, 176 
by reflection, 7 
elliptic, 113 
rotary, 9 

Polarized light, 1, 2, 5, 6, 8, 9, 29, 31, 77, 78, 
90, 104, 112, 116, 138, 147, 313 

Polarizer direction, 36, 91, 210, 288 
Polarizers, 35, 36 
Polarizers, transmission, 36 
Polarizing devices, 6, 35, 36, 87 
Polaroid, 7, 36, 94, 97, 141 
Polars,6 

crossed,36 
described, 35 
orientation, 36 

Polymorph, 2, 330 
Positive elongation, 152 
Posnjak, E., 73 
Precision, ix, 42, 74, 85, 86, 207, 292, 293, 

301, 304, 305, 308 
defined, 72 
in immersion method, 72 
of dispersion method, 74, 304, 308 

Preferred orientation, 139, 151, 214 
Prehnite, 209 
Preparation of materials, 31, 43 
Principal refractive indices, 49, 71, 117, 149, 

159, 162, 167, 206, 214, 215, 288, 297, 
317 

Prism, 25, 26, 40-42, 145, 177, 235, 239, 249 
Bertrand-Amici, 40 

Propagation direction, 4-6, 10-12, 17-19, 21-
23, 29, 87-89, 91, 92, 97, 116, 117, 119, 
159, 165, 166, 172, 176, 178 

Pseudoisometric (pseudocubic) crystals, 78 
Pseudozoisite, 281 
Public health, 333 
Pylon color, 67, 309, 311, 315-317, 309, 316, 

334 
Pylon color chips, 67, 72 
Pyrite, 321 
Pyroxene, vii, xi, 72, 168, 202, 214, 222, 240, 

259-264, 283, 287, 321-323, 328 
optic orientation, 259 



354 

Quarter-wave plate, 107 
Quartz, vii, xi, 47, SO, 53, 55, 58, 59, 67, 69, 

72, 90, 105, 136, 140, ISO, 152, 155, 200, 
204, 215, 283, 319-321, 331 

grain orientation, 284 
Quartz wedge, 95, 97, 110-114, 141, 145 

described, 107 
in optic sign determination, 144 
rule for grains, 111 
rule for optic sign, 144 

Random search, 147, 148, 211-213 
Range of refractive indices, 14, 51, 65 
Ray, 

defined, 4 
E, extraordinary, 116 
0, ordinary, 116 

Ray direction, 10, 11 
Ray surface, 9-11, 17 
Ray velocity, 9, 11, 12, 19, 116, 117 
Reactions, 46, 82 
Recipes for crystal identification, 309 
Reciprocal dispersion, 290 
Red light, 64, 106, 216, 217, 274 
Reference temperature, 289 
Reflection, 7, 12, 34, 49, 52, 55, 79-81, 98, 

247, 248, 283 
defined, 22 
total, 22 

Refraction, 16-19, 21, 22 
Refraction correction, 207, 283, 285 
Refractive index, 2 

alternate nomenclature, 280 
and density, 15 
and temperature, 16 
biaxial crystals, 159, 211 
defined, 14 
determination in thin section, 149 
direct measurement, 40 
effects of cleavage, 213 
epsilon and epsilon prime, 145 
in air, 14 
in immersion mounts, 145 
in thin section, 79, 215 
in vacuum, 14 
intermediate, 15 
labelling, 271 
mean, 16, 188 
omega, 145 
partial, 117, 161 
principal, 159 
range in solids and liquids, 14 
reference value, 14 
symbols used, 117, 159 

Index 

uniaxial crystals, 116, 145 
when mixed species present, 214 

Refractive index data 
complete, 28 

Refractive index liquids, 28, 39, 40, 46, 69, 
73,292,333 

Cargille, suppliers, 290 
Refractivity, specific, 15 
Refractometer, 23,40, 41, 72, 73 

Abbe, 40 
Jelley, 40 

Relief, 49-51, 79-81, 136, 150, 214, 215, 319, 
322,324,326,327-332,334 

defined, 49 
described, 49 
in thin section, 79 
in uniaxial crystals, 149 
negative, 50 
positive, SO 
twinkling, 150 

Resin, mounting, 44--46 
Resultant, 87-89, 91, 92 
Retardation, 29, 38, 78, 87-94, 93-100, 107-

109, 111-114, 124, 129, 130, 141, 182, 
183,203 

and birefringence, 89 
and thickness, 89 
between crossed polars, 91 
in anisotropic crystal plate, 89 
in Bxa figure, 182, 183 
in crystals, 29 
in interference figure, 129, 182 
in isotropic substance, 87 
in optic axis figure, 128-130 
measurement, 111, 112 
visual estimation, 111 

Rhodonite, 234 
Rhombic dispersion, 215-217, 219, 222, 273, 

280 
and optic plane switch, 273 

Rhombic section, 241 
Rhombohedron, 148, 154 

negative, 154 
positive, 154 
steep, 154 

Ribbe, P.H., x 
Riebeckite, 333 
Rising colors, 111, 143, 144, 284 
Risk management, 333 
Robinson, P., ix, x 
Ross, M., x 
Rotation angie, 36, 187-189, 209, 317 

in differentiating 2-SP figures, 187 
Rules, 57-59, 63, 145, 167, 201, 205, 206, 218, 

227, 234, 262 
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Rutherford, E., 41, 100 
Rutile, 46, 136, 140 

Salammoniac, 28 
Same-rotating figure, see SR 
Sample preparation, 43, 310 
Sanidine, 266-269, 271, 272, 274, 280, 281, 

330 
Sapphlline, 257,260 
Scale, micrometer, 32 
Scapolite, 331 
Schairer, J.F., 75 
Scheelite, 153 
Schmidt sledge, 284 
Schuster's Convention, 230 
Section, 

crystal, 103 
normal to symmetry plane, 161 
one-SP, 161 
optic axis, 103 
two-SP, 162 
zero-SP, 161 

Section, indicatrix, 
circular, 29, 117, 118, 127, 129, 160--164, 

167, 180, 284, 285 
elliptical, 117 

Sellmeier equation, 69, 292 
Senarmont compensator, 113 
Sensitivity of match, 67 
Separator, magnetic, isodynamic, 321 
Septechlorite, 333 
Sericite, 329 
Serpentine, 330, 333 
Shadow, 57--60, 72, 83, 85, 211, 224, 291, 311, 

335 
crystal high, 58 
crystal low, 58 

Shagreen surface, 79, 322, 323, 329 
illustrated, 322 

Shape, 12, 45-47, 60, 72, SO, 81, 127, 150, 
151, 155, 172, 216, 227, 278 

Sheet silicates, 79, 122, 257 
Shuttle, 69, 73, 85, 156, 291 
Sight recognition, 3, 324 
Sign of elongation, 334 
Sign of extinction, 230 
Sign of the birefringence, 120 
Sign, optic; see Optic sign 
Silhouette angle, 151 
Silica tetrahedra, 122 
Silicates, 76, 79, 122, 168, 257, 333 
Sillimanite, 177, 320, 322, 327, 331 
Size, crystal, 227 
Slide preparation, 310 
Slides, 2, 43, 45, 82, 151, 226 

gelatin coated, 45, 214 
Slow ray, 103 
Snell, W., 1, 17 
Snell's Law, 16--19, 23, 25, 42, 54, 164, 209, 

283 
and critical angle, 23 
defined,17 

Soda niter, 104, 105, 122, 132 
Sodalite, xi, 76, 331 
Sodium light, 70, 127, 134, 185 
Sodium line, 28, 40 
Solid solution, 73, 151, 200, 207, 210, 266, 

289,301 
Solubility, 82 
Sorby, H.C., 47, 110 
Source, light, xi, 4, 7, 9, 10, 25, 26, 28, 31, 

35, 37, 38, 40, 41, 57, 73, 87, 94, 98, 99, 
291,318 

SP (see symmetry planes) 
Spacing, 73, 98-101, 268 

interplanar, 100 
Spectrograph, 25, 82 
Spectrometer, 25, 41, 42, 82 

minimum deViation, 41 
Spectroscope, 25, 26, 82 
Spectrum, 25-27, 56, 62, 63, 69, 94, 95, 198, 

216,235 
absorption, 25 
continuous, 26 
defined,25 
emission, 25 
Fraunhofer, 27 
line, 25 
solar, 27 

Sphalerite, 80 
Sphene, 216, 240, 258, 261, 319, 326, 240, 

258,326 
Spin ellipsoid, 29 
Spindle stage, viii, 34, 35, 75, 149, 207, 214, 

253,282,287,288 
description, 287 
manipulation, 288 

SR figure, 174, 192, 193 
SR1SP figure, 224, 257, 261, 267, 318, 257, 

317 
Stage, 31 

mechanical,34 
spindle, 35 
universal, 35, 282 

Standard glass powders, 72, 73, 290 
Standard temperature, 28 
Standard wavelength, 28, 56, 62, 64, 74 
Statistical method, 147 
Staurolite, xi, 263, 266, 319, 321, 326, 263, 326 
Stellate twins, 240 
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Stereogram, 247-251, 254-257, 262, 271, 272, 
278 

of crystal systems, 247 
rotation, 255 

Stereographic projection, 239, 247, 283, 286, 
287 

conventions, 250 
in optic orientation, 247 

Stewart, D.S., x 
Stibnite, 14 
Strain shadows, 105 
Strained crystals, 151 
Strategy, xi, SO, 51, 202, 211, 311, 314, 317, 

319 
biaxial crystals, 317 
isotropic crystals, 311 
uniaxial crystals, 314, 315 

Structure, 8, 9, 14-16, 29, 98, 101, 120, 122, 
167, 168, 199, 207, 253, 260, 268-271 

Su, S.-c., ix, x 
Su's method, 294, 295, 300 
Sun, 9, 26, 27 

spectrum from, 27 
Sylvite, 65, 66 
Symmetry, 

crystal, 8, 119, 247 
optical, 247 

Symmetry plane, 173 
coincident with crosshair, 172 

Symmetry planes, 161 
and sections, 253 
biaxial indicatrix, 160, 161, 172 
uniaxial indicatrix, 118 

System, crystal, viii, ix, 6-8, 13, 76, 78, 136, 
154, 155, 159, 168, 199, 228, 231-234, 
237-249, 268, 316 

Tables, viii, xii, 76, 77, 85, 86, 136, 156, 199, 
226, 314, 316, 318, 332, 336 

determinative, 50 
dispersion data, 290 
mineral, 313 
standard,3 

Talc, 257, 259, 330, 335, 336 
Taylor, E.C., Sr., ix, 2 
Temperature, 16, 28, 39, 42, 51, 73-75, 85, 

156, 168, 263, 269, 275, 289, 290, 297, 
304, 305, 318, 330 

reference, 289 
Temperature coefficient, 16, 74, 75, 85, 

289 
liquids and solids, 16 
of liquid, 39 

Temperature correction, 51, 73, 289 
Tetragonal crystals, 155 
Tetragonal system, 9, 118 

Index 

Textures, xii, 1, 48, 318 
Thermal variation method, 75 
Thickness, 90 

measurement, 113 
Thin sections, viii, xi, xii, 2, 43, 46-48, SO, 79, 

90, 105, 113, 127, 139, 141, 203, 204, 253, 
283,322 

crystal identification in, 322 
polished, 48 
preparation, 47 

Thomson, J.J., 100 
Titanite; see sphene 
Topaz, 209, 224, 226, 263, 265 
Total reflection, 12, 49, 55, 79-81 

at cleavage surfaces, 81 
Tourmaline, 122, 136, 137, 139, 319, 321, 327 
Tracy, R.J., x 
Transmission efficiency, 6 
Traps, refractive index, 319 
Tremolite, 327, 333 
Triclinic crystals, 106, 168, 201, 216, 219, 222, 

233, 250, 252, 254, 286 
extinction in, 233 

Triclinic system, 9, 199, 233, 238, 240, 243, 
244, 247, 249 

Tridymite, 332 
Triphylite, 200 
Trager, W.E., viii, ix, xii 
Trough, wave, 4 
Tschermakitic substitution, 301 
Twin law, 155, 239, 240 

in feldspar, 240 
Twin planes, 103, 240, 286 
Twinkling, 150 
Twinned crystals, 151, 286 
Twinning, 43, 78, 79, 81, 136, 154, 155, 187, 

199, 230, 235, 239, 240-242, 286, 320, 
322, 330, 332 

aragonite type, 235 
Carlsbad, 239 
hexagonal crystals, 154-155 
isometric crystals, 81 
monoclinic crystals, 239 
orthorhombic crystals, 239 
polysynthetic, 78, 154, 240 
pseudoisometric crystals, 78 
tetragonal crystals, 155 
triclinic crystals, 240 
uniaxial crystals, 154 

Twins, 154, 169, 239-242, 245, 278, 326, 331 
2E, 164, 165, 176, 183, 186, 207, 209, 223 
2H, 164, 165 
Two-symmetry plane figure, see 2-SP 
2-SP figure, 126, 172, 173, 201, 213 

description, 175 
differentiating among, 185 



2V, 163; see also optic angle 
calculation, 167, 316 
from rotation angle, 209 
Mallard's method, 209 
notations, 163 

U-stage (see universal stage) 
Undulatory extinction, 105, 151, 331 
Uniaxial, 

members of biaxial class, 199 
rock-forming minerals, 136 

Uniaxial character, 136, 137, 331 
from interference figures, 137 

Uniaxial crystals, 8, 11 
axial character, 136 
color, absorption, pleochroism, 137 
identification, 136 
optics of, 13, 116 
relative abundance, 136 

Uniaxial minerals, 
abundance, 136, 142 

Uniaxiality, 280, 281 
fortuitous, 280 

Unilateral screening, 69 
Universal stage, 34, 35, 207, 209, 239, 240, 

278,282,283,286,287 
conoscopic observation, 286 
manipulation, 283 
uses of, 286 

Urinary calculi, 2 
USGS 1627, xii, 156, 224, 310 

V, Abbe dispersion, 39 
Vacuum, 14, 48 
Vector, 7, 29, 87, 91, 92, 97, 117, 129, 159, 

160, 162, 163, 178, 180, 181, 184, 268 
electric, 29 
magnetic, 29 
vibration, 91, 92, 129, 179-185, 195 

Velocity, viii, 5, 9, 11, 16-19, 21, 25, 29, 76, 
90, 102, 103, 116, 117, 136, 159, 163 

difference, 90 
of light, 3, 8, 12, 14, 16, 17, 24 
ray, 9, 11, 12, 19 
wave, 5, 11, 14, 17 

Vibration direction, 4, 6 
E, 117, 133 
E', 132, 143 
high index, 29, 103 
low index, 29, 103 
0, 117, 132, 133, 143 

Vibration directions, 
as positions of extinction, 103 
biaxial crystals, 159, 176, 178 
constrained by crystal symmetry, 30 

Index 357 

from Biot-Fresnellaw, 165, 166, 176, 178, 
179 

high and low index, 102, 103 
in Bxa figure, 176 
in Bxo figure, 184 
in CR and SR 1-SP figures, 190 
in flash figure, 133, 185 
in interference figures, 1123, 176 
in optic axis figure, 130, 195 
in the grain, 131 
in uncentered optic axis figure, 132 
in uniaxial interference figures, 134 
names of, 103 
origin of, 29 
principal, 115 
use of, 115 

Vibration planes, 8, 21, 89, 91, 92 
Vibration vectors, 91-93, 130, 179-185, 195 
Video work station, 48 

Water, 3, 7, 40-42, 44, 45, 310, 334 
Wave front, 9-12, 17-19, 99, 100 

defined, 9 
Wave normal, 10, 11, 123, 129, 180 

defined,lO 
Wave propagation direction, 10-12, 17-19, 

21-23, 29, 87-89, 97, 116, 119, 159, 165, 
166, 176, 178 

defined,lO 
Wave velocity, 11, 14, 17 
Wavelength,4 

and color, 24 
dispersion method, 69, 74, 156, 292, 310, 

318 
of observation, 85 
standard, D line, 85 

Wavelength equations, 292 
Wiebe, R.A., 177 
White light, vii, 24, 25, 39, 40, 52, 63--65, 67, 

72, 73, 83, 87, 94, 95, 97, 106, 155, 158, 
201, 218, 219, 223, 224, 226, 273, 291, 
292, 309, 310, 318, 323, 333 

Wilcox, R.E., ix, 70 
Willemite, 154 
Wollastonite, 336 
Work station, xii, 48, 292 

monochromator, 292 
video, 292 

Worked example, 83, 155-157, 223, 225, 301, 
303, 305, 307 

biaxial crystal identification, 223 
isotropic crystal identification, 83 
uniaxial crystal identification, 155 

Worksheet, 45, 83-86, 156, 157, 225, 226, 297, 
299-303, 305-307, 318 

biaxial crystals, 226 



358 Index 

dispersion method, 297 
isotropic crystals, 83 
mafic minerals, 301 
plagioclase, 305 
refractive index, 297, 310 
uniaxial crystals, 156 

WPD (see wave propagation direction) 
Wright (slotted) ocular, 112 
Wright combination quartz wedge, 113 
Wright, F.E., 73, 112 

X axis, 180, 258 
X vibration direction, 160 
X' vibration direction, 161, 182, 184, 185, 196, 

197, 229, 230, 251, 254 
X-ray diffraction, 3, 98, 100, 253, 321 
Xylene, 45 

Yaxis, 161 
Y vibration direction, 160 
Y' vibration direction, 197, 228 

Z axis, 254 
Z vibration direction, 160 
Z' vibration direction, 161, 182, 183, 184, 185, 

1%, 229, 251, 254 
Zeolites, 153, 332 
Zero-symmetry plane figure, see O-SP 
O-SP figure, 126, 197, 251, 254, 255, 258 
Zies, E.G., 323 
Zircon, 46, 136, 140, 200, 319, 326 
Zoisite, 281, 328, 281, 328 
Zone, crystallographic, 249 
Zone axis, 249, 250, 286 
Zone index, 249 
Zunyite, 65, 66, 74 
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