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Aesrnecr
Brazil-twin (left-handed to right-handed) boundaries in quartz when viewed between
crossed polarizers under the microscope are marked by dark fringes. Complexities due to
undulations on the twin boundary, to multiple parallel and intersecting twin boundaries
and to tilting of the section may be recognized. The fringes are the result of optical activity
and arise from the interference of elliptically polarized ord,inary and ertraord,inart \l'aves.
Fringes are visible in thick sections but become more dificult to observe as the thickness is
reduced; in petrographic thin sections (0.03 mm), those due to single and multiple boundaries are visible but those due to tiltine are not.

INrnooucrrolc
A Brazil twin in quartz consists of a left-handed region and a righthanded regionin contact (Frondel, 1962,pp.87-90). On the macroscopic
scale the twin boundary may be planar or undulating but, ultimately,
all boundaries consist of planar segments.The most common planes are
{ 1 0 1 1 }a n d { 1 0 1 1 }w i t h l r 2 r r l , l 2 I I t } , { 0 1 1 0 } ,{ 1 1 0 0 1 ,{ 2 1 1 0 }a n d
(0001) being much less common.
Brazil twins have been extensively studied in quartz used for oscillator plates (Vigoureux and Booth, 1950),where twinning precludesthe
use of some crystals, but have been neglectedby the mineralogist and
petrologistfor two reasons.First, they are rare in quaitz other than that
formed in veins,and second,they are commonly believed to be invisible
in normal thin sections (0.03 mm). Two sets of multiple intersecting
Brazil twins in Figure 1a are clearly visible in a normal thin section.
Work in the past has been largely confined to viewing thick basal
slices (e.g. a Z-att oscillator plate) at normal incidence between crossed
p o l a r i z e r s ( V i g o u r e u xa n d B o o t h , 1 9 5 0 ) .T h e ( 1 0 1 1 1a n d { 1 0 1 1 } t w i n boundariesare then inclined at about 52oto the slicesand eachboundary
is marked by a single dark fringe where light traverses equal thicknesses
of right-handed and left-handed crystal.
It does not appear to be appreciated, however, that: (1) An undulating boundary gives rise to a fringe structure which depends on the
profile of the boundary (profile-controlled fringes), (2) Fringes on twinboundaries are visible in nonbasal sections (tilt-controlled fringes),
(3) Multiple parallel and intersecting twins are marked by multiple
and intersecting fringe systems, and (4) Single twin-boundaries are
visible in normal petrographic thin-sections.
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Frc. 1. Multiple intersecting Brazil twins viewed in basal slices. (a) In a normai thin
section (0.03 mm thickness) with the analyzet rotated clockwise 3o so that right-handed
regions are dark and left-handed are bright. Twins parallel to (10T1) and (1101) end at a
grain boundary in the upper right. The scale bar is 0.2 mm. (b) In a 0.5-mm slice with
crossed polarizers. Two sets of dark fringes intersecting at 60" are parallel to (1011) and
(T101) but additional oblique dark and bright streaks occur at intersections of twins and
bisect the 60o intersection angle (see l'ig. 9) The scale-bar is 0.5 mm.
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The above fringes are describedand it is shown that they arise because of the optical activity of quartz.
OnsBnvarrous
The specimenswere in the form of basal slices (perpendicular to the
optic axis), of thickness about 0.5 mm, mounted on a universal stage
on a petrographic microscope with its polarizer and analyzer crossed.
Observations oblique to the optic axis were made by rotating the slices
about the horizontal axis and tilt-controlled fringes were only visible
when this horizontal axis was parallel to the polarizing direction of
either the polarizer or ana"lyzer.Refraction and reflection at the faces
of the specimen were made negligible by surrounding it with an oil of
matching refractive index between matching glass hemispheres. Complications due to the dispersion of the optical properties of quartz were
avoided bv illuminating through a narrow-band optical f.lter.
Planar bound,aryoiewed.along the opt,ic o*is. A single dark fringe is
visible at the centre of an inclined planar Brazil-twin boundary (Fig. 2a).
Rotation of the analyzer through a small angle increasesthe illumination on one side of the boundary and reduces it on the other side, the
dark fringe moving towards the side of reduced illumination.
Undulating bounilary aiewed,
along the optic aris. An undulating boundary
is marked by a fringe system consisting of a central dark major fringe
with a fine structure of parallel minor fringes (Fig. 2b). Rotation of the
ana"lyzerthrough a small angle causes movement of the central major
fringe. The minor fringes do not change position with rotation of the
analyzer but reverse contrast as the major fringe passesacross them.
These profile-controlled fringes can be correlated in position with undulations of the twin-boundary which is revealed by grinding a section
across the boundary, etching in HF and viewing under a microscope
(Figs.2d,5).
Planar boundary aietted,obliquely to the optic aris. The single dark fringe
observed when a planar boundary is viewed along the optic axis is
replaced by a system of fringes which appears as follows. As the tilt is
progressively increased from zero the field is alternately uniformly
bright and dark with a number of parallel bright fringes along the twin
boundary. On each successiveappearance of the fringes their number
is increased by one. Thus, for a slice 0.5 mm thick, the single dark
fringe visible at zero tilt (Fig. 2a) is replaced, at a tilt of 10o, by a
uniformly illuminated field. At 15o the field is dark except for a single
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Fro. 2. Single and multiple fringes on twin boundaries. Scale-bar is 0.2 mm in each
case. (a) Single dark fringe on an inclined planar Brazil-twin boundary in a 0.65-mm basal
slice of quartz viewed along the optic axis. Left-handed to the left of the fringe, righthanded to the right, crossed polarizers. Further data on Fig. a. ft) Profile-controlled
fringes on the inclined undulating twin-boundary (Fig. 2d and 5) in a 0.65-mm basal
slice viewed along the optic axis. Crossed polarizers. Compare with Fig. 2d. (c) 0.5-mm
basal slice tilted at 24" on the universal stage. Crossed polarizers. Two bright fringes on
the twin boundary (upper part of figure) meet two bright fringes on the wedge-shaped
edge of the slice (lower part of figure). See text. (d) Cross-section of a 0.65-mm basal slice
oI qtartz with the undulating twin-boundary revealed by reflected light from an etched
surface. Orientation corresponds to (b) above and Fig' 5.

bright fringe along the boundary. At 20' the field again becomes uniformly light and, at 24o, dark but with two bright fringes (upper part
of Fig.2c). This sequencecontinues,thus at 28" there are three bright
fringes, at 32o four bright fringes and at 36o five bright fringes, in each
case on a dark background.
If the junction between an external edge of the specimen and an
internal Brazil-twin boundary is viewed at various angles of tilt the
same number of fringes appears on each (Fig. 2c).
A group of parallel, inclined, closely spaced
Muttipte paraltet bound.aries.
boundaries viewed along the optic axis is marked by a complex as-
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semblage of parallel fringes. Each twin boundary also produces the tiltcontrolled fringes describedearlier when the slice is tilted and a multiplytwinned region may be recognized by the complex and irregular series
of parallel fringes which cover it on tilting.
Intersecting multiple boundaries. The fringes described above are all
parallel to the traces of the twin boundaries on the basal plane. Figure
1b, however, shows a typical example in which two intersecting systems
of parallel twin-boundaries which are equally inclined to the optic axis
produce, in addition, fringes which bisect the angle between the traces
of the twin boundarieson the surfaceof the slice.
Optical, octioity in quartz
General discussionsof optical activity are given in standard texts such
as Jenkins & White (1957), Nye (1957) and Shubnikov (1960) but no
attempt seemsto have been made to apply optical theory to an explanation of the optical phenomena associatedwith Brazil twin boundaries.
As optical activity is a topic which is neglected by most mineralogists,
explanationsof the optical phenomenaare developedfrom first principles.
If a linearly (plane-) polarized plane light wave is transmitted along
the optic axis of quartz, the plane of polarization is rotated through an
angle @ which is proportional to the distance d travelled by the light
wave in the crystal. Thus
Q:pd

(1)

p is the specific rotation which ranges from 48.945"/mm for 4046.56 A
to 11.589o/mmlor 7947.63A (Jenkins and White, 1957).
This effecL can be understood by considering the incident linearlypolarized wave to consist of two circularly-polarized waves of equal
amplitude but of opposite hand. The convention is that a circularly
polarized wave whose electric vector rotates clockwise as seen by an
observer whose eye the light is entering is termed right handed. The
resolution into circularly polarized waves is chosen because they are
the only waves which propagate along the optic axis of quartz with
their states of polarization unchanged. The refractive index of the
quartz differs for these two waves which consequently emerge with a
phase-differencea.
d

P : 2"i (n, - n,)

(2)

where z1 and,n, are respectively the refractive indices for the left-handed
and right-handed circularly polarized waves and tr is the wavelength of
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the Iight in vacuum. The superposition of the two emergent circularlypolarized waves gives a linearly-polarized wave with its plane of polarization rotated through the angle d which is equal to af 2. Thtts

(3)
and so

(4)
Right-handed and left-handed quartz rotate the plane of polarization
in clockwise and anticlockwise directions respectively, as seen by an
observer whose eye the light is entering.
When light is transmitted through a nonbasal section oblique to the
optic axis, again only two waves can propagate with their states of
polarization unchanged. These are elliptically polarized, have the same
ellipticity ft (ratio of minor to major axis), are of opposite hand and
travel with difierent speeds. The major axes of the electric-vector
ellipsesare mutually perpendicular and lie along the principal vibration
(electric-vector) directions which would exist for this direction of the
wave-normal in the absenceof optical activity. The quartz would then
be merely birefringent and the elliptically polarized waves would degenerateinto the familiar ordinary and extraordinary waves. By analogy,
the elliptically polarized waves which occur in qttartz will be called
orilinary or extraordinary when their major axis lies along the electricvector direction of the ordinary or the extraordinary wave respectively
of the purely birefringent case. This distinction is lost for propagation
along the optic axis, both waves then being circularly polarized.
The ellipticity of the two waves is thus unity for propagation along
the optic axis and decreasesrapidly as the wave-normal makes an increasingangle with the optic axis (Nye, 1957,Fig. 14.3).The ellipticity
becomes zero for directions of the wave-normal making an angle of
56o10'with the optic axis. For anglesgreater than 56o10'the ellipticity
increases with angle but the ordinary and extraordinary waves interchange hand.
In right-handed quartz the ordinary wave is right-handed for directions of the wave-normal making angles of less than 56o10' with the
optic axis. For a given direction of the wave-normal the refractive index,
no, for the ord.inary wave is the same for both right-handed and lefthanded quartz but the elliptically-polarized waves are of opposite hand.
A similar statement holds for the ex,traord,inar"v
wave. the refractive
index being denoted by 2..
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Thus a linearly polarized wave entering a qluartz crystal will, even if
polarized in a principal plane, in general excite two elliptically polarized
waves which travel at different speeds. The superposition of these
waves on emerging prodr.rcesthe observed fringes.
Optical activitv is essential for the production of fringes because in
each case described the optic axis of the quartz slice lies in the plane of
polarization of either the polarizer or the analyzer. If the crystal were
nonactive and birefringent then the wave excited in the slice would
then be either wholly extraordinary or ordinary (Iinearly polarized),it
would emerge without rotation of its plane of polarization and consequently would be extinguished by the analyzer and the crystal would
always appear uniformly dark. Any fringes which are observed in
quartz must therefore arise through optical activity. The fringe systems
seenin tilted basal slicesshow that phenomenadue to optical activity
are observed for directions of the wave-normal which make large angles
with the optic axis.
Expr,lNarroNs oF OBSERVATToNS
Inclined. boundary aiewedalong the optic axis. A typical light path AB
which crossesan inclined boundary in a basal slice is depicted in Figure
3a and the amplitude of the incident linearly-polarized wave is denoted
by E-. The net clockwiserotation @of the plane of polarization (which

tt
t
(a)

(D

Frc. 3. Ray paths in crystal slices. (a) Ray path AB parallel to the optic axis through
a basal slice containing a Brazil-twin boundary. L and R mark left-handed and righthanded regions respectively. (b) Ray paths through a tilted basal slice containing a plartar
Brazil-twin boundary. U, V, W are reference axes which are fi-red with respect to the
mlcroscope.
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may be measured by rotating the analyzer to extinction) is p(d"-dr)
where d. and dt are the distances travelled through right-handed and
Ieft-handed quartz respectively.The component of the electric vector
transmitted by the analyzeris E* sin[p(d.-dr) ] if lossesare assumedto
be negligible. The square of the transmitted electric vector will be
referred to in this paper as the intensity 1. In this case
I : E ^ 2 s i n ' [ p ( d ,- d , ) ] .

(5)

(d"-d.) ranges from -l to -|l where I is the thickness of the qtartz
slice and, for slicesof thickness about 0.5 mrr', pt is about 10". When
the analyzer is rotated through the angle ry' (clockwise viewed from
above) the intensity is given by
r : E^2 sin'?[p(d"-

dr) - ,lr].

(6)

Planar boundary.Within the boundary region, (d"-il) changeslinearly
with 1, the horizontal distance from the intersection of the boundary
with the lower face. There is a central dark fringe at the point where
(d.-dr):O, i.e. d":dt and the total clockwiserotation equalsthe anticlockwise rotation. The intensity rises symmetrically on each side of
this point up to the constant value E*2 sin2pl which it has outside the
boundary region.
Figure 4 shows a comparison between a set of experimental points
derived from the negative of Figure 2a and the intensity curve computed from Eq. (5). The slight discrepancy at low intensities occurs
becausethe relationship between density in the photographic plate and
log intensity was assumed linear in deriving intensity values from the
microdensitometer trace. This assumption fails for low photographic
densities.
When the analyzet is rotated through the angle *, Eq.. (6) shows that
the intensity on one side of the boundary region becomesE*,2 sin2(pt-r!)
and that on the other side -E*2sin2(plf ry')and the dark fringe moves
towards the side of reducedintensity.
[]ndulaling boundary. If the profile of the boundary is given by
d": JQ)

Q)

then the intensity is (from Eq. (5))

I:

E^2.i."{zn[n",t]]

(8)

The variation in intensity (i.e. the fringe pattern) reflects the profile
of the boundary. Figure 5 showsthe correlationbetweenthe profile of the
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Frc. 4. Comparison-measured values (denoted by
by Eq. (5) (solid curve) for the transmitted intensity
planar boundary viewed along the optic axis between
at low intensities is due to the assumption of a linear
material in deriving the intensity values.

x) and theoretical values predicted
across a fringe due to an inclined
crossed polarizers. The discrepancy
characteristic for the photographic

boundary of Figure 2b and the microdensitometer trace of the fringe
pattern of Figure 2d. A 0.001-mmundulation can be readily recognized
from the densitometer trace and some refinement of technique may
allow smaller undulations to be detected.
Figure 6b shows a plot of d (which is equal to 2p[JQ)-t/Z]) as a
function of 1 across the inclined boundary with a single undulation
shown in Figure 6a. The intensity of the light (which is proportional to
sin2@) transmitted by the analyzer is shown as curve A in Figure 6c.
A light or dark minor fringe is the result of a small fluctuation in {,
which, in turn, results from a fluctuation in the difference of thicknesses
of quartz of either hand traversedby the light (i.e. d,-d.). Rotation of
the analyzer from the crossed position through an angle ry' makes 1
(seeEq. (6)). Figure 6c (curve B) showshow
proportional to sin'z(@-ry')
this has the effect of replacing the light fringe at D .by a dark fringe.
Thus as the analyzer is rotated the major dark fringe, where $-ry':0,
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Frc. 5. Comparison of twin-boundary shape and profile-controlled fringes. (a) The
undulating boundary of Fig. 2d. (b) Microdensitometer traverse across a photomicrograph of the fringe system due to this boundary (Fig. 2b). The point of zero intensity
occurs where the light path traverses equal thicknesses of left-handed and right-handed
matedal. The fluctuations can be correlated with "steps" or undulations on the boundary
in (a). [The.liofizonlal scales of (a) and (b) are the same.]

moves:sidewaysacrossthe boundary region from X to IZ and the minor
fringes reverse contra,st as the major fringe crossesthem.
Planar inclined.boundary aiezaed
obliquelyto theoptic aris. The orientation
of the specimen is referred to the orthogonal coordinate axes IJVW
(Figure 3b) where IZ is parallel to the vertical axis of the microscope
and y is parallel to'the electric vector of the light incident on the
specimen(i.e. to the plane of polarizationof the polarizer).It is assumed
that the polarizer and analyzer are crossedand that the specimenis
tilted about the [/ axis. The results are unchanged if the specimen is,
instead, tilted about the I/ axis. The ordinary and extroord.'inarywaves
which are excited just within the first face of the slice are the same for
the paths AB, CD and EF, except that the hands of the elliptical
vibrations in AB are the reverse of those in CD and EF. It will be
assumed that the ord,inaly and ertraordi,nary waves have a common
wave-norriral and that the electric vectors of brth are perpendicular to
their wave-normal. Reflection and deviation of the waves at all boundaries are ignored. An exact analysis shows that these assumptionsdo
not sisnificantly affect the results.
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Frc. 6. Movement of profile-controlled fringes on rotating the anaLyzer. (a) Schematic
diagram of a basal slice containing a Brazil-twin boundary with a single undulation. (b)
Graph of {, the angle of rotation of the plane of polarization of linearly polarized light,
travelling parallel to the optic axis, due to passage through the slice. (c) The transmitted
intensity with polarizers crossed (curve A). Rotation of the analyzer through an angle ry'
from the sossed position causes the position of zero intensity to move laterally and the
minor fringes to reverse contrast (curve B).

Just inside the fi,rst face the resultant electric vector must equal that
of the incident wave, which always lies in the 7 direction of the coordinate axes of Figure 3b. In order that the resultant U-compone'nt be
zero the U-components of the ord.inary and erctraord,inarywaves must
be of the same amplitude and differ in phase by r. This means that the

128

SPRY,TURNERAND TOBIN

major axis of the ellipse representing the ord,inary wave must equal the
minor axis of the ellipse representing the extraorilinary wave.
Consider the paths AB and EF in Figure 3b. The ordinary andertraord,inary waves travel through the quartz with different speeds (the
ord.inarywave being the faster of the two) so that they arrive at the exit
boundary having travelled a distance d with their [/-components differing in phaseby zr-B where
0 :Zod.

(9)

o:rf(no-n")/\].
The quantity o must be distinguished from the
specificrotation p. The component transmitted by the analyzer is the
resultant U-component, which is, in general, not zero. The transmitted
intensity is
1 : 4

/

k

\2

\ 1 + f t ,)

u^'sin2 od

(10)

EF in Figure 3b is a typical path in the region of constant thickness
in which the slice is wholly right-handed. In this cased,:dt:t/cos0
(d being the angle of tilt) which is constant for a given d and so this
region will appear uniformly illuminated. A similar conclusion holds for
a path in a wholly left-handed region of constant thickness. As 0 is increased the variation in the illumination of such regions is due mainly
to the oscillatory behaviour of sin2 cd1, which, in turn, arises mainly
from the increasein (ns-n"). The transmitted intensity is zero when
od4 :

lmzr

(11)

where m is an integer.
AB is a typical path in the wedge-shapededge-regionof the slice.
At a given value of d, d varies uniformly from 0 to tf cos0 and a fringe
systemis observed.In particular, when d is such that Eq. (11) is satisfi.ed
with a particular integer m, there are m complete fringes over the region
of the wedge.
The path CD (Fig. 3b) crossesthe Brazil-twin boundary and passes
through thickness d. and d1 of right-handed and left-handed quartz
respectively. After travelling d" the resultant field, E, of the ordinary
and ertraord,inary waves possessesU and V-components -Eu and Ev
respectively which in general are not zero. These two components each,
separately, give rise to a pair oI ordinary and ertraord,inary waves as
they pass into the left-handed region at the twin boundary. The four
elliptically polarized waves then travel a distance dr in the left-handed
region. Qualitatively it can be seen that the wave emerging from the
slice will, in general, have a nonzero U-component which is transmitted
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by the analyzer. An analysis shows that the transmitted intensity is
given by
I:1

:-,.
, ,-E-'{[1
(r -f r'l=

-

p z l z l l- 2 c o s o d 1 ' c o s [ o ( d . -

dr)l

(r2)
* cos2
* 4k2sin2fo(d,- dr)]1.
"ar]
When la:1, that is for propagation along the optic axis, Eq. (12)
reducesto Eq. (5). To obtain a tractable expressionfor other directions
of the wave-normal the approximation is made that all terms of higher
powers than the first in h2 are neglected. Since ft2 falls to about 0'1
when 0:8o a careful study of the exact expressionshows that no
essentialdetail is Iost by this approximation for g greater than 8o' The
approximate form of Eq. (12) is
I:4k2E^"11

f

c o s 2o d , t - 2 c o s o d l c o s [ o ( d-. d t ) ] ] .

(13)

At a fixed value of 0, cosod1does not vary over the region of constant
thicknessof the slice.It is the factor cos[o(d."-d) ] which is responsible
for the observed fringes. The visibitity of the fringes is maximum when
otfi:fltr which is preciselythe condition (Eq'(11)) for the region outside the boundary to be dark. When this condition is satisfiedEq. (13)
reducesto
I :

l6k2E^2 sin2(od").

(14)

Thus, when od1:?ntr, the fringe system consistsol mbtight fringes on
a dark background.
Figure 7 shows the variations in intensity in the fringe system at d
equal to zero and at successivevalue of d for which the fringe visibility
is maximum. Equation (14) ctoselyresemblesEq' (10), and when Eq'
(10) is applied to the wedge-shapededge region, the ranges of d in
Eq. (10) and d, in Eq. (14) are the same, that is 0 to l/cos d. Hence,
for a tilt angle d giving maximum fringe visibility, there are as many
fringes visible at the edge of the slice as there are over the region of
the inclined boundary (seeFig. 2c).
and this condition
The fringe visibility is zero when odr: (mll)r,
the boundary
outside
illumination
coincides with that for maximum
(13),
intensity is
the
Eq.
on
is
imposed
region. When this condition
4k2E^2.
everywhere equal to
Muttiple parallel bounilarits.Irregular parallel fringes are produced by
closely spacedmultiple twins (e.g.Iower right of Fig. 1a and centre of
Fig. 1b). Schematic curves showing the variations in intensity across
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Frc. 7. Intensity in the fringe system due to an inclined planar Brazil-twin boundary
viewed along the optic axis and at successive angles of tilt for which the fringe visibility
is maximum. The diagram, from top to bottom, shows one dark fringe at zero tilt and
successively one, two and three bright fringes on a dark background.

some typical multiple parallel Brazil-twin boundaries shown in Fig. 8
have been deduced by applying the argument given for the single inclined boundary viewed along the optic axis. Although it is possible to
recognize optically that a region in a slice contains a number of parallel
inclined boundaries it is difficult to infer the exact nature of the twinned
structure from the intensity curve.
Intersecti.ngmu,ltiple boundaries. Sections of quartz commonly contain
t w o s e t s o f B r a z i l - t w i n b o u n d a r i e sp a r a l l e l t o { 1 0 T 1 } a n d / o r { 0 1 1 1 }
whose traces on the basal plane are at 60o to each other (Figs. 1a and
1b). Where the boundaries can be viewed separately along the optic
axis each will be marked by a single dark fringe where the light traverses
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(a)

(c)

(d)

Frc. 8. Schematic intensity variations in the fringe systems produced when basal
slices containing various multiple parallel planar twin-boundaries are viewed along the
optic axis between crossed polarizers.

equal thicknesses of left-handed and right-handed quartz. However,
where the boundaries intersect, there are regions of complex overlap of
Ieft-handed and right-handed quartz. For a given geometry of the
intersecting boundaries the resulting fringes can be inferred by applying
the argument given for the single inclined boundary viewed along the
optic axis. The broad features of the fringe system due to multiple
intersecting boundaries can be understood by consideration of the
simplest case,that of two intersectingboundaries (Fig.9a). Figure 9b
is a plan view showing the traces of the boundaries on the upper and
lower surfacesof the basal slice. Normal fringes due to single boundaries
occur outside the central region WXYZ. Inside this region dark fringes

SPRT/, TURNER AND TOBIN

\l
4G\

r,!-'

IR

G

J1
.1L

_Jt.,

6L

Jx'

S.ctbn
I-I'

SEtbi

J-.1
Sdir!

K-K

R

R

R

L

R

G)
Fig. 9. Fringes on multiple inclined intersecting boundaries. (a) Diagram showing two
intersecting twin-boundaries in a basal slice. (b) PIan view of (a) showing the traces of the
twin boundaries on the top of the slice (,4B and cD) and on the bottom of the slice (EF
and GH). (c) Cross-section oI the slice along lines 11,, JJ, and KK, in (b) showing the
overlap of left-handed (z) and right-handed (R) regions. Light paths which traverse equal
thicknesses of left-handed and right-handed quartz are marked OO.

appear along loci for which the light traverses equal thicknessesof lefthanded and right-handed quartz. It can be seen,from the sectionsJJ/
and KK' shown in Figure 9c, that these fringes bisect the acute angle
between the normal fringes as shown in Figure 9b. In general these
oblique fringes bisect either the acute or the obtuse angle between the
normal fringeson the boundariessincethey are parallel to the projection
of the line of intersectionof the boundarieson the surface of the slice.
A region of intersecting multiple twin-boundarieswill be marked by
normal fringes parallel to the twin boundaries,oblique fringes at their
intersections,and diamond-shapedbright areas whose long axes bisect
the acute angle between the normal fringes (seeFig. 1b).
Fnrr.rcnsrN PornocnApurc TErN SpcrroNs
ft is generallyconsidered(Frondel, 1962,p.89) that a Brazil twin is
not noticeable in a normal petrographic thin section of 0.03 mm thick-
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ness when viewed along the optic axis because of the small optical
rotation (about 0.6'). The dark fringe is certainly difficult to seebetween
crossedpolarizers becauseit is very narrow and the level of illumination
on eachside is very low, but the two parts of the twin becomeunequally
illuminated and the boundary clearly visible when the analyzer or
polarizer is rotated by a few degrees(Fig. 1a).
Profile-controlled fringes causedby undulations of the twin boundary
of a few micrometers are again very difficult to see in normal thin
sections between crossed polarizers due to the general low level of
illumination. Rotation of the ana"lyzeror polarizer by a few degrees
brightens the field and enables the minor fringes to be seen.
Tilt-controlled fringes cannot be seen in normal thin sections since
the angle of tilt for the first bright fringe becomes impractically high
for sections less than about 0.1 mm in thickness.
The oblique fringes produced at the intersection of inclined and
intersecting multiple twin-boundaries are extremely difficult to see in
thin sections because of the small areas of overlap of the boundaries
and becauseof the general low level of illumination.
Rrlnnnr.rcus
FnoNonr,, C. ft962) The system oJ Mi,nerology . . . , Vot,. III, Sdkca Minerals. John Wiley
and Sons, New York.
JrNxrNs, Ir. A., .llm H. E. Wnrrn (t957) Fundamentals oJ Optics. McGraw-Hiil, Neru york.
Nvn, J. F. (1957) Physical, Properties of Crystols. Clarendon, Oxford.
Snurwrrov,
A. V. (1958) Princi,p!,es of Optkal Crystal,l,ography. [Trans]. Consultants
Bureau, New York, 1960.
Vrcountux, P., eNo C. F. Boorn (1950) QuartzV'ibyators.H. M. StationaryOfice, London
Manuscript receited.,May 14, 1968; accepteilfor publication, July 2, 1968.

