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Abstract

In an attempt to explain the anomalous optical propert ies of certain cubic, tetragonal, and
hexagonal (tr igonal) mineral species, variat ions in2V, composit ion, and space-group symme-
try have been determined for eight dif ferent minerals inctuding garnet (And-Gross), rut i le,
jeremejevite [A16850lu(F,OH)r],  apati te, kleinite [Hg,N(Cl,SO,).xH,O], beryl,  quartz, and
elbaite. The space-group symmetries of the specimens, determined by single-crystal X-ray
techniques, showed no deviat ions from previously-observed crystal lographic symmetry, yet
signif icant deviat ions from isometric and uniaxial optical character were observed. Al l  speci-
mens except rut i le were found to be composit ional ly zoned, but no systematic correlat ion was
found between elemental zoning and 2/measured along the same traverses The anomalous
optical propert ies are thought to be due to strain induced by chemical substi tut ions and/or
defects occurring during crystal growth, by rapid temperature or pressure quenches, or by
mechanical deformation.

Introduction

Numerous observat ions of  anomalously b iax ia l
cubic,  te t ragonal ,  and hexagonal  ( inc luding t r igonal)
substances have been reported over the past half-
century. Various hypotheses have been offered to
expla in the b iax ia l i ty  of  these mater ia ls ,  inc luding
internal stresses (Deer et al., 1966), twinning (Win-
che l l  and  Winche l l ,  1951 ;  Tu rne r ,  1975a ,  b ) ,  and  me-
chanical  deformat ion (Johannsen,  1918;  Turner .
1975a). These proposed causes of biaxiality need not
affect the space-group symmetry as determined by X-
ray diffraction. Thus, cubic, tetragonal, or hexagonal
minerals  d isp lay ing anomalous opt ics commonly d is-
play cubic, tetragonal, or hexagonal space-group
symmetry.

From the many minerals  exhib i t ing anomalous op-
tical properties, the following have been chosen for
fur ther  s tudy:  ( l )  garnet  (cubic) ;  (2)  rut i le  ( te t rag-
onal) ;  (3)  jeremejevi te,  A16BbOlu(F,OH)s (hexa-
gonal) ;  (4)  apat i te  (hexagonal) ;  (5)  k le in i te ,
HgrN(Cl ,SO,) .xH,O (hexagonal) ;  (6)  bery l  (hexa-
gonal) ,  inc luding var iet ies gosheni te,  morgani te,  and
emerald; (7) quartz (trigonal), variety amethyst; and
(8)  tourmal ine ( t r igonal) ,  var iety  schor l -e lbai te.  Al l
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but  jeremejevi te,  quar tz ,  and tourmal ine have cen-
t rosymmetr ic  s t ructures.  These e ight  minerals  were
chosen because of the range of crystallographic sym-
metry, crystal structure, and varying chemistry that
they d isplay.

The proposed causes of  observed anomalous opt i -
cal character can be considered conceptually as being
primary or secondary in nature, depending on
whether they originated during or after crystal
growth.  A pr imary cause for  an anomalous opt ica l
ax ia l  angle,  in  an otherwise isotropic  or  uniax ia l  min-
eral, involves the generation of internal stresses pro-
duced by a range of  chemical  subst i tu t ions or  by
defects occurring during crystal growth. The compo-
sitionally-induced stresses could be especially large
near contacts between zones of sharply contrasting
composi t ion,  and may resul t  in  a2V in these regions
together with related changes in refractive indices. A
possib le secondary cause of  anomalous b iax ia l i ty  in
compositionally-zoned crystals involves rapid pres-
sure and temperature changes, subsequent to crystal-
l izat ion of  the mineral  considered,  which produce
internal  s t resses and anomalous opt ica l  propert ies.
The effect of internal stresses produced by any of the
above mechanisms on the magni tude of  anomalous
2lns and refractive indices is at present unknown.
The purpose of  th is  s tudy is  to  examine the range in
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anomalous opt ica l  propert ies of  these e ight  minerals ,
most  l ike ly  caused by chemical  zonat ion,  pr imary
growth features, or secondary pressure-temperature
effects.

Experimental details

Al l  opt ica l  observat ions were made wi th a monoc-
ular  Zeiss polar iz ing microscope ut i l iz ing a 3200'K
( tungsten)  l ight  source,  an 8X ocular ,  and a 40X
object ive (N.A.  0.85) .  A cal ibrated s ingle- l ine mi-
crometer  ocular  (6X) was used for  measurement  of
isogyre separat ion.  For  a l l  minerals  examined opt i -
ca l ly ,  doubly-pol ished (3-micron pol ish)  p lates rang-
ing f rom 0.03 to 1.00 mm th ick were used.  Single
crysta ls  were cut  normal  to  the c ax is  (hexagonal  or
t r igonal  and tet ragonal) .  The garnet  (grossular-
andradi te)  was examined in a doubly-pol ished
petrographic th in sect ion of  0.03 mm th ickness.  Mea-
surements of  2V were made by Tobi 's  method (Tobi ,
r  956) .

X-ray precession photographs were obta ined for
tourmal ine,  bery l ,  jeremejevi te,  quar tz ,  and k le in i te .
For  tourmal ine,  bery l ,  and quartz  no deviat ions f rom
previously-repor ted symmetry were observed.  The
space groups for  jeremejevi te and k le in i te  are cur-
rent ly  being redetermined.  No v io lat ions of  hexa-
gonal  symmetry in  e i ther  were observed.

An ARL-EMX-SM microprobe was used for
quant i ta t ive e lement  determinat ions.  In  a l l  cases ac-
celerat ing vol tage was l5 kV,  sample current  was 0.04
to 0.06 microamperes,  and the spot  s ize was about  2
microns.  Analyzed e lements and standards for  each
mineral  are l is ted in  Table l .  Raw data were reduced
using the MAGIC IV computer  program (Colby,
1968).  Microprobe scanning t raverses were made at
points separated by 0.01 to 0.5 mm wi th l0-second
count ing t imes.  2Z determinat ions were made a long
the same t raverses at  in tervals  of  0.  I  to  0.5 mm. Al l
measurements were taken at  23o + 2"C.

Data

Tourmaline

Of the e ight  minerals  examined (Table 2) ,  tourma-
l ine received by far  the most  at tent ion.  "Pocket"
tourmal ines f rom the Mesa Grande,  Pala,  and Ra-
mona districts in San Diego County, California; from
the Newry and Paris districts, Oxford County,
Maine; and from the state of Minas Gerais, Brazil,
have been examined to evaluate the relationship be-
tween compositional zonation and optical character.
Tourmaline from the Himalaya dike system (Mesa

Table L Minerals analyzed by electron microprobe; e lements and
standards

Analyzed elements (staodatds)

Tourmal ine

Beryl

emerald

gosheni Le-morganite

Utah red beryl

F e ,  M n ,  C a ,  T i ,  S i ,  A 1 ,  M g ,  I ,  N a

Zn (pure netal)

a r  r n , r , , r : l . h , n h i r c \

N a ,  C s  ( n a t u r a l  b e r y l s )

F o  a n . i " r . l  L 6 n . r i r a \

M n ,  Z n ,  S n  ( p u r e  m e t a l s )

t 1  ( s v n E n e E a c  r 1 v - ,- l

S i ,  A 1 ,  K  ( n a t u r a l  o t t h o c f a s e )

Mg (synEhetic Mgo)

N a ,  C s  ( n a t u r a l  b e r y l s )

F 6  r n r f , ' r . l  h a m . i i i . l

S i  ( s y n t h e t i c  S i O ^ )

A 1  ( s y n t h e E i c  A 1 ^ 0 ^ )

I  ( s y n t h e r i c  L I I )

a l  / c w n r h c r i . . : l . m F l \

i l o  q  f n , i " 7 . 1 . i n n . h r r l

C a ,  S l ,  P ,  C e ,  Y ,  I  ( n a E u r a l  a p a t i t e )

M n ,  I ' e  ( p u r e  m e t a l s )

C a ,  S i ,  A 1 ,  F e ,  M n ,  T i ,  M g
( n a c u r a f  g a r n e t s )

J e r e n e j  e v  i i e

K f e i n i E e

A p a t i E e

G a r n e  t

gros sular-andrad i te

R u t i l e  
I

Quartz J

Grande) has been examined in most  deta i l  (Foord,
1976).

"Pocket"  tourmal ine crysta ls  show concentr ic
growth zoning with or without additional sector zon-
i ng  and  tw inn ing  on  {101 l } .  The  basa l  po r t i ons
(roots)  of  these crysta ls  are usual ly  very homoge-
neous over a large region (mm scale) and are per-
fect ly  uniax ia l .  Ext inct ion posi t ions are sharp,  and
basal  sect ions show minimum bi ref r ingence at  a l l
posi t ions of  rotat ion of  the microscope stage.  In  eu-
hedral "pocket" crystals, chemical zonation becomes
signi f icant ,  as does vary ing degrees of  b iax ia l i ty .  This
biax ia l i ty  is  general ly  most  pronounced at  co lor
boundar ies (p ink-green,  p ink-color less,  or  others)
where the steepest chemical gradients occur. Al-
though there is an apparent correlation between 2V
var iat ion and e lemental  zonat ion wi th in tourmal ine,
there is no consistent relationship between any one
element  and 2V var iat ion (F igs.  1a and 2a) .  Secon-
dary or later episodes of tourmaline growth (pencils)
result in material which is also strongly composition-
ally zoned. These crystals, although flawless or nearly
so, show large variations in 2 Z and optic-figure qual-
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Table 2.  Composi t ions,  space groups,  and anomalous opt ical  propert ies of  minerals examined

Mineral Conposi t ion Space group
Anornalous opt ical

n ? ^ n a r f i  a c

Garnet

o r n q q r r ' l  a r -

andradi te

Rut i le

Jeremej evi te

Klein i te

Beryl

gosheni te -

norgani te

enerald

Utah red beryl

Quartz

amethyst

Tounnaline

schor l  -

e lbai te

CarFerSi,O'

Ca3Al2Si  
3012

Tio2

At6B5Ols (F '0H) 
3

Ca, (Poo) 
,  

(F,  oH)

HgrN (Cl , S0O) -cHrO

Be-A1^S i -0 .  ̂
J  Z  b  1 6

: :

sio2

Na (Fe,  Mg) 
,A1 UBSSi602 7 

(OH, F) 
4

Na (Li  ,Al  )  3Al6B3Si6o27 
(0H, F) 

4

-LA,5d

P4/nwn

P6 '/n

P3.2 or  PS^2
t 4

RSn

birefr ingence, 2/

|  ^- .
D l r e t T u s e n c e  I  c .  z v

r l

i ty. However, strain shadows and patchy extinction
are often noticeable, especially near small cracks.
Occasionally, the extinction pattern resembles the
gr id twinning seen in microc l ine.  Crysta ls  in  which
domains of differing composition are in sharp contact
with one another (e.g. dendrit ic growth) frequently
show microc l ine- l ike gr id twinning.  In  por t ions of
crystals (tourmaline as well as others) where the la-
meflar pattern is present, 2V is clearly decreased.
Source-image distortion techniques (Wagner et al.,
197 l) showed the existence of domain structure in
color-zoned tourmalines from Brazil. Mosaic tex-
tures are often noticeable in crystals examined from
all districts. Those "pocket" crystals which are obvi-
ously deformed (e.g. bent) often show strain shadows
and strain birefringence along with biaxial character.
Most crystals are not visibly deformed but may sti l l
be b iax ia l .

Azimuth or ientat ion of  the opt ica l  ax ia l  p lane
within tourmaline has been observed to be generally
very irregular. Figures lb and 2b show orientation
diagrams of  the az imuths of  the opt ica l  ax ia l  p lanes
for two crystals cut normal to c. Other crystals exam-
ined in the same manner show essentially the same
features. In some crystals (possibly strain-free or with
minimum stra in) ,  the az imuth or ientat ions of  the
optical axial planes often are nearly constant with
relation to the crystallographic symmetry. Other

crysta ls  showing st ra in shadows and mosaic as wel l  as
lamel lar  textures show no observable re lat ionship be-
tween the az imuth of  the opt ica l  ax ia l  p lane and
crysta l lographic symmetry (F igs.  lb ,  2b) .  The lack of
corre lat ion is  probably re lated to the domain s ize
being examined and the presence of irregularly dis-
t r ibuted in ternal  s t resses.  Pr imary development  of
internal stresses and consequent development of pri-
mary 2V may be due to growth imperfections and
growth characteristics of the crystals, e.g., screw dis-
locations and growth hil locks (spirals). These fea-
tures are very commonly observed on the pinacoid
and pedion terminat ions of  pocket  crysta ls  of
tourmaline and beryl. Differing elastic properties as a
function of the composition in thermally shocked
crystals at high pressures may produce internal
stresses and consequently a secondary 2V.This is true
for all other gem-pocket pegmatite minerals, and may
be true for minerals formed in other lower temper-
ature and pressure environments. A second mecha-
nism involv ing rapid drop in  pressure (pressure
quench) may a lso produce a secondary 2V in a pre-
viously uniaxial crystal or even change the value of
2V in a b iax ia l  crysta l .  I t  is  most  l ike ly ,  however,  in
the case of  tourmal ine and probably other  pocket
minerals from pegmatites, that the2V seen is primary
in or ig in.  Anneal ing of  s t ra in produced by thermal
shock or pressu[e changes during crystall ization
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would be expected in  pegmat i te  pockets i f  s low cool -
ing occurred subsequently; considerable evidence ex-
is ts  (Jahns and Burnham, 1969) to support  th is  hy-
pothesis .  Cracking,  a lso commonly observed in
pocket minerals, may also reduce stress produced by
external strain effects.

Beryl

Bery l ,  var iet ies gosheni te and morgani te f rom the
Ocean View (Elizabeth R) mine at Pala and the Litt le
Three mine at  Ramona,  shows st rong composi t ional
zoning of the alkalies and anomalous biaxial charac-
ter .  F igure 3a is  a p lot  of  2 Z and Na *  Cs content  us.
distance for a beryl from the Ocean View mine. Fig-
ure 3b shows the azimuth orientations of the ootical

D A R K  E L U E

frodu16 f i l l ing

axia l  p lanes for  the same crysta l  and the t raverse
along which probe data were obta ined.  No def in i te
re lat ionship between Na content  or  Cs content  and
2V appears to exist. Viewed down c, goshenite and
morgani te f rom San Diego County and Brazi l  ( to ta l
of  l0  specimens) a l l  show undulose,  anisotropic  r ims
with growth zones, whereas the cores are much more
uniform and nearly perfectly isotropic. Loci of strain
are defined by irregular areas of extinction which
become evident  upon rotat ion of  the microscope
stage. On the other hand, the unusual beryl described
by Schaller et al. (1962) from Arizona contains the
highest-known content of elements other than Be, Si,
Al, and O (16.87 weight percent) bui is homogeneous
in composi t ion and d isplays no b iax ia l i ty .  From th is
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F ig .  l a  We igh t  pe rcen t  ox i de  and  2V  va r i a l i on  cu rves  w i t h i n  a ' pocke t ' c r ys ta l  o f  s cho r l - e l ba i t e  f r om the  Tou rma l i ne  Queen  M ine .
Pala,  Cal i fornia.  MgO content  decreases f rom about 0.04 weight  percent  in the core to less than 0.01 weight  percent  in the r inr  Sect ion cut
normal  to c
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F R A C T U R E  F I L L I N G  ( o c h r o i l e )

b?.,'
F i g  l b .  A z i m u t h  o r i e n t a t i o n s  o f  o p t i c a l  a x i a l  p l a n e

measurements wi th in the tourmal ine shown in Fig.  la.  A-B
indicales microprobe and 2V t raverse l ine.

observation we infer that anomalous optics are not
due to l ibera l  subst i tu t ion of  e lements a lone.  Zoned
crystals of beryl from other than pegmatit ic environ-
ments may or  may not  be anomalously b iax ia l  (pr i -
mary or secondary 2V).

2 V
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A specimen of the unusual red beryl from the Wah
Wah Mounta ins,  Utah,  was examined in deta i l  for
compositional zoning and optical properties. There is
no apparent correlation between 2V and composi-
tional zonation. The core displays patchy areas show-
ing strain centers and mosaic textures with high 2V
values (as much as l5o + 2") ,  whi le  the r im d isplays

BLUE fa i r ly  sharp ext inct ion,  and only por t ions are s l ight ly
biaxial. The core area may represent the combination
of primary and secondary induced 2V while the rim
may represent only primary 2V effects. Areas of la-
mel lar  twinning (wi th in core and r im) are uniax ia l  or
very s l ight ly  b iax ia l .

Synthetic emeralds with CrrO, contents ranging
from 0.1 to 2.7 weight  percent  are both uniax ia l  and
biax ia l .  F igure 4a is  a p lot  of  CrzOe content  and 2V
u.r. distance in a crystal cut normal to c. The CrrO,
content  is  c lear ly  not  responsib le for  the anomalous
optical character. The emeralds examined were
grown by flux-melt techniques at different t imes and
in different batches. One crystal shows good uniaxial
mater ia l  in  the core wi th b iax ia l  mater ia l  on the r im,
whi le  a second shows no uniax ia l  mater ia l  a t  a l l .
While the first crystal shows no strain birefringence in
the core (most  por t ions) ,  the second conta ins numer-
ous loci of strain shadows. Differing growth rates
may possibly account for the difference in the strain
birefringence and biaxiality observed. Where strain
bi ref r ingence is  at  a min imum, the 2V is  at  a min i -
mum regardless of the changes in chemistry. Thus,
two different crystals with identical geometry and
magni tude of  chemical  zonat ion may show com-
pletely different 2V traverse curves. Figure 4b shows
the or ientat ions of  the opt ica l  ax ia l  p lanes wi th in the
crysta l  shown in F igure 4a.
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Fig 2a.  Weight  percent  oxide and 2V var iat ion curves wi th in a
'penci l ' tourmal ine crystal  f rom the San Diego Mine,  Mesa
Grande, Cal i fornia.  SiO, content  is  near ly constant  at  about 38 5
weight  percent ,  whi le MgO and TiO, contents are always less than
0.02 weight percent Section cut normal to r'.

COLORLESS

l m m .

F i g . 2 b .  A z i m u t h  o r i e n t a t i o n s  o f  o p t i c a l  a x i a l  p l a n e
measurements wi th in the tourmal ine shown in Fig.  2a A-B
indicates microprobe and 2V t raverse l ine.
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Jereme jeuite

Specimens of jeremejevite from the type locality in
the USSR and from South Africa have been ex-
mained in detail. This study is part of a more compre-
hensive examinat ion involv ing redeterminat ion of  the
optical properties and composition as well as X-ray
characterization (Erd and Foord, in preparation).
Azimuth or ientat ions of  the opt ica l  ax ia l  p lanes in
the various optical domains are extremely regular
and related to the six-fold axis of the mineral (Strunz
and Wilk, 1974). X-ray precession and Laue photo-
graphs show no deviations from hexagonal symmetry
in different portions of material from both localit ies.
A maximum 2V of 33" a lo has been determined for
the Russian material. The material from both local-
it ies is of gem quality and has virtually no flaws or
inclusions. Boundaries between the optical domains
are very sharp. We note that in the Russian material a

8  mm

B
V iew

uniax ia l  core is  surrounded by a zone of  b iax ia l  mate-
r ia l  wi th 2V ranging f rom l5o to 33o (+ 1 ' ) ,  which in
turn is  mant led by a th in zone of  lesser  2Z(0"  to 5 ' )
and f ina l ly  by a uniax ia l  r im.  The South Afr ican
mater ia l ,  on the other  hand,  has a uniax ia l  center
wi th b iax ia l  outer  zones only,  and the maximum 2Z
was 22" t lo. Sector extinction patterns are similar
to those given by Strunz and Wilk (1974), and are
consistent with hexagonal symmetry. Within each
sector and outer growth zones extinction is undula-
tory, while the central core in both cases is generally
perfectly isotropic (viewed down c). The Russian ma-
terial has a portion of the core which is not uniaxial
(is biaxial) and is homogeneous in chemical composi-
tion. There is no apparent correlation between 2Z
and chemical zonation (Fe, Si, F) in either sample.
The apparent combination of f irst-order and second-
order prisms may be due to differences in original
growth velocities, or to recrystall ization phenomena.

NorO

34
DISTANCE

Fig 3a.  Weight  percent  NarO, CsrO, and2V var iat ion curves wi thrn a 'pocket 'crystal  of  gosheni te-morgani te f rom the Ocean
Mine,  Pala.  Cal i fornia.  Sect ion cut  normal  to c.
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GROWTH ZON€

A - - B

;;;
F i g  3 b  A z i m u t h  o r i e n t a t i o n s  o f  o p t i c a l  a x i a l  p l a n e

mei lsurements wi th in the gosheni te-morganj te shown in Fig 3a
, ,1-B indicates microprobe and 2/  t raverse l ine.

A patite

Composi t ional ly-zoned apat i te  f rom the Himalaya
dike system, showing a p ink center  in  sharp contact
wi th a l ight  b lue r im,  is  both uniax ia l  and b iax ia l .  The
weight  percent  MnO r ises abrupt ly  f rom about  0.08
to 0.65,  whi le  that  of  CaO decreases f rom 55.7 to
55.3,  in  t ravers ing f rom the p ink core to b lue r im.
There is  no change in 2Z across th is  contact  (2V :

0o) .  However,  random areas wi th in the apat i te  crys-
ta l  have 2V values as h igh as 4o ( t  l ' ) .  Mn-bear ing
carbonate-apatite from the Laacher See, with a uni-
ax ia l  core (opt ica l ly  negat ive)  and b iax ia l  r im (opt i -
ca l ly  posi t ive)  was descr ibed in Rosenbusch (1927,  p.
242). Heating caused the disappearance ofthe biaxial
opt ica l  character ,  most  l ike ly  by the anneal ing out  of
in ternal  s t resses.

Quctrtz (anrelhysl)

Concentric and sector-zoned amethyst crystals are
b iax ia l  (Hu r l bu t  and  Wa lke r ,  1976 ) .  Ve in - f i l l i ng
amethyst  f rom Thunder Bay,  Ontar io,  Canada,
shows s imi lar  propert ies,  wi th 2 Z values as h igh as 6o
* I  " .  X-ray precession photographs show hexagonal
symmetry. There is no apparent correlation between
i ron  (FeO <  0 .12 )  and  a lum inum (A l rO ,  <  0 .05 )
con ten t ,2V ,  o r  ame thys t i ne  co lo r .  Sch i s t s  and
gneisses may conta in s t ra ined quartz  which of ten is
anoma lous l y  b iax ia l .

Kleinite

KIe in i te ,  Hg,N(Cl ,SOo).xH,O, f rom Ter l ingua,
Texas,  and McDermit t  (Cordero) ,  Nevada,  shows
braxia l  character .  Ter l ingua mater ia l  conta in ing both
SO, and Cl  is  uniax ia l  or  only  s l ight ly  negat ive,
whereas the McDermit t  mater ia l ,  which is  near ly  the
pure Cl  end-member,  has a h igh 2V (75-85")  and is
opt ica l ly  posi t ive.  Two polymorphs of  k le in i te  occur
in the mater ia l  f rom Ter l ingua (USN M 86641 )  wi th a
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Fig 4a.  Weight  percent  CrrO, and 2V var ia l ion curves wi th in a crystal  of  synthet ic  emerald cut  normal
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:  13.5 A and a :  40.5 A,  whereas a l l  o f  the mater ia l
f rom McDermit t  has a :  13.5 A.  Color-zoning is
observed in the kleinite from McDermitt (clear yel-
low cores wi th reddish orange r ims) .  I t  is  not  known
if the material from Terlingua is growth-zoned as
only crystal fragments were obtained for study pur-
poses. In this near-surface hot-spring environment
(about  I  a tm and 150"C),  external  mechanical
stresses can be considered negligible. However, inter-
nal stresses caused by cooling or crystal-growth irreg-
ularit ies may be present.

Rutile

Rut i le  of ten shows polysynthet ic  twinning on
{01l } .  Such mater ia l  examined in th is  s tudy ( local i ty
unknown) shows 2Z values at  the twin boundar ies

IOAP :  ( l l 0 ) l  as  h igh  as  20 ' (+ ) .  Away  f rom the
twin boundar ies,  wi th in chemical ly  homogeneous
mater ia l ,  no b iax ia l i ty  is  observed.  Composi t ional ly-
zoned ruti le has not been examined in this study.
Winchel l  and Winchel l  (1951) ascr ibed the b iax ia l i ty
to deformat ion and/or  twinning.

Garnet

Minerals  of  the garnet  group may show anomalous
birefringence and optical character. Garnets showing
strong anomalous optical character are either
strained (mechanical stress) and/or noticeably com-
positionally zoned (internal stress). Mechanical
strain can be ruled out in those crystals having alter-
nating isotropic and biaxial zones, as for all other
minerals  prev iously  d iscussed.  Grossular-andradi te
from Darwin, California, shows excellent biaxial in-
terference figures. Cores of homogeneous, isotropic
andradite (Androo) are mantled by successive growth
zones of grossular-andradite ranging in composition
from GrossuoAnduo to GrossoAnd,oo (H. S. Eastman,
Stanford Univers i ty ,  personal  communicat ion,  I  976) .
Biaxial and isotropic zones are intermixed, with the
isotropic zones being Andro or greater. 2V values
from 30o ( - )  to  65 ' (+)  have been measured,  and the
bi ref r ingence is  about  0.01.  Zones of  ext remely nar-
row lamellae (0.02 mm or less) yield lower-quality
optic f igures. Recently, Takeuchi and Haga (1976)
have documented ordering of Fe and Al in grossu-
lar-andradi te f rom Munam, Wanghedo,  North Ko-
rea, which results in orthorhombic material with very
high 2L's. Zoned uvarovite from Outokumpu, Fin-
land, is birefringent (G. E. Brown, Stanford Univer-
s i ty ,  personal  communicat ion,  1976),  but  examina-
tion of symmetry-equivalent reflections on an

I  m m .

F i g . 4 b .  A z i m u t h  o r i e n t a t i o n s  o f  o p t i c a l  a x i a l  p l a n e

measurements wi th in the synthet ic  ernerald shown in Fig.4a.  A-B

indicates microprobe and 2Z t raverse l ine.

automated diffractometer indicated no deviations
from Ia3d symmetry.

Discussion and conclusions

The optic angle is a function of the indices of
refraction, which in turn are functions of the struc-
ture and composi t ion of  a mineral .  Chemical ly-zoned
crystals may also exhibit corresponding zones of dif-
fering thermal expansion coefficients and compres-
sibil i ty constants, which may be correlated with
changes in optical properties. When pressure and
temperature changes occur, secondary 2ts may be
induced. At present, we are unable to differentiate
between primary and secondary 2V or the combina-
tion thereof. If chemical zonation of sufficient magni-
tude is  present  over  a smal l  domain s ize (0.X mm),
then the resultant changes in the indices of refraction
cause biaxiality, whether or not secondary strain is
developed during subsequent pressure and temper-
ature changes.

Substitution of significant quantit ies of various ele-
ments into minerals results in changes of optical and
X-ray properties. A single color-zoned tourmaline
crystal having cell dimensions (black-a = 15.97 A, c
: 7 . 1 9  A ;  p i n k - a  :  1 5 . 8 5  A ,  c : 7 . 1 1  A )  d i f f e r i n g
by one percent or more in the different colored zones
may result in co varying by as much as five percent
(  1.640-1.675).  I f  the change in chemical  composi t ion
and resulting changes in X-ray and optical parame-
ters are distributed over a large domain, then the
resulting internal stresses and the index of refraction
differences wil l be minimal. However, where a sharp
break in composition occurs, the cell dimensions dif-
fer over a smaller domain. The indices of refraction
also differ, causing an apparent beta index and anom-
alous 2V. Abiaxial character can thereby be induced
in a hexagonal substance.

GREEN CORE

* *
X
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Table 3 Proposed causes for  anomalous braxia l i ty  in some dimetr ic  and isometr ic  crystals

Mineral Caus e Reference

Gros su1 ar-  andradi te

Rut i Ie

Jerenej  evi te

Ca l  c i t  e

Ca l c i t e

Tournal ine,  bery l ,  apat i te,
jeremejevi te ?,  arnethyst  ?,

Tourmal ine,  bery l  ,  apat i te,
j  erenej  evi te ?

Uvarovi te

order-disorder

twinning

Tecrystal l izat ion ?

n h r c a  t T a n c i  f i  ^ n

rnechanical deformation

in te rna l  s t ress  resu l t ing  f rom
chenical zonation and/or
included growth defects

in te rna l  s t ress  resu l t ing  f ron
pressure and/or ternperature
changes

Takeuch i  and Haga (1976)

tnt t , ,n"o"t

Boettcher and Wyl l ie (19671

Turner (1975a,b)

(Prinaty 2V)
This paper

(Secondary 2ll)
This paper

G. E.  Brown, personal  comnunicat ion,
L97 6

k1  e i n i t e ,
garnet ?

Many of  the crysta ls  examined (Table 3)  show
color  zonat ion caused by composi t ional  zonat ion
(bery l ,  tourmal ine,  jeremejevi te,  apat i te ,  and k le in-
i te) .  Because the thermal  expansion coef f ic ients and
compressibil i ty constants are different for each of the
zones,  subsequent  pressure and/or  temperature
changes wil l result in different internal stresses and
secondary 2V's in  d i f ferent  zones.  The re lease of these
internal  s t resses may resul t  in  the f ractur ing of  the
inter iors of  many concentr ica l ly-zoned uniax ia l  peg-
mat i te  minerals ,  whi le  the exter iors remain re lat ive ly
fracture-free. In tourmaline, stress is further relieved
by the development  of  microc l ine- l ike gr id twinning.
This type of  s t ress-re l ie f  f ractur ing should not  be
confused with fracturing occurring from pressure
quenching proposed by Jahns and Burnham (1969).
Addi t ionat ly ,  secondary 2V may be produced by
phase t ransformat ions.  Studies of  ca lc i te  by Boet t -
cher  and Wyl l ie  (1967) and Turner  (1975a,b)  have
demonstrated that  mechanical  s t ra in and phase t rans-
format ion (aragoni te-calc i te)  can induce an anoma-
lous 2V in an otherwise uniax ia l  mineral .

In  the observat ion of  anomalous opt ics i t  is  impor-
tant  to  note the d is t inct ion between causes that  are of
crysta l lographic or ig in and those that  are not .  Nu-
merous minerals  of  topological ly  h igher  symmetry
have order-d isorder  re lat ionships which resul t  in  a
lower ing of  the space-group symmetry.  Garnet
(grossular-andradi te)  as descr ibed by Takeuchi  and
Haga (1976) is  topological ly  cubic,  but  because of
order ing in  the octahedral  M,  s i tes (Fe-Al  order ing) ,
is  topochemical ly  or thorhombic wi th space group
Fddd. Other common examples include potassium
leldspar (Al -Si  order)  and cord ier i te  (Al -Si  order) .
For all of the cases discussed in this paper, except

possib ly  the Darwin garnet ,  the anomalous opt ica l
character  is  bel ieved to be due to non- topochemical
causes.

Mater ia ls  which are opt ica l ly  b iax ia l  may be un-
quest ionably hexagonal ,  te t ragonal ,  or  cubic on an
X-ray scale.  Opt ica l  methods sample far  larger  vol -
umes o l  mater ia l  thegn X-ray d i f f ract ion methods,  and
hence the symmetry as determined by both proce-
dures may be the same or  d i f ferent .  For  example,  i f
an ent i re cut  p late f rom a b iax ia l  tourmal ine wi th no
ar t i f ic ia l  s t ra in re lease due to crushing were examined
by X-ray diffraction, then the symmetry as deter-
mined by X-ray methods should be ident ica l  to  that
determined opt ica l ly .  In  some cases,  us ing the prop-
er ty  o l  anomalous b iax ia l i ty ,  one can quick ly  deter-
mine the presence or  absence of  composi t ional  homo-
genei ty  in  mater ia ls  not  mechanical ly  s t ra ined,  even
though chemical  zonat ion may not  be d i rect ly  cor-
re latable to the observed anomalous b iax ia l i ty .  Very
of ten color-zoning is  absent ,  but  anomalous b iax ia l -
i ty  is  observable (e.g.  bery l ) .  I f  a  sect ion is  cut  normal
to c  and shows var iable2V,  one may suspect  compo-
sitional zonation of varying magnitude with or without
accompanying st ra in ( in ternal  or  external ) .  Chem-
ical ly-homogeneous crysta ls  conta in ing pr imary
growth defects may y ie ld anomalous opt ica l  proper-
t ies.

These factors may affect the optical properties of
t r imetr ic  crysta ls  as wel l .  The observed 2V for  a g iven
trimetric crystal often wil l not agree with the 2V
calculated f rom indices of  ref ract ion.  Wi l lard (1961)

has succinctly stated the problems encountered be-
tween calculated and observed optical axial angles for
biaxial minerals. As stated by him (p. 202) "within
the l imits of accuracy for measuring indices of refrac-



t ion, the 2V cannot be definitely established as a
specific value." The lower the birefringence of a min-
eral, the greater wil l be the possible variations in the
calculated 22.  Studies such as that  by Rinne (1926)
on topaz have shown the existence of strain-induced
2V changes which can be removed by heating. Iso-
gami and Sunagawa (1975) have corre lated growth
defects with optical anomalies in topaz.
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