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Once an important accessory for petrographic microscope and a valuable tool in mineralogical and
petrofabric work, the Universal Stage (U-stage) has been dubbed obsolete with the advent of electron
microprobe and XRD, and subsequent phasing out of the production of the optical equipment. Modernday fabric analysis also relies more on far more expensive texture goniometers, neutron activation
analysis and electron back-scattered diAraction analysis (EBSD) equipment. However, routine measurements of crystallographic fabric elements of uniaxial mineral aggregates (quartz- and calcite c-axis),
principal axes of important biaxial minerals like olivine, strength of mica (001) fabric, paleostress estimate from mechanical twins (e-twin) in calcite, and evaluation of meteorite impact texture in quartz as
well as impact history of asteroids, can still be done by U-stage knowledgeably and in a cost eAective
manner, subject to adequate training by eDcient instructors. In the cases of e-twin in individual calcite
grains and planar deformation features in natural shocked quartz, U-stage measurement cannot still be
replaced by EBSD. An abridged review of the science behind U-stage procedure with examples of actual
application has been presented to rekindle the interest.
Keywords. Calcite e-twin; c-axis; mica (001); planar deformation features; petrofabric; universal stage.

1. Introduction
The Universal Stage (U-stage) is one of the most
elegant accessories developed for petrographic
microscope and initially employed mainly for
quantitative measurement of optical properties of
minerals and their identiBcation. U-stage can be
considered as an elaborate crystallographic
goniometer, which is capable of not only geometric
measurements (angles), but also eAective in
simultaneous assessment of optical properties. An
intricate device with concentric graduated rings
that can be tilted and rotated, and additional
folding Wright arcs (or later modiBcations of the
same), the U-stage is designed for measurement of
angular movements on multiple axes. For a lucid

summary of the historical development of the
petrographic microscope and the accessory, see
Kile (2003, 2009). Although Bve-axis U-stage was
devised as early as late 1800s (Fedorow 1893), the
elegant accessory became popular with newer
design and construction (Emmons 1929, 1943;
Naidu 1958; Nehru 2020). As the concept of fabric
in deformed rocks gained currency, the application
of U-stage in measurement and description of
petrofabric (crystallographic preferred orientation
in a restricted sense) became wide among structural geologists (Fairbairn 1949; Turner and Weiss
1963; Sander 1970 (English translation by Phillips
and Windsor)).
While a Bve-axis U-stage with its intricate
design is more suitable for orthoscopic as well as
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conoscopic mineralogical work in petrographic thin
sections, a simpler four-axis stage is capable of
petrofabric measurements useful in kinematic and
dynamic analysis. The U-stage is also invaluable
equipment in other applications as elaborated in
this article. As the manufacture of the universal
stage has been discontinued nearly two decades
back, one can only work with used equipment
which is still functional.
2. Universal stage – the instrument
E. Leitz made 5-axis universal stage, production of
which is since discontinued, can be Btted on to
polarising microscope stage with custom made
screws that allow innermost axis (vertical) to be
aligned with standard microscope axis. Rotations
are possible around an inner vertical axis (A1),
horizontal N–S axis (A2), horizontal inner E–W
axis (A3), another vertical axis (A4) and an outer
horizontal E–W axis (A5) (Bgure 1). The microscope objectives (usually 109, 209, 509) used in
U-stage measurements have been designed to have
longer working distance for inspecting the thin

Figure 1. Five-axis E. Leitz universal stage. Different axes
labelled A1–A5 are shown rotated/tilted from their zero
positions (see text for details). Upper and lower segments
(hemispheres) are also shown.

J. Earth Syst. Sci. (2021)130:116
section mounted between two glass hemispheres
and the objective. The accessories include three
sets of glass hemispheres with refractive indices
(R.I.) of 1.516, 1.556, and 1.648, in order to facilitate work with minerals which have lower or higher
refractive indices compared to that of quartz. The
glass hemispheres are used so that the selected
mineral grain is always at the centre of the sphere
of glass and the rotation in any direction does not
change the thickness of the medium along the light
path; the assembly also increases the angle of
observation so that greater rotation in any direction is possible, and prevents deviation of light ray
by reCection when the stage is tilted at a high angle
(Whitman 1966; Kile 2009).
The Carl Zeiss (CZ) Zenapol systems were
supplied with a separate stage that can be Btted to
the microscope stand by rack and pinion assembly,
and a revolving nose piece is Btted with long
working distance objectives. The four-axis CZ
U-stage is Btted on to this custom-made stage
(Bgure 2). When the scope of the work is limited to
petrofabric measurement in uniaxial minerals like
quartz and calcite, a 4-axis stage will sufBce and
the device is more stable (Fairbairn 1949; Turner
and Weiss 1963). The description below relates to
CZ Zenapol U-stage, though this can be easily
adapted for 5-axis stage or other 4-axis stage. As

Figure 2. Four-axis Carl–Zeiss (CZ) universal stage Btted on a
CZ Zenapol microscope.
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mentioned earlier, the essential parts are a number
of concentric graduated rings, the innermost one
has central hole where the lower hemisphere of
appropriate R.I. is put in place (Bgure 3). The
mounted thin section sitting on top of the lower
hemisphere can be rotated around the inner vertical axis (I.V.). Two more rings allow rotation of the
thin section around N–S axis on gimbals and a
second vertical axis (comparable to A4 in Leitz
5-axis stage). Rotation around the outermost E–W
axis (A5) is done with the help of a graduated drum
Btted at the eastern end (Bgure 3).
Design of the CZ U-stage is such that the Wright
arcs (Kile 2009) are replaced by small graduated
half-barrel Btted with Vernier scale to measure the
rotation (tilt) on N–S axis (Bgure 3). The dimension of the thin section is smaller than those used
for routine petrographic examination. Thin sections mounted on 48 9 26 mm polished glass
slides, and with cover slip are ideal for free rotation
around I.V., and for manoeuvring the thin section
for movements parallel to the two arms of the
L-shaped graduated guide. Good polish on both the
lower surface of the thin section cut from the oriented specimen as well as the upper surface (coverslip side) prevents unnecessary scattering of light
during observation under the microscope. The thin
section is placed above the lower hemisphere with a
drop of glycerine in between to avoid any diAraction of light. Similarly, another drop of glycerine
between the upper hemisphere and cover-slip side
of the thin section prevents diAraction, and allows
lubrication for movement of the slide for measurement of sufBcient number of grains. The upper
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hemisphere Btted on thin metal arm, smaller than
the lower hemisphere in CZ design, is Btted with
the innermost ring with a screw. A stage clip is
used to hold the thin section in place during rotation. While mounting the thin section between
glass hemispheres, care has to be taken so that
there is no air bubble trapped inside, as these may
cause total internal reCection of the incident
polarized light, particularly when the stage is tilted. While placing the drops of glycerine on the
lower hemisphere, and on top of the cover-slip, one
should make sure that there are no visible air
bubbles in added drops of glycerine. After putting
the upper glass hemisphere in place, the holding
screws should be loosely tightened so that one can
gently move the thin section to the left or right,
and up and down on the stage guide, and displace
any remaining air bubbles to the edges of the thin
section.
Centering of the Universal stage is an important
issue in correct measurement of the crystallographic axis (or principal axes of the indicatrix).
Apart from the centring of the vertical axis which
is usually done by a pair of centering screws, two
other aspects need to be taken care of with respect
to rotation around the horizontal axes (E–W or
N–S). Adjustment of the mount (mineral grain in
thin section) of the U-stage must be made for every
change of thin section as there is always minor
variation in the thickness of the glass slide used.
The grain centre should be at the same elevation as
the intersection point of E–W and N–S horizontal
axes. After setting the stage to zero, a grain is
brought to the centre of the cross hairs. One needs

Figure 3. CZ four-axis universal stage with different parts labelled (see text for details).
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to check now whether the grain swings in an arc,
downward or upward, as the stage is rotated
around E–W axis; if upward the mount is too low,
if downward, too high. Elevation of the mount can
be adjusted by turning the collar (just under the
I.V. axis) on its threads in the proper direction.
Secondly, one needs to make sure that rotation
around the E–W or N–S horizontal axes is such
that the trajectory of the tilted thin section with
the assembly of hemispheres follows exactly the
N–S vertical plane or the E–W vertical plane
respectively. To this end, keeping the I.V. at zero
position one needs to focus on a spot (say a dust
particle/smudge) on the surface of the upper
hemisphere rather than the thin section, and tilt
around the E–W axis and check that the spot on
the hemisphere follows N–S trajectory. Any deviation can be corrected by rotating the whole
U-stage assembly around the microscope vertical
axis.
It must be kept in mind that any rotation of the
outer axis not only rotates/tilts the thin section
but also an inner axis. Tilt on an outer axis can be
done freely by locking the initial rotation around
the inner axis by means of locking screws for each
of the horizontal axes. Instead of Wright arcs, the
rotation on N–S axis is measured on a graduated
barrel Bxed to the inner ring (Bgure 3). For measurement of quartz- or calcite c-axis, readings
corresponding to rotations on I.V., and N–S axes
are only recorded, while rotations on other axis are
needed to ascertain the position of c-axis relative to
the plane of thin section, as explained below.
Grains with c-axis (and optic axial plane) parallel
or at a low angle (\45) to the plane of thin section
usually show higher interference colour (maximum
Brst-order yellow in thin sections of 35 lm thickness), while those having c-axis perpendicular to or
at a high angle to the plane of thin section remain
dark (or near dark) on stage rotations.

3. The principle and essentials of the method
The optic axial plane (OAP) of uniaxial minerals,
e.g., quartz, calcite, contains the c-axis which is
also the optic axis (Winchell 1931). In the following
discussion, the measurement of c-axis fabric in
quartz tectonites is given. Similar method is
applied also in measurement of calcite fabric. Thin
sections of rocks containing dominantly quartz or
calcite are Brst examined under the normal petrographic microscope, where the microscope stage
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rotates in a horizontal plane around the vertical
microscope axis. In standard thin sections of 35 lm
thickness, quartz grains show a maximum interference colour of Brst order yellow. At positions of
microscope stage when such grains show maximum
interference colour (Brst-order yellow), the OAP is
oriented at 45 with the vibration direction of the
polarizer/analyzer, and the c-axis is at right angles
to the microscope axis. Such grains are referred to
here as prism sections. Quartz grains remaining
dark during a full rotation of the microscope stage
have their optic axis (c-axis) parallel to the
microscope axis, and these mineral sections are
referred to as basal sections.
At extinction position, the prism sections have
OAP either parallel to the vibration plane of the
polarizer (say E–W) or that of the analyzer (say
N–S). These two alternative positions can be
uniquely Bxed only with the aid of accessories
(mica plate or gypsum plate) or by following
Universal Stage procedure. On the other hand, in
practice, it is very difBcult to separate perfect basal
sections from grains with c-axis not exactly parallel
to the microscope axis but making a small acute
angle say 5–15. Here also appropriate universal
stage procedure provides a solution. For grains
having c-axis orientation intermediate between
those in prism section and basal section respectively, referred to here as oblique sections, there
are four positions of extinction during a full stage
rotation, and four positions when interference colour reaches the maximum for these oblique sections, but usually the interference colour is lower
(Brst-order grey to white) than the standard maximum interference colour of quartz (Brst-order
yellow). Again, at extinction position of oblique
sections, the OAP is either parallel to the vibration
plane of the polarizer (say E–W) or that of the
analyzer (say N–S). The universal stage is used
to determine the orientation of the OAP and the
c-axis.
When the standard petrographic microscope is
Btted with a 4-axis universal stage (Emmons
1943; Fairbairn 1949; Turner and Weiss 1963),
apart from the vertical microscope axis, the mineral section can be rotated/tilted around additional horizontal or vertical axis by a speciBc
amount and the tilt can be measured on a graduated scale on the rings, similar to that etched on
the rim of the main microscope stage. It may be
mentioned here that any tilt on the E–W axis
would also tilt the N–S and I.V. axes, but the
converse is not true.
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Mineral sections can be grouped into two broad
categories depending on their orientation with
respect to the microscope axis, and/or vibration
plane of the polarizer/analyzer. Basal sections and
prism sections relate to a special category, while
the oblique sections relate to general category of
cases described below.
3.1 General category
Under this broad category, one can think of two
subdivisions depending on whether the obliquity of
the c-axis is less than 45 with respect to the
microscope stage, or the c-axis makes a smaller
angle (\45) with the microscope axis (or I.V. axis
which is not tilted). The former sub-category is
referred to as ‘equatorial’ grains while the latter
subcategory as ‘polar’ grains. In the following section, the rationale behind the U-stage measurement procedure is explained by using the positions
of the reference axis of rotation and that of the
c-axis of the grain to be measured, on lower
hemisphere stereographic projections.
3.2 Equatorial grains
Equatorial grain is Brst brought to extinction
position by rotating around the I.V. axis. At the
extinction position of this subcategory of grains,
the c-axis is on a vertical plane passing either
through the E–W axis or the N–S axis (i.e., on the
N–S or E–W great circles, Bgure 4a). The exact
position can be determined by tilting on the E–W
axis by several degrees, clockwise (CW) or anticlockwise (ACW). If the grain is on N–S great
circle, the ‘extinction’ is not disturbed even after a
tilt on the E–W axis. If the grain is on E–W great
circle, ‘extinction’ is disturbed by the tilt. Clearly,
the tilt on E–W axis displaces the orientation of
c-axis along a small circle around the E–W axis in
the latter case (position C to C0 in Bgure 4a). In the
former case, the grain has to be rotated through 90
around the vertical axis to bring it to the next
extinction position. Note that prior to the tilt on
the E–W axis, the c-axis and the N–S axis were
orthogonal, and the tilt around E–W axis would
not change this orthogonality. However, tilt on
E–W axis renders the I.V. axis to a position (I0 ),
which is no longer vertical. Now, by rotating the
section around N–S axis, while keeping the tilt on
the E–W axis as it is, one can rotate C0 to C00 ,
where C00 is coincident with E on the E–W axis.

Figure 4. Lower hemisphere stereographic projection showing
rotations associated with measurement of general category
grains. (a) Equatorial grains and (b) polar grains. See text for
details.

This manoeuver will bring the grain back to
extinction position. Tilting the stage back on E–W
axis to 0 position, restores the vertical position of
the I.V. axis.
Thus three things are important in deBning the
orientation of the c-axis. First, we assume the grain
is equatorial type; second, rotation around the I.V.
axis; third, rotation around the N–S axis to restore
extinction. In practice, assumption about equatorial type can be tested by rotating the stage around
the microscope axis through 45, in which position
the grain should show Brst-order yellow interference colour.
3.3 Polar grains
Because of the problems of total internal reCection
and mechanical restrictions on the amount of tilt
on N–S or E–W axis, a slightly different procedure
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is required for polar grains, although the basic
principle is similar to that for equatorial grains.
Normally the easily admissible tilt is \45. The
grain is so rotated around the I.V. axis so that we
reach the extinction position where the c-axis is on
the E–W great circle. A tilt on the E–W axis disturbs the extinction (C to C0 on Bgure 4b). Now, by
rotating around the N–S axis the extinction can be
restored (C0 is rotated to C00 along a great circle
around tilted I.V. axis, Bgure 4b). By tilting the
stage back on E–W axis, C00 is brought back to
vertical position, i.e., extinction is not disturbed. In
practice, the assumption of the polar position is
tested by rotating the stage around the microscope
axis: the grain should remain dark during stage
rotation.
3.4 Prism sections
Rotate on the I.V. axis so that the c-axis is
brought to a position of coincidence with the E
end of the E–W axis. The grain becomes extinct.
Now, rotate on the N–S axis through several
degrees, followed by a tilt on the E–W axis. The
extinction of the grain should be disturbed.
Otherwise, the Brst rotation around the I.V. was
such that c-axis was brought to a position of
coincidence with the N or S end of the N–S axis
(see Bgure 5a, b). Since this is a special case of
equatorial grains, the basic assumption can be
tested as described earlier.
3.5 Basal sections
Such grains remain extinct for stage rotations
around the I.V. axis. Now, rotate on the N–S axis
through several degrees, followed by a tilt on the
E–W axis. The extinction of the grain should be
disturbed. The same result is obtained for rotation
Brst around E–W axis followed by rotation around
the N–S axis (see Bgure 6a, b).
4. Measurement of indicatrix in biaxial
minerals
The optical properties of a biaxial mineral crystal
are usually referred to a triaxial ellipsoid whose
principal axes correspond to the three refractive
indices, maximum (c), minimum (a) and intermediate (b), or the three principal vibration directions, Z (slow), X (fast), and Y (intermediate),
respectively. The triaxial ellipsoid with ortho-

Figure 5. Lower hemisphere stereographic projection showing
rotations for determining the orientation of prism sections.
(a) First rotation around N–S axis (I) and then around E–W
axis disturb extinction as the c-axis is brought to C00 . (b) First
rotation around E–W axis (I) and then around N–S axis (II) do
not disturb extinction as the c-axis is brought to C00 lying on
N–S plane. C0 (position after rotation I) is coincident with C00 ,
i.e., tilted N–S axis.

rhombic symmetry (2/m 2/m 2/m) is the optical
indicatrix of biaxial mineral with the optic axes
lying on the XZ plane (= optic axial plane), and
either X or Z bisects the 2V (acute angle between
two optic axes). In minerals belonging to the triaxial system, e.g., plagioclase, the three crystal
axes (a, b, and c) of the mineral crystal do not show
any correspondence with the principal axes of the
indicatrix, except in rare case. However, for monoclinic crystals, usually the b axis corresponds to one
of the principal axes of the indicatrix. For
orthorhombic crystals, the three crystal axes are
parallel to the three axes of the indicatrix
respectively.
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Figure 6. Lower hemisphere stereographic projection showing
rotations to determine the orientation of basal section. (a) Rotation around N–S axis (I) followed by rotation around E–W
axis (II) disturb extinction. (b) Extinction is also disturbed by
rotation around E–W axis (I) followed by rotation around N–S
axis (II).

Thus, determination of the orientation of the
indicatrix with respect to thin section coordinates
has special significance in petrofabric analysis of
orthorhombic crystals such as olivine, as the slip
systems during crystal plastic deformation are
crystallographically controlled. For example,
[100] (010) is known to be the most common slip
system in olivine at depths less than *150 km
within the lithosphere (Mainprice et al. 2005).
Olivine is one of the important constituents in
the lower crust and the upper mantle, and
understanding the nature of lithospheric deformation at depth is enhanced by the observations
on tectonically induced crystallographic fabric in
olivine aggregates (e.g., dunite, peridotite).
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Olivine is also an important constituent in stony
meteorites.
The procedure for determination of the orientation of the indicatrix (i.e., X, Y, and Z axes)
adopted for four-axis universal stage (Turner and
Weiss 1963) is given below. As for uniaxial minerals like quartz and calcite, the primary objective
is to manoeuvre appropriate rotation/tilt on the
U-stage in order to align one of the principal
vibration directions (say Y) along the outer E–W
axis. After mounting the oriented thin section on
the U-stage and centering the grain to be measured at the cross-hair intersection, the stage is
rotated around I.V. axis to bring the grain to one
of the extinction positions under cross polarizers.
One of the principal planes of the indicatrix is
now aligned along the vibration planes of the
polarizers. Tilting the stage through 30 on E–W
axis usually disturbs the extinction, then a further
tilt on N–S axis is applied to restore the extinction. A second rotation on the E–W axis through
about 60 in an opposite sense is applied, followed
by rotation on the N–S axis to restore extinction.
The successive tilts on E–W axis and N–S axis are
repeated till the grain remains in extinction for
any amount of rotation on the E–W axis. At this
position, one of the principal axes of the indicatrix
coincides with the E–W axis.
The next objective is to determine which of X, Y,
and Z axes is aligned along E–W horizontal. The
E–W axis is brought back to zero position on the
graduated scale. After releasing the clamp on
microscope stage, the U-stage assembly is rotated
through 45, when the grain is illuminated. Now,
one needs to check whether the grain can be
brought to the nearest extinction again by tilting
on the E–W axis. Two alternative situations may
arise.
(i) If extinction is not achieved by such rotation,
either X or Z is aligned along the E–W axis. By
using a gypsum plate (or a mica plate) as
accessory, one can check increase or decrease in
the apparent interference colour of the grain
and determine the position of fast (X) and slow
(Z) directions of the grain, and which of these is
aligned along the E–W axis. It is necessary to
take note of the rotation around I.V. (h) and
tilt on N–S axis (x) and the sense of tilt, to the
right or the left of the operator, in order to plot
the orientation (say X) with respect to thin
section coordinates. The orientation of Z can be
determined Brst by rotating the I.V. to bring
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the grain to alternative extinction position, and
the following the same procedure as for X.
(ii) The grain goes into the nearest extinction
position by rotation on the E–W axis. This
happens when the Y axis is aligned along the
E–W axis. Further, rotation on the microscope
stage does not disturb the extinction, as the
nearest optic axis is aligned along the microscope axis. One should take note of the
rotation on I.V. (h0 ), tilt on N–S (x0 ) for the
orientation of the Y axis, as in the previous
case, and the rotation angle on E–W axis (w)
for Bxing the orientation of the optic axis.
The orientations of the three principal axes of the
indicatrix of the biaxial mineral grain and the optic
axes can thus be determined with reference to the
specimen co-ordinates. The rotation angles h, x, and w
can be recorded and tabulated as shown in table 1(b).
5. Oriented specimens and reference
co-ordinate frame
In petrofabric analysis, it is customary to prepare
oriented thin sections from oriented hand specimens collected in the Beld (Sander 1970 English
translation; Turner and Weiss 1963). Metamorphic
tectonites are classiBed into three broad classes:
L-tectonite, L-S tectonite and S-tectonite depending on whether a penetrative lineation or foliation
alone is present or whether both of them can be
identiBed in the Beld (Passchier and Trouw 2005).
One may also recognize additional groupings L [ S
and S [ L depending on the relative strength of the

foliation and lineation. The basic procedure for
collecting oriented specimens, in general, has been
described in texts on Beld geology (e.g., Compton
1962; McClay 1987). In the case of metamorphic
tectonites, for example, quartzite, quartz mylonite
or quartz schists, a prominent foliation (S), say
schistosity or mylonitic foliation, pervades the
rock, and a stretching lineation (L) may additionally be present. Strike and dip of S measured with a
clinometer compass is marked with a permanent
marker at a convenient spot on foliation surface,
while collecting the hand specimen (size *5 cm 9
10 cm 9 15 cm or bigger). If the lineation is present, say a stretching or mineral/clast elongation
lineation, it is also measured and marked on the
specimen. These orientations are true geographic
co-ordinates to which any petrofabric measurement has to be ultimately referred to for kinematic
interpretation. However, the initial measurements
on the U-stage are referred to the specimen (thin
section) co-ordinates.
Thin sections are prepared from cut rock slabs
where the cut surface is perpendicular to foliation,
and parallel to lineation where the latter is present.
Where lineation is absent, one may choose any
arbitrary plane perpendicular to foliation, but it is
preferable to have it cut parallel to the foliation dip
direction. A second thin section may be prepared
with slabs cut perpendicular to lineation or parallel
to strike of foliation, in case lineation is absent. In
the case of L-tectonites, the geometric relation
between the cut surface of the slab and lineation orientation needs to be noted down. In the
ideal case of L-S tectonites, the top edge of the

Table 1. Format for recording of U-stage measurements for (a) c-axis orientations in uniaxial
mineral like quartz and (b) indicatrix of biaxial minerals, like olivine.
Sl. no.

I.V.

N–S/tilt

Grain type

(a)
01
02
…
…
199
200

184
190
–
–
0
20

5w
7w
–
–
4w
13 e

q
q
–
–
p
q

Sl. no.
(b)
01
01a
…
99
99a

axis

I.V.

N–S/tilt

E–W/sense#

Y
X

226
150

28 e
22 w

12 ;
–

Y
X

220
154

30 e
20 e

23 :
–

p for polar and q for equatorial.
Specimen number ##.
Brief description: quartzite/quartz mylonite.
Sketch showing zero position of the oriented thin section (perpendicular fol./parallel lineation),
orientation marks (down-dip lineation single barbed arrow, structural top, etc.).
#
Upward and downward arrows refer to rotation toward and away from the observer, respectively.
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Figure 7. Foliation-lineation framework and oriented thin
sections. Upper panel: Beld photo showing mylonitic foliation
(S) and stretching lineation (L) in a sheared micaceous
quartzite with true orientations marked, north of Chakradharpur, Jharkhand. Lower panel: sketch showing oriented
thin sections cut (i) parallel to L and perpendicular to S, and
(ii) perpendicular to S and L respectively, from a quartzite
specimen with S–L orientations marked.

parallel-to-lineation section is to be marked with a
half arrow pointing towards the down plunge
direction of lineation (Bgure 7). The thin section
should preferably be so mounted that the half
arrow is parallel to the edge of the glass slide. As
the slide is mounted on the U-stage with edges
parallel to the N–S and E–W guides respectively,
the rotations around I.V., N–S and E–W axes of
the 4-axis U-stage, can thus be referred to the
specimen (oriented thin section) co-ordinate frame
deBned by the plane of foliation and down-plunge
lineation direction (barbed line). Where necessary,
the preferred c-axis orientation may be referred to
the true geographic reference frame from known
orientation of foliation and lineation.
6. Recording the measurement
Measurement of the c-axis orientation relative to
the thin section co-ordinate in uniaxial minerals
(quartz or calcite) requires two essential rotations,

around the I.V. and the N–S axis respectively, and
ascertaining the nature of the grain (equatorial vs.
polar). The amount of rotation on each axis is
measured from the graduated inner ring (I.V.), and
from the graduated half-barrel for N–S axis
(Wright arcs in Leitz model). Since the rotation on
N–S axis can be clockwise or anticlockwise, i.e., the
corresponding ring is tilted to the right (E) or the
left (W), a record of the same is also necessary.
Thus, one needs to record I.V. reading, N–S reading, tilt on E-arm or W-arm, and the grain type
(equatorial/polar). A format for recording measurements for quartz c-axis in a quartz tectonite is
shown in table 1(a). Expert operators suggest
measurement of 200–400 grains in a single thin
section for reasonable replication of the c-axis
fabric pattern in quartz. In order to demonstrate
reproducibility of results, one may consider two
sets of independent measurements from two
mutually perpendicular thin sections and compare
the patterns after rotation of data, so that both sets
are referred to the same reference co-ordinate
frame. In L-S quartz tectonites, orientation data
from parallel to lineation (XZ) section and perpendicular to lineation (YZ) section can be pooled
together after appropriate rotations (e.g., Joshi
and Tiwari 2004, 2009).
7. Application
Classical mineralogical work carried out by using
the U-stage includes determination of twin laws,
measurement of refractive index, and optic angle
(2V) in biaxial minerals, identiBcation of plagioclase feldspar based on relation between crystallographic plane (twin plane) and optic orientation,
identiBcation of twin laws, measurement of
extinction angle (Z^c) in amphibole- and pyroxene
group of minerals (Winchell and Winchell 1951;
Wilcox 1959; Troger et al. 1979). Fairbairn (1949)
is one of the pioneers in assessment of quartz c-axis
fabric pattern and deformation-recrystallization
history of metamorphic rocks. Universal stage
measurements coupled with complete crystallographic fabric determination by X-ray texture
goniometer, and other advanced tools like EBSD
have been utilized extensively in understanding the
role of different slip systems in quartz behind fabric
development, geometry of fabric patterns and their
relationship with deformation kinematics in both
experimentally and naturally deformed quartzite,
and even temperature control on fabric patterns
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(Tullis et al. 1973; Marjoribanks 1976; Lister 1977;
Tullis 1977; Schmid and Casey 1986; Law et al.
1986; Saha 1989; Joy and Saha 2000; Saha et al.
2010; Law 2014). The robustness of U-stage measurement by well-trained operators in bringing out
quartz c-axis fabric pattern is well demonstrated
by comparison with results of EBSD measurement
on parallel slabs from the same specimen employing the two methods (Bgure 8).
Dihedral angle of crystal grain boundaries are
important in evaluation of magmatic or other
crystallization behaviour, and measurements of
the dihedral angle can be done with the U-stage
(Holness et al. 2005, 2007). Evolution of quartz
petrofabric in quartzites in high strain zones or
ductile shear zone is controlled by progressive
crystal plastic deformation and dynamic recrystallization of quartz. The process may lead to
bimodal grain size distribution with recrystallized
quartz grains of smaller size and relatively larger
relict quartz porphyroclasts (Marjoribanks 1976;

Figure 8. Comparison of quartz c-axis pattern (asymmetric
girdle) in a sheared quartzite, Vellikonda thrust front, from
two sets of measurements. (a) EBSD (0001) pole Bgure diagram, courtesy Chris Dobmeier. (b) Universal stage, after
Saha et al. (2010). Foliation trace N–S, down plunge lineation
(L) toward south.
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White 1976). It has been suggested that while the
CPO of relict grains is inCuenced by and thus
indicative of kinematic framework present during
most of the plastic deformation, CPO of the
recrystallized grains reCects only the last stages of
progressive deformation (Krischner and Teyssier
1991). Thus, one can selectively measure and plot
separately orientations for relict grains and
dynamically recrystallized quartz grains by using
the U-stage, and compare the results for kinematic interpretation as well as for assessing relative inCuence of different dynamic recrystallization processes, namely grain boundary migration
and subgrain rotation (Hirth and Tullis 1992;
Gleason et al. 1993; Joy and Saha 2000; Law
2014).
A preliminary qualitative idea about the presence of significant preferred orientation of quartz
c-axis in quartz tectonite/mylonite can be obtained
Brst by observations under standard petrological
microscope. For a thin section of quartz tectonite/
mylonite with strong preferred crystallographic
orientation, a large fraction of the grains would go
into optical extinction simultaneously, which
implies alignment of the respective optic axial
planes (and c-axis) parallel to the vibration plane
of the polarizer (or analyzer). Additionally, by
inserting an accessory (gypsum) plate one can see a
vivid Brst-order red colour for the ‘extinct’ grains.
The initial qualitative check may help the operator
in prioritizing samples for measurement under the
U-stage.
Measurements of the orientations of mechanical
twins (e-twin) together with c-axis in calcite
obtained from natural calcite aggregates have
been utilized in assessing the principal stress orientations for a long time (Turner 1962) and its
application has been widely used by many workers in paleostress determination and regional tectonic interpretation (Lacombe 2010 and references
therein). Similarly, Miller–Bravais indexing of
planar deformation feature (PDF) in shocked
quartz is an indispensable tool in assessing meteorite impact sites (Grieve et al. 1996; StofCer and
Langenhorst 1994). For both these applications,
universal stage is the only available and irreplaceable accessory, and precise measurement of
orientations c-axis in calcite or quartz, twin plane,
PDF or other crystallographically controlled planar features in mineral grains can be obtained.
Examples of these two applications and relevant
techniques of U-stage manipulation are given
below.
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7.1 Mechanical twin in calcite and paleostress
Mechanical twin in calcite is common in low-temperature deformation of calcite, a uniaxial mineral
belonging to the Hexagonal system (Turner
1953, 1962; Burkhard 1993; Ferril et al. 2004).
Calcite twin data has been widely used as a straingauge, paleostress estimator, and low-T geothermometry to analyse and understand tectonic evolution of fold-and-thrust belts, foreland basins and
continental interior (e.g., Turner 1962; Groshong
1972; Dietrich and Song 1984; Kang et al. 2005;
Chakraborti and Saha 2009; Lacombe 2010;
Tripathy and Saha 2013, 2015).
Mechanical twins in calcite are lamellar twins
with adjacent twin lamellae and host grain separated by twin planes (Bgure 9a). Twin lamellae
vary in thickness so that thin twins appear as lines
under the microscope and thicker twins show
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appreciable thickness of the twinned part between
two adjacent twin planes, when viewed along them
(Burkhard 1993). Deformed calcitic rocks such as
limestone, marble and veins with calcite spar often
display e-twin lamellae [twin plane ð0118Þ, angle
between c-axis in the host grain and normal to the
twin lamellae *26]. Calcite being uniaxial mineral, c-axis in host and twinned part can be easily
measured under polarising microscope Btted with
U-stage, as in the case of quartz. The additional
measurement that is required in dynamic analysis
(paleostress estimate) is the orientation of the twin
plane. All these measurements are done with
respect to specimen co-ordinate, and Bnally transformed to geographic co-ordinates. However, one
must keep in mind that calcite has much higher
birefringence compared to quartz. As the U-stage
procedure involves Bnding the perfect extinction
position during stage rotation/tilting around I.V.,

Figure 9. Calcite e-twin measurement and paleostress. (a) Photomicrograph showing lamellar twin in calcite grains, calcite
mylonite in the footwall of Palnad klippe, south India. (b) e-twin in calcite (shaded part) and relevant crystallographic angles on
a plane containing e-twin pole, c-axis in host calcite and twin lamellae; r1 and r3 make 45 angle with glide direction, g.
(c) Stereographic projection showing orientations of c-axis in host calcite and twin lamellae and e-twin pole with reference to
foliation-lineation reference co-ordinate.

116

Page 12 of 16

N–S or outer E–W axis of the 4-axis U-stage,
experienced operators advocate much lower thickness (5–10 lm) of the thin section of calcite bearing
rocks, compared to standard thickness of 35 lm
(Kang et al. 2005; Tripathy and Saha 2015). For
statistically significant analysis at least about 50
twinned grains are required to be measured
(Groshong et al. 1984). Since the design of the
U-stage allows tilt on N–S or E–W axis to \45 in
order to avoid total internal reCection, usually
measurements are done on two perpendicular thin
sections of the oriented sample, and the data are
integrated after necessary rotations (Saha 1987;
Kutty and Joy 1993).
Inversion of calcite twin data involves deduction
of the compression (C or P) and extension directions (T) from the relationship that P (or T) makes
an angle of 45 with the normal to e-twin plane,
and the angle between P and the c-axis in twinned
domain is 18.5 (Bgure 9b, Turner 1953, 1962).
Data reduction is done using a stereonet and
plotting a plane containing the c-axis in both the
twinned part and the host grain and normal to
e-twin plane (Bgure 9c). Taking into consideration
all the measured grains, one can assess cluster of
P- and T-axis representing the loci of mean r1 and r3,
assuming uniform stress regime, and irrotational
deformation. Later improvements on the P–B–T
method of Turner (1953) include numerical
dynamic analysis (e.g., Spang 1972; Groshong
1972), and computer adaptations of the same
(Sperner and Ratshbacher 1994; Sperner et al.
1997; Delvaux et al. 1997; Delvaux and Sperner
2003). These later adaptations apparently clean
the raw measurements from outliers, or segregate
raw data into subsets which relate to two (or more)
separate deformations (for practical applications
see Laurent et al. 1990, 2000; Tripathy and Saha
2015).

7.2 PDF in shocked quartz
Planar deformation features (PDF) in shocked
quartz recovered from impact crater sites are one of
the prime indicators of shock metamorphism.
Under petrographic microscope, PDFs appear as a
few microns wide, straight parallel defects which
may occur in multiple sets within single quartz
grains (Bgure 10). PDFs may be decorated with
rows of Cuid inclusions, and non-decorated planar
features usually show lower refractive index (Engelhardt and Bertsch 1969; Ferriere et al. 2009).
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Figure 10. Two intersecting sets of PDFs in shocked quartz;
sample (KRB-006) from a quartzite clast in suevite breccia
from the drill core into Bosumtwi (Ghana) impact structure,
under cross-polarizers. Photomicrograph courtesy of L. Ferriere. Reproduced with permission from Elsevier, Earth Sci.
Rev. 98 123–170 (French and Koeberl 2010).

Planar features are explained as traces of gliding
under shock loading and several studies have
revealed that crystallographic orientations associated with PDFs belongto rhombohedral
zones, the

most common being 1012 ; 1013 , but other
orientations like basal plane have also been measured and reported (Engelhardt and Bertsch 1969;
Goltrant et al. 1992; Ferriere et al. 2009). Thus
qualitative identiBcation of PDFs in thin sections
must be veriBed by measuring and indexing
(Miller–Bravais) the planar deformation features.
Since the defects follow crystallographic planes,
and the crystallographic angles for rhombohedral
and other forms are well known for quartz, the
indexing can be done by measuring the angle
between the quartz c-axis and the normal to a set
of parallel PDFs.
The measurement procedure for quartz c-axis
has been presented earlier. Once the c-axis orientation is measured and recorded with respect to the
specimen (thin section) co-ordinates, the pole to
PDF can be measured in the following manner.
Just as a planar fracture or mica cleavage plane
appears sharpest under the microscope when the
plane is perpendicular to the microscope stage, or
the normal (pole) is along the horizontal, a parallel
set of PDFs would also appear sharpest when it is
aligned along the vertical axis. The steps are as
follows. After mounting the thin section on the
U-stage, rotate on the I.V. axis to bring the trace of
PDF set parallel to E–W line; slowly tilt on the
E–W horizontal axis clockwise or anticlockwise to
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bring the PDF trace in sharpest focus; note the
azimuthal angle on graduated ring corresponding
to I.V., as well as the angle of rotation on E–W axis
including sense of rotation. Remember that quartz
c-axis orientation of the shocked quartz grain
should also be measured in a manner so that quartz
OAP is aligned with the E–W axis. A stereographic
projection net can then be used to plot the relative
orientations of quartz c-axis and one set of PDF.
Indexing of PDF is done by comparing the angle on
stereographic projection with known crystallographic orientations of different zones in quartz
(Ferriere et al. 2009). The measurement procedure
should be repeated for all PDF sets for a quartz
grain with multiple sets, and in all available PDF
bearing grains within a thin section. In order for
the data to be statistically significant, number of
measured grains within a single thin section can
be 60 and above (Engelhardt and Bertsch 1969;
Ferriere et al. 2009).
7.3 Petrofabric analysis of meteorites
A host of contemporary geological, cosmochemical,
and astrophysical research in planetary exploration
relate to studies on meterorites which are solid
extra-terrestrial objects that have fallen on Earth.
Petrofabric studies on meteorites are also important in petrogenetic interpretation, comparison of
different types of meteorites and understanding
shock metamorphic changes which provide clues to
origin and tectonic evolution of the meteorites.
Study of meteorites (chondrites) is inherently
linked to early evolution of the solar nebula, and
accretion of asteroids and planets, whereas achondrites are thought to preserve the early history
of differentiation of planetary bodies (Wood
1968, 1988; Krot et al. 2002; Basu 2014). Olivine is
an important constituent in several types of stony
meteorites including chondrites and primitive
achondrites. Although EBSD studies of sparsely
available meteorite samples are more common in
recent literature (e.g., Hasegawa et al. 2016, 2017),
the crystallography of olivine (Orthorhombic
crystal class 2/m 2/m 2/m) allows measurement of
principal axes of olivine indicatrix, which have
direct correspondence with the crystal axes,
namely a, b, and c. The olivine indicatrix can be
determined by universal stage procedure for biaxial
minerals, and by combining data from each of three
mutually perpendicular thin sections, after appropriate rotations, one can improve the counting
statistics (Berkley and Keil 1981).
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Crystallographic fabric of olivine in primitive
achondrites (brachinites) can be variable and of
varied origin. Some brachintes (lunar meteorites)
from Miller Range in Antarctica, show a point
concentration of b-axis of olivine which is interpreted as due to compaction of olivine cumulates
derived from high degree partial melts as the
meteorite passed through temperatures above the
solidus (Hasegawa et al. 2016). (010) crystal face of
olivine is usually bigger than other crystal faces,
thus compaction of cumulates leads to alignment
of (010) faces. Other meteorite samples (e.g.,
ALHA77005, Alan Hills area, Antarctica) show
weak olivine c-axis maximum on XZ girdle. The
interpretation of the origin of such olivine petrofabric is somewhat uncertain, but may be due to
alignment of cumulate crystals during melt Cow
and solidiBcation (Berkley and Keil 1981).
Commonly observed petrofabric in chondrites
relate to Cattening and other shape changes in the
chondrules (solidiBed spheroidal melt objects, often
pseudomorphed) and has direct implication for
impact history of the asteroids from which these
chondrite may have been derived (Scot et al. 1992;
Zolensky et al. 1997; Lindgren et al. 2015). While
the 2-dimensional and 3-dimensional fabric deBned
by the chondrules and CAIs (Ca- and Al-rich
inclusions) can be ascertained by optical microscopic, and SEM studies of polished thin sections,
AMS studies are also employed in understanding
the petrofabric of chondrites (e.g., Gattacceca et al.
2005). Brecciated carbonaceous chondrites provide
important clues to the impact and alteration history as the veins in chondrites follow fractures
initiated by impact and subsequent alteration due
to released water from reservoir elsewhere within
the meteorite. Such veins contain calcite and
development of e-twins during deformation related
to one or more impact(s) offer opportunities to
deduce stress states associated with the impact, the
evolutionary history in case of multiple impacts, as
well as relation between shock-induced Cattening
fabric deBned by chondrules, and the stress states
during other event(s) interpreted from dynamic
analysis of calcite e-twins. Some CM carbonaceous
chondrites show shock-induced chrondrule Cattening fabric determined by electron imaging and
diAraction and X-ray computed tomography, as
well as mineralized fracture veins indicating tensional stresses accompanying the impact, which
exceeded the fracture yield strength of the meteorite matrix (Lindgren et al. 2015). Thus, the
measurements of olivine indicatrix and calcite
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microstructure including e-twins in meteorite
samples under universal stage can be gainfully
employed in addressing issues related to petrofabric in different types of meteorites, intensity of
shock for impact events, and evolutionary history
of multiple impact events in asteroids.

review article. Constructive comments and suggestions on an earlier version of the manuscript
from Prof C E Nehru and one anonymous reviewer
helped in improving the article. Trade and brand
names used here are only for instructional
purposes.

8. Concluding remarks

Author statement

Nearly a century has passed since the early design
and construction of the universal stage (Emmons
1929). Its initial utility, prior to the advent and
popularization of XRD and microbeam instruments, was primarily for mineralogical work. The
U-stage served as an essential equipment for
petrofabric work in structural geology for several
decades since the publication of Fairbairn (1949)
book, and numerous work on quartz c-axis fabric
and its relationship with strain have demonstrated
the usefulness in scientiBc work (e.g., Joy and Saha
1998; Law 2014 and references therein). However,
since the 1990s the phasing out of production of the
equipment by manufacturing companies, as well
as dearth of trained instructors have put the
remaining few working instruments in limited
contemporary use. In spite of the obsolescence,
U-stage still remains a valuable and irreplaceable
accessory in calcite e-twin measurement for paleostress analysis, comparative assessment of c-axis
preferred orientations in relict grains vs. dynamically recrystallized grains in quartz mylonites,
assessing impact history of meteorites as well as
indexing of planar deformation features in shocked
quartz used in assessment of meteorite impact
sites.
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