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A detalfed experimental study of color, apparent optic angle, and absorption spectdn
(0.3 to 164 of X] indicated that there are hasic chemical and atroctural differcoess in moseovite
micgs. Caolor jdentification is bared upgn spectrophotometer mepsnrements, A method for

guantitative evaluation of aheorption ban

activity i3 defined so that singla and multipla

hand intensttiss within the apaetrum of an individual speaimen and within spectra of different

specimnens cen be comperad]. Three heks s
are comnprized of variows weak linea and

absorption edge near 324, Of the three Bge

whilg the vther two are noeisted with dar

ctrel types exing for the 0.3 to 1n b regiotr which
rptbon ragions lying slong the base of & deap
etral types, one is assoclated with ruby micas
green gad light green micas. The aetivities of

numeroes Hnes and bands are regorted. It 8 shown that apparant ootic axlal angle t= relatad

ta the

anornalous valhiles.

ition of the deep band edge exeept for & oertain clasa of miby apecimens which ahow
A definitive ¢haragterization of mureovita pheat i3 formulated in ferms

of the abaorption apefficienia at 0.44, 0,49, and 0.5?4; . Drect asaoclations ara ghown betwenn
i

certain lines in the visthle k raoge and certain ban

n the near infrared, while the astivities

of 2 number of bands In the middls infeared sra cocrelated to eolor.

1. Introduction

Muscovite mica, a cornplex crlyst&ﬂine miteral, 1w
readily cleaved into thin elastic laminae which have
excellent mechanical and electricsl insulating proper-
ties. It ocecurs with larpe varistions in physical
appearance. Considerable effort has been ended
to determine the range in values of its physical
propertiés and to seeir correlations betwean proper-
ties, particularly for those of technical significance
to thoze properties by which the materinl is clasgifiad.
At present, classification iz by origin and color. The
mineral, which ocours throughout the world, varies
in eolor frem green to pink. Further selection is
based upon such properties nas clerity, hardness, sase
of splitting, and structural perfection [1, 2, 11].%
Numercus studies on dielectric constant and power
factor [2-11], d-¢ resistivity [12, 13), electric strength
[14, 15], gas cvolution (18], thermal conductivity
[17], thermal Bxganaion [18], magnetic suscepiibility
{19, 20], and hardnese [21], in addition to many othera
of chernieol, minersalogical [22, 25| and infrered nature
127, 54-59) have failed to revasl any real correlation,
and the materigl iz still selectad for technieal uze by
arbitrary and empircal procedures which have
incompleteor even doybtful quantitative significanee.
A bagie difficulty is that epalytical chemical pro-
cedures bave not been sensitive enough to drfer-
entiate nuscovite sheet mica or provide a simple
meanz of correlation with other properties, par-
ticularly in view of the complax of minor conatitn-
ente which appear az isommorphoue replacements in
the mica structure. The position of a replacement
cation in the mice structure is determined more
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its size than itz valence, although the valence state
determines charge balance and hence relative abun-
dance in the layers [25). Normally, in addition to
the major cationic components of K, Al and
Sitt a number of cations such as Nat, Ca®? Fe'?
Fe**, Mgt? Tit, Mn*:, Mn*, Li*, Ct*%, sand ¥V
peeur in the same specimen. Total accuracy of
component analysis is of the order of 0.1 percent,
while the small amounts of material in isomorphous
aubstitution can he in large relative error. Becanse
of these errors and hecause caleulation to umit
formula requires & number of azeumptions about tha
gtructura, analysiz of thrs matecal iz a special
problern [23, 25]. Furthermore, caleulstion faila if
an exkranegus mineral is present in unknown pro-
portions, deferts are not considered, and the valence
states of some cations are not always readily ob-
tained; yet, the distinction of even axceptional spesi-
mens such as the roge micaa depends upon subile
ratio and valency of stmall amounts of cations in
igomorphous substitution [24]. Although auecess
bas been obtained in the classification and correlation
of the many different dioctahedral potassium micas
&8 basad upoen the tetrahedral-octahedral ehareo rola-
tionship [25], muscovite in this schame is given as an
ond membet of the trislicic series where hardly any
difference 1= indicated between pink museovite and
muscovite. TYet, the whole group of muscovites in
thiz very narrow band of the trisilicic-tetrasilicic
series must be differentinted, .
The problem of characterizetion of muscovite
sheat i thus subtls, and the required =ensitivity
for any differentistion must be found outside pres-
ently available chemicel and structural analytical
techniques. A atudy was therefore made of certain
phyzical properties chosen berausze they pught be
imgi’c.a,tive of chemical composition and structure
and measurable with sufficient accuracy to allow
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quantitative differentiation. Moreover, the proper-
ties mnd procedures chosen permitied ingpection of
a larwe number of specimens. Carehul interpreta-
tions of these properties within groups of muscoviia
muiga may eventually help in understanding the
eryatal-chemical layer strmueture.  More imumediately
they may correlate with technologically  useful
properties.

This paper, then, 18 not concerned with direct
n:hemicalp methods but presents a detailed experi-
mental eludy of the several selected properties.
These ara (1} color, (2) upparent optie axial angle,
and (3} absorption spectrum from the nesr ultra-
violet {300 mp) to the middle infrared {16pg).

Although eolor i3 a mejor property by which
muecovite sheat i3 sorted, it romaing one of the
least understood (11, 22, 24]. 1t should certainly
he indicative of cormpositional variation, One atudy
waa made of the rolo of iron, titanium, and mag-
tesiwn in the eolor af bhiotitea [26], but no similar
staudy of the mmecovite proup iz known.

Winchell and Winchell [22] indicate that the
apparent optic angle may be dependent upon the
cations substituted into the charge lavers, but values
are available for only & few muscovites, i)hen ites,
and gome wuxings of these types. Littla else is
known.

Finally, it is rensonable for Lhe absoeption spectrum
to be senzitive to electronie and molecular differences.
Stubican and Koy [27] showed variation of infrared
batula with pross isomorphous substitution, such as
the change of muscovite to phengite, primarily lor
wavelengtha longer thun the first 5i—0 banda at & to
10u, PBufl, almost no spectral informatzon 1= avsil-
able from the near ultraviolet to the near infrared,
nor has the large effort in the middle infrared bean
oﬁiented townard characterizetion of natural mica
Bheet.

With the estublishieni of quunlitative procedurea
and correlation of the properties studied, it i= shown
that muscovite sheet micas con be systematically
differentinted in a manner related to moerphologica
{erystal-chemical layer structure) differences. For
example, the infused pink tinge that charecterizes
thie ruby color elass of museovite is related to measur-
able anpmeles, whereas, the other color variaties are
fairly consiztent within this descriptive behavioral

acheme.
2. Specimens
Muscovita mics is normaily distingnished by color,
primarily se ruby {pinkish buff to cinnamon drab}
or nemruby (brown to green), and by origin.  MMusco-
vite mice sheet is further classified visyally secording
to an ASTM code which employs eloven cuw;ﬁriea
ianbeled ¥-1 to V-11, of decreasing quality oz ased
upen clarity, wniformity of color, structural perfec-
tion, and hardness (28], Wheress clussification ynder
this eystem is subjective, expert inspectors ohtain
reasonably eonsistent and mulually agreeabla rasulta
by constant intercomnparison of samples and by tha
selection of suitable standard samples. Grading is
also based upon the size of the usable area of the

given quality.  Hpeacimens become rarer as quality
and size ol uvsable wrea increase,

The materials used in thiz =study are deseribed in
table 1 acoording to color, origin, quality, grade, and
amount obialped. Six representative origine are
meluded. The itemns hested represent the eolorz of
commercial sheet muscovite, Dimensions are shown
im tabie 2. These had been classifisd by expert
inspectors before being received by ws frotn Delensa
Mauterial=s Sermice of the General Services Admimis-
tration and from Commiites F-1 of ASTM. Speei-
mena wera cleavage plates ranging in thickness from
.15 min to 0.5 mo. :

TasLE 1. Ifhseriplion of imlocovtle mice wied for he alisdy
Crign | wnatliy | Crpde | Aoesnm
1. -] dandjuw 3 1rpe
o 1 bk
a fi 31h,
[N 3 Ml
5. L b
A Koy Lo i} LA
T E.ubsa, ner il gl wol- L 11 pe
ored.
5 Kuby, sUglily dack_____ d& 5 ipe,
9. Ruhy, taedin dork . ddd | Epe.
W, Euly, ®ery dork (tin 588 | dpe,
byl
1. Huby b Mloadras (Indlm) | ¥-1__ __Il Ll 110
12, Momewbv oo ______| Unilad Btates | W1 _ -] i 51k
1a. Amu-r,hmm Lowderln | Brasdb . ______. Ye-ho_._. a 13 po.
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W, Hrowoordark geeen’ | Tanganyita_____ W-l...| &5 15 pr.
15, Cleer Furdy = _________. Canddds .| ¥-3.____ + 11,
Wi, Light proen..__________ Madrae | ¥-1.____ S&E | Hpe.
17, Dk Freen. ... Medras _____ LT 5 15 pe,
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mm thickness) yielded HMoe meore plooes,

b Th s materisi was labebed Madras Glear Choeen tiat eombalnar] meny specimans
Lsrrderiine batwaen roby and nonTuany,

* pitlsm This kateh apprared hooderling beiwern ram sl

ian Chenr Purdy,
£rec,
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3. Experimental Methods
3.1 Color

Muscovite micas viewed in trensmitted light are
well known to range widely io hoe and abeorbance,
Designation 12 norally m the broad category of
ruby or nontuby; however, the title of raby is more
a ification than a deacription. Pinkish buff to
cinnamon drab are generally termed ruby; brown to
brownish olive are peoerully called ram; vellowish
olive to graen ara called preen; but ne variations in
color mre continuous none of these designations is
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sharply definad, and the classification into ruby and
nonruby often depends upon color differences so sinall
a3 ko be scarcely perceptible.

Actually, there are no [ormally accepted atendards
for color designation. Instead, un acceptable classi-
fication in the mica trade is formulated upon the
experience and memory of the inspectors and upon
constant intercomperison of representative samples
of the color families. To decide eolor the inapector
must take into account the thickness of the specimen
disregard inclusions, ¢loudy aod stained areas, an
make eomparison o remembered samples,

The only definitive study on the color of miea was
that of Judd [2%] which established a color standsrd
for ruby mica and was particularly applisd to
definition of borderline samnples betwesn ruby and
nonruby. His separation inte ruby and nonruby
wasz basad upon the lightness index (modified optical
abzorption coefficient} and hoe index and *“not on
the hue index alone. That is, the grading of muce
us ruby or nonruby aceording to trade practice de-
parts considerably from grading purely on the basis
of hue alone, and a specimen of light-colored mica
can be considerably greener than a dark borderline
Epmimen and siill be graded ruby.” He further

emopstrated that in spite of the problems en-
counterad, the eolor deaignations of the inspectors
are “‘surprisingly relisble and copsistent.” 1o fact,
the correlation between points on his hghtness-hue
index plane and the color grading into ryby or non-
ruby by a mica task committes wes “nearly perfact.”

A number of factors were involved m the sclection
of an appropriate procedurs for the present color
study. oe was the desire to copgider the whole
range of colors exhibited by muscovite sheet,
Whereas Judd was parl;icula,rfy successial in the
ahjective sorting of muscovite into ruby or nonruby,
hiz resultz alac showed that even the color category
of “ruby’ is very coraplex. A second factor was the
consigtency of trade-designated color categories.
Third, was the fact that absorption spectra would
be obtained for u range of wavelenpths sand would
ineluda the visible on, in which the spectrum is
ttgell & measurs of color, And lastly, to secure ab-
porption speclra [or the myriad of samples necezsary
to represent, all variations in color and origin would
have been an overwhelming task.

The procedurs vsed eombined the guantitative
aapeacts of the speciroplotometer with a visual aortin
operation simlar to that outlinad by Judd.
familiarity with all the materials of table 1 weas first
established. These lots were then further soried
into o convenient number of subgrours- with visual
standards aa describad below. HRepresentative sam-
ples of subgroups were subjected te spectrophotome-
try, Thus, the quantitative effort was diminished
withont asacrificing clear-cut correlation of color fo
apectrum, coordination with trade-desipnated eolor

escriplions was established, duplication of color
mersuremients was avoided, and large numbers of
sampies were handled.

The items of table 1 represent the range of colors
of commerical sheet muscovite, classified aceording

all

to trade-accepted standards, Some hed been clas-
sified as simply roby or nonruby, each including &
ranpe of colors. (Hbers had been further assigned
to more definite color, eg., the various categores
of ruby in items 7 to 10, amber, brown, light green,
and dark green.

. Spechophotometer

A double-heam recording spectrophotomater (Cary,
Model 14M}) was emploved with a lead sulfide datec~
tor and g tungsten spurce, The wavelength scan
apead was 2.5 mufeec snd the chart sp was 2
in froin, The wavelength was not limited to the
vigibla region but rangad from 0.3y to 1p. 4 quan-
titative meazure of color can be derived from the
visible ion when integrated with the spectral
rezponse of the eye.  Although the spectrophotome-
ter ia far too slow for sample sorting, when used ss
Euﬂ.ined above it provided emcellent quantitative

ata.

b. Photameter

Often, samples differed in color only hecansa of
Lightness or shade, Where all sampies in a grou
were 0f one hue, differing gnly in lizhtoness, a sinple
but ?uantit&ﬁve photometric (Photovolt Corp..
Maodel 520 M) examination with fubgsten souree
end appropriste narrow band filter was preferred.

¢. Vimual

The procedure used for color prading was as
follows:

1. About 25 specimens were drawn from the item
considered. These were spread on & large white
mautte surface lumipated fromm sbove by “eool
whita" fluorescent lamps and arranged according to
the ruby-rem-green color elassification, with some

arture a= noted below. Those closest to the red
end of the spectrum were placed at one end of o
geries, those closest to the cirreen of tha spectrum
were placed at the other end of the series, and the
intertmnedistes were placed between, Account was
talgan of thickness afier observation of the change
in color accompanying cleavage of thick specimens
mto thirmer plates.

2. Another bateh was drawn from the item, ex-
amined In the same manner, and spécitnens ftted
into the series. This was repeated until the series
stabilized, i.e., until no further extrenes or differant
colors eppeaved,

3. Btandard samples wers generated. A nunber
of epecimens wera chosen at appropriaie intervals
along the seriee. These werse cleaved fo & thickness
of 0,015 to 0,020 in, s= measured with a direct-
reading micrometer. The trade designated colors
included in table 1 served as puideposts or fill-ins
for this seleetion.

4. Rapid sorting then proceeded through the
matehing of each piece with the closest “‘standard,”
cotnpensating for thicknesa. Thus, subgroups were
formad. The eorting contioued until about a pound
of the item was used. In goncral, dozens of apeci-




mens oceupied cach subgrouwp althongh extrems sub-
groups often had amaller populations.
Items 7 to 10 of table 1, as trade selected, pro-
ged in eolor from pinkish boff towsrd brown,
owsaver, as has bean noted [29], the color situation
of ruby mica is much mora complex.  In faet the so-

called ruby mmess can exhibit & progression of colors

from nesrly colerless through rellowish grey to dark
brown and even include specimens of a distinetly
een cast, The one distinpuishing feature is the

Inclination to red with incressed thickness of sample.
Ths large bateh ruby items of tahie 1, i.e., 2 fo 8, did
indeed exhibit a wider range of colors than found in
items 7 to 1. Some specimens wers redder, others

reener, and henca the subproup color catepories
?ﬂr ruby micas were chosen to extend beyond thoac
of items 7 to 10. The designations chozen wers

ink, pink-tan, tan-green, and grean, i.e., prean cast.
E‘ink and pink-tan overlapped item 7, normal good
colored ruby, with pink including specimens more
extreme in red. an  COITespond to item 8§,

slightly dark. Tan-green overlapped items 9 and 10,
while green included tho=e =pecimena of distincily
cast.

When thelarge bateh nonruby item, 12, was sorted
& branching in color was observed. This item ran
from olive to green.  Color did net simply transform
from one to the other but shifted from clive to a
distinct dark green on one branch and to a distinet
light green on the other, i.e., thers were specimens
intermedinte between olive and dark green and be-
tween olive and light green. Nooruby subgron
were chosen as amber, hrown, olive, dark 'freen Iigm
green, and lime. The lime was a distinctly differant
green. An intermediate subgroup on one branch was
dark greem—olive.  On the other branch intermediate
suhgmu]ils were olive-whitegreen and white-preen,
where white-green still retained a emoky appesrance
as comparad to light green.

Finally, one item, 15 {Canedian Clesr Purdy)}, was
treated individually. It anaared to Le horderline
between rem and green.  Thia was distingnished by
asgentislly one hwve but wariable shade, It was

sorted by shade.

3.2. Apparent Optic Angle

Mica i= optically biaxial with the negative acute
bisectrix nearly normal to the bazal cleavage or 001
lans. Thus, cleaved sections give & naarly centerad
interference Agure [30]. The apparent optic angle,
that iz the amergent optic axial angle ns viaw‘edg in
air, is & property of the crystal sonsitively dependent
upon the magnituda of the three principal refractive
indices and 12 mn essily messured quantity. The
equipment used by us i deseribed elsewhera [31].
A precision of better than +£5” are ie achieved for
god epecimens. Waviness of the micsn surface,
common especially emong the lower ASTM groups,
however, superimposes sn additional uncertsinty
becauze of the vncertainty in orientation of the
geomatric normal to the cleavaga plane.

3.3. Abecrpiion Spechra
a. Near UV to Hear IR (0.3 o 14

There ia littla previous information for this part
of the apectram {22, 23]. Absorplion apecirs were
obtained with the Cary 14M double-heam recording
spectrophotomater as outlined under color.

b. Near T8 to Middle IR (1 to 16u)

Absorption specira wera ohtsined with & Beckman
IE-¢ recording spectrophotometer using stendard
glit scheduls, unpolatized radiation, a NaCl prism,
snd & Wa.veiength scan speed schedule of 1p/min
except in the 2 to 3.5 region where the scan speed
schedule was reduced to 0.2 or 0.08ufinin. The 1 to
16ig region is separated into two parta by the zreatly
increased absorption which begine with t of
Si—0 modes in the 8 to 10x region and which con-
tinges in lﬂnignr wavelengths. The spectra for
wavelengths of 1 to Bu were obtained with ery=tal
plates of the same order of thickness as for the 0.3
to 1p region, ie, approximately 0.2 mm. The
longer w&velanﬂgemgion was obtained with laminas
of 5 to 12y thi gs. Thesa 5 to 12 thick lamingr
speciens were prepared under & low-power micre-
seope with a scapel. Witk care this can be done
after soma practica and depends upon the exeellent
bazal cleavage of the material. Such specimens are
suitable up to a wavalength of 17 5 after which detail
iz lost through the exeespive absorption of mora
8i—0 modes.

A typical apectral trace iz shown in figure 1. The
resence of most of these hands has been observed
efore [27, 34-39]. A fow hLave beon given definite

assignment to O—H, 3i—0, and Al—0H vibrations,
soma have been given s general sssignoment such as
te Bi—0—(Al} modes, but mest sre of unknown
origin. Examination of the specira of nuemerovs
representative samples indicated that differences
appenred as small changes within multiple band
regiong such aa the 3 to 45, and 12 to 15x wavelength
regions of the infrared (see fig. 1) and as the 0.5 to
0.64 wayelongth region of the visible (see fig. 2}.

Tho determination of absorption band ntensit
i# not an estahlished precedurs; thus, thereis the
of inding & scheme sppropriate for the situation.
The need is to compare the intensities of tha many
absorption bands of one individusl specimen and to
compare the band intensitiea of one specimen to
those of other sperimens. )

The wvarintion m specimen thickness had to be
aceounted for. It was convenient to use the absorp-
tion coefficient, related to the transmission by
Lambert's law that T=axp [—of]. T is the ratio
of the transmitted to incident rediant intensities,
I, o the absorption coefficient st 8 given wave-
length, and ¢ the thickness of the specimen. This is
for internal absorption. The values obtained with
the tranzmission spectrophotometer must be cor-
rectad for purface effects. When n beam passes
through an absorbing sheet, it suffers reflections at
hoth surfaces. I the beam is sulficiantly attenated
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in the crystal plate, multiple internal reflectivns
need not be considered. Thia is sssentially irue as
long &8 no interference patterns are observed in
the epsctrophotometer frace. Then one finds that

—af=Iln I*=In (1-r)§*

where ¥ is the machine vulua of the transmizsion
and r iz the reftection coefficient, The internal
transmisgion is T=7"/{1—+}. Ewaluation of «, and
of r may he obtained from two splittings of diferent
thicknees fromn the seme specimen, after which the
spectral transmissiona may be compared for any
thicknesses.

When the wavelength corresponds to the peak
of an absorption band, the value of & so obtained s
the tota] & mwtiun coefficient at resonance, for it
15 the sum of the absorptions dua to the beckground
and to the resonance condition itaelf. Thus, it s
neces2ary {0 separata oub the backeround contribu-
tion. This was attempted in these multiple band
regions with the nid of basze linez placed as indicated
by the dashed lines in fignra 1. A resonance absorp-
tﬁlﬂogd coeflicient {below background), o(B}, is dp

a8

a(B)=—1 In (TT)

where Ty ia the trensmission at the resonanea band
center and T, is st the hypothetics]l hasa line at the

same & {see fiz. 1), Note that
Ta Iplly I
T, Iy &

where I is now compared not to the beam intensity
GE5-I26 633

before it strikes the crystal but to that which would
he transmitted through the eryatal il no reeonsnce
wera pressnt.

The position of the bese line for a band had to be
established. Wheress, the basa line concept has
been used before for u well defined, isolated band
(27, 40], the prezent situstion is certsinly not so
gimple. To locata the baae line, absorption spectra
were obtained for samples of different thicknesses
clesved from the same onginal specimen. Trials of
& bass line location for a piven band were made,
gtid the resonance sbsorption coefhetent wes com-
puted from each of the mample spectrs. Thas
orientation was chosen which yielded tha least
spread in the value of the coefficient for the par-
ticglar band. This was repeated with a number of
represantative specimens. The bage line for a mul-
tiple band region was o fixed that the coefficient
[or each of the incdluded bands was a0 =atizfied. The
game procedure was extended to the shorter wave-
lemgihks of 0.3 to 1x.  Accuracy was usually chtained
to within a few petcant.

The «'s 8o eaiculated are, of course, an approximate
messure of abeorption band inteneity hut the
mterast Lere is on relative hebavier. Additional
errore beyond that of the procedurs itself, namely
thoze froin determination of # and 7, can be con-
giderable. Although the ¢ of the thicker plates
wia determoined within 1 percent, the valus for the
5-12p thick specimens could be in error by 20

ecgent beeause of varations due to cleavage fanlts.

aluea for faint ahsorption bands ean be in error
becauze of small diferences betweon Ty eand T
The conestency actually obisined can be seen in
the data below.

Empirically consistent relationahips between some
of the intrinsie band infensities, 88 herein defined,
andd the color data have been found. It je felt that
this correlation of itaelf justifies the chosen procedure.
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4! hsults
4.1. Abmorption Spectra, 0.3 to lg, and Cloler

Absorption spectra obtained by other workers
had indicated the 0.3 to 1z wavelength region to be
relatively featureless [32, 33], but closer examination
of the range show= it to be populated by a number
of weak bands of absorption. These lie along the
base of & very deep absorption edge and vary from
pample to sample. The activities of these bands
are shown to be directly associated with color.

This region is represented in figures 2 and 3 for
ruby micus. Representative samples were selectad
for ench of the color subproups from item 2 of
table 1, 5 V-2 India mica. A representative spec-
trum for each subgroup is displayed in ra 2
oxcept the tan-green which was omitted for ity .
Specira. for two specimens ol pink-tan of different
walies of apparent optic angla are included.

Sovernl fentures may be obuerved in these spactrs.
First is the wavelength shift with the color sub-

uping of the deep band edge near 0.32x, Popper
E;)] ound this absorption to axtend to wavelengtha
ghorter than 025s. Then, there is & character-
istic weak spectral structure at 0,472 to 0.8 which
consista of 4 band at 0.472x and a broad absorption
at 051 to 0.6p. The fine detall of ihis broad
ahsorption region 18 hetter s¢en in Ggure 3 for two
specimens en from item 1, & ¥-1 India micea.
hres overlapping bands of absorption are indicated
at 0.505, 0.535, and spproximately 0.57z. There
ate, in addition, two faint banda of absorption et
0417 and 0442z and & broad response between
0.77 and 0.97 ..

In general, the progression along the color series
for ruby materials from pink toward green is ac-
compnamed, as shown, by an inersase In transparency,
a shift in the band edge and, particulerly, a dimino-
tion of the 0.47 to 0.6g spectral structura.

I
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Frouer 2. The .5 & 1u 3 cboorplion specira of spectmens
repregesdabive aof the color sulprowps of ruby mica.
Ly Bxksd abyle, Brd thivkmess aeo Mkt for rach

;ﬂehd?ri\:ﬁ_msumh ?ﬁﬁn =1 tg % Bpeclwsns fom tem 2, table 1 (V-2
I '

The Lreak in mnt.im't.ude of the 047 to 0.8 ab
gorption between the two pink-tanz of fipure 2,
otherwise distinguished by value of apparent optin
angle, should be noted.
he 0.3 to 1p wavelength absorption spectra for
rum and green micas are summanzed in figures 4
snd 5 with specirs {or repressntative specimens from
# number of color subgroups. Colors ineluded are
amber, olive, dark green, white-green, light green,
pnd lime in figure 4 along with several shades of the
borderline rum-green (Canadian Clesr Purdy) in
figura 5. 'The spectrum, of & pink ruby was inserted
into figure 4 for comparison. :
The spectral details choracterietic of nonruby
micas are the ralatively sharp and! “strong™ sbsorp-
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Froune 4. The 0.3 fp 1p h absorplion apectra for specimensg
represenlative of the color eubgroups of rum and greeft sdcds
ik a pink rubp spectrum ncfuded for oomparisemt,

Cobor anhgronp, origing, qmalily, and apestioen fhbolmess cormespondiog he ¥e
nwmbesed sperctrs um:ﬂa%i}_d" recd., nylow, ¥W-1, &2 mm, o,
.6, V-4, 210 mm, Si—amber, Bracl], V-1 0,38 mm, [4=-m=k rsbp, Eracll,
V-1, 058 mm. (M—prermowhite, TLH., Vi, EELE rom, ta, Tinlks, ¥el,
248 mm, (7)=—Hpht preem, Tdla, Ve, 006 .
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tions at 0.30u and at 0.4425p The green micas
have little of the 0.47 to 0.6u absorption structure;
whereas, the amber and olive associeted spectrn
include moderate 047 to 0.6ip absorption. The
difference between the dark green and light green
gpectra 1= the very muoch incrsased general abaorp-
tion of the datk green with & long, slmost straight
rise Terom about 0.8 to O.54.

Being an integrated responee, the colors would
not in themzelves indicate details of the correspond-
ing spectra, ner would the weuk and sharp Lines
contribute mueh to the resultant eolor; thus, what is
interesting in these resgls is that the color of mus-
covita is associated not with one spectral type but
with spectrs containing & number of distinetly
different detmils. It iz seen in the examples of
fgures 2 to 5 that all of these patierns may be de-
geribed in terms of three basic spectral type: and
their combinations. One type is associated with
ruby micas {curve 4, fig. 4). The main festure is
ths 047 to 0.6z absorption structurs which indicates
tha degree of pinkness. The other two are repre-
aentmﬁ;y the axtreme curves of the greens, 1.e., dark

een (curve 1, fig. 4) snd by light green {eurve 7,

. 41, The attenuation of the pink correlated
region of (.47 to 0.8y translorms pink ruby to green
ruby category, and ite superposition upon the green
spectral types is aesociated with olives, umbers, ets.

4.2, Absorplion Specira, 1 to 8p, apd Color

There are 8 numnber of prominent bands in thie

t of the spectrum ss can be seen in figure 1,
Some of these have not been reported before, soma
have appeared occasionally m prewfiuuaiy reportad
spectra, and few have definite assipmment. Most
interesting from the present viewpoint is the absorp-
tion multiplet at 3 to 3.7x. It appeared to he an
anomply {0 Sutherland et ai. [37], since their museo-

vite opecira wers normelly devoid of the sbructure,
{On the other hand, it appears in asome of the earlieat
spectra of ruby imuscorites [34]. Matossi and

ronder [35] attomprod a&igning gne of these bands,
i.a., 3.06u to an overtone of H—O—H deformation.
In the present inveatization, however, the component
bands of this multiplet have always shown & common
activity. Thus, any assiznment of band orgin
must take this into consideration. Wheress, Suther-
land at el reported that they found no conpection
of this multiplet to color, the gresanb group of samples
show it to he associated with color mm a most direct
way. Hxamples of this 3 te 4u abserption are
shown in figurea 6 and 7 for the specimens whose
0.3 to 1p spectra aﬂpear in figures 2 and 4. This
gpeciral atrpeturs bas been Iound only in ruby
apecimens. It is particularly active in samples from
the pink end of the eolor series but decresses to
much emaller ebaorption values in those ruby epeci-
mens further along the eolor eeries, just as did the
magnitude of the visiblo pink-correlated absorption
region ab 047 to .6y, Other quantitative data
obtained from many specimens are given in section

4.2,

Sutherlend ot al., also found the 7u band to be
companioh to the 3.05u band. This ie verified in
an appendix to the present paper. They further
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Fiauee 7, HRepresendabior nonrsby ehbesorplion apecfre, 2.5 &
4 N,

(1i—=drk green, nyika, 088 mm thick {s8 corve 1, Og. 4
=g rRheT, w3 e dvee e B, Ag, 4}
Ar=mgreen white, 13, 0.3 mm e cprve §, A 0

foynd the 2.3 to 2.4u speciral structure to have a
golnriza,tiun effect in the same direction aa the 2.8,
H band and in the oppesite direction aa the shar
224 band. It is shown in the appendix that this
2.3 to 2.4, structure also has some bebavior related

to calor but in less straightforward fashion.

4.3, Absorption, Cosfficient Representation, 0.3 to 8

In section 4.2 it waa shown how colors are reluted
to sbserption spectrs. Thess in turn wre more
direetly mdicative of erystal-chemical differences.
The details of the sg‘;’ctm con be quantitatively anp-
Ivzed in terme of abacrption coefficients.

(f immediate interest are the two absorption
regionz asaociated with the pinkneas of specirnens,
the 0.47 to 0.6 visable absorption structure und the
3 to 3.7u infrared absorption structure.

Of these two regionz, the I t0 3.7p absorption is
atrongly associated with the redness of specimens,
for it has on]éheen found in ruby specimens and then
with large absorption for pink rubies or with dirnin.
ished values for the rest of the ruby subgroups.
This situation iz shown in ficurs 8 by data obtained
for the two strong bands at 3.05 and at 3.3y of A

Daty obtained from specimens from the pink end of
the ruby color series, iLa., from pink snd from pink-
tan samples, usually appeared in the region for which
values of absorption coefficient were greater than !
mm~' at bath 3.05 and 3.3p. In the case of pink-
tans, this was usually true for those specimens with
apparent optic angle >>69°. On the other hand, a
few specimens from the visually selected pink color
end of the series gave coefficients slightly less then 1
mm™'. Points representative of =ll the other ruby
subgronps are in the region of small values of «.
Congidering the complications inherent in the visual
sorting of ruby muscovites into -color subgroups
because of ramifications of shade and other colorations
than buff, this correlation is unusnally strong. Ra-
examingtien of the specimens eonfirmed the strong
inclination to red in those in the upper values of @ at
3.06 and 3.3p. It may be further noted that the
density of points is relatively smasll in the wicinity
of a=1 mm™.

Because of thiz strong correlation between the
mafmtudes of tha absorption coefficients of the 3.05
and 3.24 bands and the pinkness of ruby muscovite
specimens, we hereafter designate rubies as heing of
two classes, ie., erther pink or green, as dependent
upen the domain into which the values of a0 fall,
with the divizion set at e=1mm~, The data points
are =0 coded 10 figure §,

n.a

1 ] L 1113l ] 1 r 1
Bl 14 Al

a':.sf'““q']

Frouse 8. The eclirtlier of 1he loe sirong cheorplion bands of
308 and 2.5z A found in rubp museovite mfoak dx megatored
by ralur of ahorplinn coefficient, o,

Date paints with vahyet Sslmm-L e ArfAoeed B reprebeilating of pitd ruby
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[t is noted that the sbsorption coefficient at 3.054
{or;.05) 15 greater than that at 3.3« (a4 in specimens
Tor which the values are amall, The intensities of the
two became more nearly equal in specimens for which
the values are large.

() the individual abasrption lines in the 0.47 to
0.8z visible absorption vegion, the two most useful
are those at 0.505, and 0.58,. It was observable in
figures 2 to 4, ey, curves 5 and 7 of figure 4, that
when the ainount of absorption in this region is
small, the 0.58; absorption can be present without
that at 0.5054. Many specinens, eg., corve B of
figure 4, had neither absorption. e intensitiea
of these two lines angd their relationship are shown in
figure & with data drawn from many specimens
representating the various color subgroups. Points
for which both absorptios coefficients were zero
were excluded. Points are here coded according to
color but, for facility, with some contraction in that
several subgroups have been combined. The pale
green colors of light green, lime, and white-gresn are
now included in one category., The dark greens are
considerad separately. The ambers and olives are
luraped together as rums. The rubies are considered
enly es pink or green arcording to value of o
As ¢an be seen, wg .y and e g are lesst for Light
proene and preatest for pink rubies. Rum and
mtermediate n colora, 1e, ambers, olives, etc.,
yield inlerinediste values of @, Again, it can be seen
that the dependence of the 0.58u kine is a kttle
different from that of the 0505y line. Tt i3 seen by
comparision of fignres 8 and 9 that the values of
oy B0l oz 3 are greater than those of ag s 80d o .

Then, the relationship betwesn the 0.47 to 0.6x
and 3 to 3.7g regions is found in figure 10 where the
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FiGure 8. The octivilies of the 0505 and 0.58u k Mnes of the
vigible .47 to 0 8u chaorption struglare ox meqsured by vatues
of aboorplion coaficient, .

O =plnk Teby, G—intermediate pink by, by, A=—rum,
areen, B ot 2T, T s (s Clrar Parags o ATk
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Froues 10. The relolionshi
region fo the infroped P
g -

O—mink ruby, C=green roby, M=—two dpecions With interroediste Telmes

ol o

of the eigible pink pssoctoled
arsocicted regfom, ougw Uorrus

vimihle wavelength resion is represented by the
(.5054 line and the infrared region by the 3054
band, It is evident here that most pomts fll ko
one of two regiona, e, low values of & 5 representa-
tive of green ruby muscovite and large values of
ory e TEPresentative of pink ruby.  The region of the
green reby specintens 18 bounded by a velue of ap g
near 9.2 mm™. Two intertnedinte values of ay g
weare obzerved, The data for these two specimens
have been additionally coded in this Ggure and in the
othera for distinetion.

There is ona more pertinent relationship. This
involves the 0.44x fine, the existence of which is an
identilying featurs of green micas. It is almost
alwayz veatipial in the pink ruby muscovites. The
relationship between thie line and the 3.054 band =
shown in figure 11. It is clear that these two ab.
zorptiona are essentially mutually exclusive; that is,
whenever a4 is relatively large, a; s has zero value;
whenaver o ; is relatively larpe, o, i hes 8 near zere
value. The progression from pink to en ruby
muscovite is vsuelly accompanied by an inerease of
ap.w. The nonruby muscovites obhaerved have never
had more than the barest value of oy .

It is now noted that the two plok ruby specimens
represented in fizure 10 by intermediate values of
ag o Are distinpuished by values of ap. comporabla
to these of green 1tuby muoscovite,

With these quantitative results it is possible o
dezcribe muscovite sheet mica in a teasonably
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Fravre 11, The reltionship of the green greociated §. 44 ling
o he pink osapcialed in‘f?:arsd TEQEGN, o 4y PETANE g v

O—pinkg ™by, CO—interenedbsés oy, O—greon vuby, A—rom, E-pole
ETeET, h—d5rie Frenn, d—IuE-ET,

definitive way by a 3-space of absorption coel-
ficients, op 4, ooae, a0d apg. The oy applies to
the green correlated line at (.44z. The aye is
chosen instead of ag s to represent the visible pink
correlated region because it allows & little more
differentiation of specimens possessing small velues
na indicated by f{;'um 9. The m 8 the total

absorption coefficient, i.e., —% I 7, for the minimum

poinl of the abzsorption window between the 04725
and 0.505x lines {(rae the minimuam in the —log
T represontation of figs. 2 to 4), uncorrected [or
reflection. This is chosen to repressnt the gzenersl
level of the abzorption surve and, benec, the position
of the band ndge. Such characterization i3 shown
by tha stereo represemtation in fipure 12 of the 3

dimensional data space so genernted.  Projections
of the dets onto the eoordinate planes are given hy
figures 13 and 14. Figure 13 iz the dpmjectian
downward onto the Tew.., o] plane and ficura 14
represents the view into the 3 date space from the
left of the steres presentation,

The data for all the ruby materials fall cloze to
the [a) g, o] plane, 85 oy 3= sioall, while
ranges from about 1 to 3.5 mm~!.  This is best seen
in E;]re 14. As seen in fip 13, tha pink rubies
have larze values of sy bubt values for gy near
zero (exeept the bwo pink specimnens with meadivm
values of ozgh). The n Teby epecimens are in
the region of small values of &gy 60d oy Data
for the pale green specimens are located in figure 14
at armull values of oy o of the order of | mn, and
a0 aro relatively traneparent, but the 044y X line is
comparatively infense. Pale greens may also have
amall values of oy, (see fip. 13). As the series
progresses from pale green to darck green, oy . snd
g ap Doreade {pea fir, 14). The rom imicas are
reprasen ted b{' points mtermediate in all coordinates,
In fact [ov these data the ruby, psle greem, dork
green, and rum-green groups generate a rough
poratola on the fey 4, ag s plane with the rum colored
specimene located in the hollow.

Thus, it apﬁe.m-s that theae thres coordinates
provide & datailed basis for diserimination of inus-
covite micas and can be used to classify samples on
& humerieal basis,

44, Apparent Optic Axial Angle

The sppurent optic axisl angle was determinad {or
numerous specimens of each color subgroup in order
to investipate the connection betwsen angle and eolor,
Ne significant correlation was found tor the ruby
micsz, but u correlation did appear for the nonruk
groups. In figurs 15, results are shown for speci-
mene of V—4 nonruby, item 12 of table !, sorted
according to color sul‘;g'l‘()up‘ The two color series

TR

Troure 12, Sicres representation of the Scoordinak: characterizqlion of muscovila sheel with abeorpiion coefficients
it wadelengbha of .44, 040, and 0. 58u.

Or—pdok puby, O—green rithy, A—rum, il Tl groon, A—dark green, fe—r0m-gross_
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branching of from olive sre included, dark green
being the end member of one branch and lipht green
thet of the other.

With refarence to ﬁiure 4, the one factor which
varies in ¢ornmon with the progression slomg tha
color series uzed in figure 15 is specviar density, par-
ticelarly in the region of the band edga. Therefore,
being ezsentially of one hue but of varinble shade
fsee fig. f), the rum-grean Canadian Clegr Furdy
fitem 15 of table 1) was chosen for comparison of
angle to specular density. Specimens were messured
phnmmeh—icall{ with & tungsten rource and a deep
violet filter which had the spectrophotometricaily
determinsd pass band of figure 16. This Alter was
chosen to give a rnessure of the height of the absorp-
tign curve in the vicinity of 0.4y, The correlation
obtained for angle to density is as shown in figure 17.
Wheraas the correlation shown in fizure 17 18 good,
no similardy narked correlation was found for the
ruby micea,

A comparison of repreaeniatives of ail types of the
micas, neluding rubies, showing the relalion of appar-
ent nxial angle to ap, 15 s2en in figure 18, This
presentation tends to clarify the behavior of apparent
axial anzle. A certain grouping of values occurs for
very pink ruby specihnens; namely, those specitnans
for which oy axceede 1 mm™ and oy exeesds 0.2
mm™" all fall within & given domain of moderatel
large axial angle and niediun ag.y The dats for all
other specimens including =zevera]l representative of
pink rubies, {sll in & main sequence io which apparant
angzla decreases with increasing og.g

t is to be noted that pale preen eolored epecimens,
n¢t the ruby, bave apparent axial angles approsching
that of muscovite proper which cught to be ~78°
as obtained from quoted values of indax of refraction
sod axial aogle [22].

4.5. Absorption Spectra, 10 to 154 of A

The spectral region from 10 to 35y is interesting
from the present viewpoint inasmuch &a the cationic
molesular vibrations are involved and the ralstive
hand intensities show some relation to color.

Examples of spectral variations found in this A
region are indicated in firure 19 for gpecimens rop-

resentative of the principal eolor groups, pink ruby,
ram, dark green, and pale green, Grenerally, trans-
mission increased as the eolor pro toward

dark green, except in the vieinity of 124 where the
oppoaite was tme, The variations of particular band
inteneities, however, ara more involvad,

4.6, Absorption Coeflictent Representation, 10 o
15z of &

The shape of the transmigsjon medmum in Lhe
vicinity of 12¢ is determined by the intensities of
the four bands at 105, 11.4, 12, snd 12.54. The
11.4z hand is too faint for evaluation. A represen-
tation which differentistes the absorption coeficient
data for the other three hande on the basis of color
is given in figure 20, In thiz the absorption coeffi-
cient of each band & normalized by the sum of the
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Fioume 19,  The 110 ta 16 h abeorplion spectram and principal
cedor grine.
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coefficients, It is evidemt that the points shift io
the upper left as color pmires.ses from pink mby to
dark oreen. In detail, pink rubies are charpcterized
by u relatively intenze 12,5p band and by & missing
or naurlir misging 1Zu band. Grean ruby specimens
have a faint 12y band, usually & lesz infenae 12.5u

band, but & more intense 108z band than the pink
by specimens, Durk preen dpieues veurlly show
the greatest 12y absorption and the lesst 1254 ab-
sorption. Rum and pale green specimens are asso-
clated with intermediate 124 absoiption.

A second, relntivel,i«; wenk band, at 13,8y, iz related
to the 124 band. This relationship, similsr to that
between the 0,24 and 3054 bands (see fig. 11), is
shown in fipure 21 in which «,; 4 is plotted against o,
Althonugh eomparatively weak for the 10 to 154 re-
gion, these baods at 12 wnd 13.8u have the sama
order of intensity us the pink ruby 3.05; band. The
Eink ruby apecimens possess the mest intense 13.30

and but little if aoy 12¢ band. Dark gresn speci-
meng are opposite and have least 13.8u abeorption
but most 12z absorption. Specimens of intermediate
colot g,mu[]J]s show both bands. As lines connecting
points to the origin are rotated from the w, e Bxia to
the i axis, color progresses fromn pink ruby to dark
green, HRuhy ?'lpecimens ususlly appear above a line
of alope 1, while nonruby specimens uaually appesr
below this line.

The atrengihs of the intense bands at 13.3 and at
14.5¢ are aeaociated with that of the 12.5p band.
The ivcrease of the 14 54 band with the 12.54 band
is shown in figure 22, As cbservable from tha color
eode, both s and ey 4 Meraase 93 color types change
frci:;: durk green, to ram, to gresn ruby to very pio
tuby.

The etrength of the 13 34 band is not linearly re-
lated to that of the 12.54 band, bt the ratio of the
absorption coefficients of the 12.5 and 13.2p bands
is somewhai linearly reloted to sy, 83 shown in
fizure 23. A separation of values by color iz evident.

No direct. cortelation was found for any one band
in the 10 to 154 region to any one line or band in the
ghorter wavelength ranges of 0.3 to 1u and 1 to 8p.

5. Summary and Concluding Remarka

Muscovite sheet mica hae traditionally been
categorized primarily as ruby or nonruby, and
although I;th'sical ifferences between these two
categoriezs have long been debated, no substantial
evidence other than color has existed to warrant

zuch differentiation. In the present £apw, on the
hasia of color, apparent optic axial angle, and
nhsorption spectra, wo have shown that there are

other messurable differences in muscovite mica
which Emvide & more complex categorization than
juat ruby or nonraby. )

The short wavelength absorption spectra (0.3 to
1u 3} have a deep absorption edge at a wavelength
near 0,524 and s number of weals Iines and absorption
regions at the base of this edge. These spectra can
be classified as of three types. All the colors
chserved in commercial muscovite shest can be
related to variations in these three apectral types.
The position of the sbeorption edge and the sctivities
of weak lines in the visible abzorption regiom sepsi-
tively vary with color. These are {urther related to
axial sngle and longer wavelength shsorption bands.
This iz interasting, sinca thesa [ines would be related
io energy differencea an order of magnitude grenter
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Fravee 21, A compariaon of the aclivilfes of (he bioe weok bands

at b and I3 8 for spectmans of differend color gronps.
Bk MpuTe 18 for pode,

than those directly related to the molecular vibra-
tions. They ara reminiscent of those found in &
delect ateucture, ep., color centers, The position
of the absorption ed’ga and the atrengths of two
weak linea at (.44 and 0.58: of b ars particularly
useful for measuring the varsations in thess erystals.

The apparent optie axial angla iz refatad to the
position of the nhaorption edge, the angle diminishing
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Ficore 22, A ocomparaesn of the actfnities of the fwe atvong

bangs af 2.6 ang 14 5p for specimens of ofifferent color growps.

a3 the edge ahifta to lomger wavelength and fower
abzorption en Thers are certain ruby speci-
mens for which this relationship is not found. 2an
are particylarly absorbant in the blue to yellow
region of the visible range and the near infrared at
3 to 3.7z. The valuea of angle and position of the
odge place these ruby materials outside of the main
sequence of the other micas.

uby micaa have an active multiplet in the pear
infrared between 3 and 2.7 of % Thiz multiplet
does not appear io other inuscovites. The amount
of absorption further separates the ruby material
inte two subelasass,
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The spectral bands in the middle infrared between
10 and 154 & are shown to be related to the color of
the materal, These bands are in 8 region which has
been shown by others to indicate vibrations of such
eﬂ,tionic—nxlygen structures as Si—0—Al

TFhuz, all in all, it is demonstrated that muscovite
sheat micss have measereable differences which by
their nature indiente basic chemical and structorsl
variations.

We thank J. C. Schleter of the Metrology Division
for determining the 0.3 to 1p spectra, P. N. Moare
and W Tazcar of the General vices Adininiztra-
tion far the selected and classified sanmples.

6. Appendix

Saveral ndditional relationships are of interest,

Tha bands of the 2.2 to 2.54 A region consist of
an ahsorption spiize at 2.2y and a multiplet at 2.3
ko 2.4p.  These are said to be pleochroic [47]. The
2.3 and 2.4 banda, however, are companions, are
iz & difference in their intemsity ratic with color
group fsee fig. 24). The 2.4x hamd is the more
intense in pink reby apecimens, but as the color
progresaes to the other extreme, the 2.3x band be-
coines stronger, Thus, a trace drawn through the
values of the pink rubies in figure 24 i3 displaced
upward on the [a; 5 = ] plane as the color of speci-
mens progresses to dark green and rum.

A faint band at 3.5z which is part of the 3 to 3.7p
multiplet is zompareble in intensity to the faint
absorptions in tha 0.3 to 1x h range. Because of ils
relative weakness, its « is not accurately deiermined,
kut figure 25 does indiente that the 3.54 bond is
proportional to the 3.0 band,
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Fraome 25, Iaferngl acfislty of e 3 fo 840 mulifplal; ssrocia-
Hon af the 3.5u bund fo the 3.05: bend.
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Fraomnm 26, Asocfatfon of e Yo bond o the 305k band
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The band at 7u is even less accurately evaluated
from our spectra (see Ag. 1), but it too shows some
relationst ip £o the 2.05u band a=z Sutherland et ul.,
reported [37], see figure 26,
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