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An adaptation of the spindle stage for geometric analysis of fluid inclusions
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AssrRAcr

In order to view fluid inclusions in three dimensions, a spindle stage has been modified
to accommodate large mineral grains and doubly polished sections prepared for fluid
inclusion analysis. With the spindle stage technique, fluid inclusions within a grain can be
observed under the microscope as they are rotated 360" about either a horizontal (spindle)
or vertical (microscope stage) axis. Three-dimensional observation of samples with fluid
inclusions affords more accurate measurement of (l) the dimensions of individual fluid
inclusions and their contained phases, (2) the depth offluid inclusions below the polished
surface ofthe host mineral, and (3) the angular relationship between planar arrays offluid
inclusions with respect to optical and crystallographic directions in the host crystal or to
structural features in the host rock. These measurements have been difficult or impossible
to obtain using conventional petrographic methods.

Application of this spindle stage technique will eliminate many of the uncertainties
concerning the origin of inclusion trails and their relationship to structural or crystallo-
graphic features in the samples being examined. Use of this method in conjunction with
microanalytical techniques that require knowledge of the physical characteristics of the
inclusion, such as thickness and volume of the inclusion and its depth below the surface,
will improve the accuracy obtained with these techniques. Moreover, the spindle stage is
a relatively inexpensive alternative to the universal stage and offers a grcater degree of
rotation about the horizontal axis.

INrnonucrroNr

The study of fluid inclusions consists of (l) an initial
petrographic examination of the inclusions, followed by
(2) microthermometric and microchemical analysis and
data interpretation. During the past several decades, sig-
nificant advances in data measurement and interpreta-
tion techniques have been made as new instrumentation
for microthermometric and chemical analysis have be-
come available (see, for example, Roedder, l99l) and
PWX data for the appropriate fluid systems have been
obtained over a wide range ofphysical and chemical con-
ditions. Conversely, techniques for mapping the distri-
bution of inclusions within a sample and for determining
the geometry of individual inclusions have progressed lit-
tle during the past century. These parameters are most
often based on the characteristics of inclusions as ob-
served in two dimensions within a fixed plane. The ori-
entation of planar and linear arrays of fluid inclusions
with respect to crystallographic directions in the host
mineral is the most important characteristic for deter-
mining the temporal classification of inclusions (Roed-
der, 1984). Additionally, knowledge of the orientation of
inclusion planes relative to macrostructural features in
the host rock is necessary to understand the timing of
various fluid events with respect to the tectonic and de-
formational history of the rock. Finally, the size and shape
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ofindividual fluid inclusions and their contained phases
must be known for many applications, and this infor-
mation can often be only poorly approximated from two-
dimensional observation. At the present time, the in-
ability to accurately define the geometric characteristics
of groups of inclusions and individual inclusions is the
single most important obstacle, and results in a great deal
ofthe uncertainty, in fluid inclusion studies.

Tuttle (1949) and numerous subsequent workers used
the universal stage to measure the geometry of fluid in-
clusion planes in oriented sections, but the geometric lim-
itations of the universal stage preclude measurement of
planes dipping <45'in a given section. An alternative
approach employed by Boullier and Robert (1992) facll-
itated measurements of both steep- and shallow-dipping
microcracks by measuring the thickness of each mineral
plate with a calibrated micrometric focusing screw and
then converting the projected width ofan inclusion plane
into its dip. This method represents a significant im-
provement over commonly used two-dimensional obser-
vations in a fixed plane, but it is very tedious and time
consuming and lacks the precision of the universal stage,
particularly for measurements of the most shallowly dip-
ping planes. In order to optimize the precision of their
measurements, Boullier and Robert examined two or three
orthogonal fluid inclusion plates from each sample.

Three-dimensional imaging of fluid inclusions using
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Fig. 1. Schematic illustration of the modified oil immersion
vessel for the spindle stage.

confocal scanning laser microscopy was recently suggest-
ed by Petford and Miller (1992). Confocal three-dimen-
sional images are achieved by compiling serial sections
through the sample with the aid of image analysis soft-
ware. This new technique is potentially useful for inclu-
sion petrography, but the high instrumentation cost may
limit its application in many laboratories currently in-
volved in fluid inclusion studies.

In this paper we describe the design, operation, and
application of a new adaptation of the spindle stage (Wil-
cox, 1959) for geometric analysis of fluid inclusions. This
relatively inexpensive tool (<$700.00 U.S.) can be used
to define the orientation of planar and linear features in
translucent minerals, as well as to determine the shape
and size ofindividual fluid inclusions.

Monrrrc.lrroNs AND opERATIoN oF THE
SPINDLE STAGE

The spindle stage (Wilcox,19591, Bloss, 1981) is a sim-
ple yet powerful tool used to measure the optical con-
stants of anisotropic crystals by immersion techniques.
With the spindle stage, a crystal can be rotated 360" about
either a vertical (microscope stage) or horizontal (spindle)
axis, so that any desired linear feature in the crystal may
be rotated into the plane of the microscope stage, thus
allowing all three principal indices to be directly deter-
mined from the same grain (Bloss, l98l). Similarly, any
planar feature can be rotated about a horizontal axis until
it is in the vertical plane, allowing the orientation of the
feature with respect to some other feature (crystallograph-
ic axis or external feature) to be determined.

For optical studies it is preferable to use crystals that
are typically < I mm in diameter. Hence, conventional
spindle stages are equipped with a shallow immersion cell
that is sufficient to completely bathe a tiny crystal in oil.
In contrast, samples examined in fluid inclusions studies
are considerably larger in most cases, and so a special oil
immersion vessel was designed to accommodate larger
samples (up to I cm in diameter).

Figure 1 is a schematic representation of the modified
oil immersion vessel. The vessel is machined out of Al.
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Fig. 2. Photograph of a doubly polished rectangular prism of
quartz mounted on the end of an Al spindle. The dot on the
surface designates the upper horizontal surface, and the long di-
mension of the prism is parallel to a reference azimuth.

An optical glass window serves as the bottom of the ves-
sel. The spindle is 24 mm in length, which is about twice
the length of the specimen mount pins normally used for
single-crystal X-ray diffraction studies. The latex film,
which separates the spindle from the goniometer head,
prevents the immersion oil from leaking out of the vessel
and also provides the flexibility required to orient a given
inclusion with the goniometer head. Standard immersion
oil will dissolve latex; therefore it is necessary to use a
refractive index oil that is compatible with latex, such as
Cargille Laser Liquid.

The oil immersion cell shown in Figure I can accom-
modate samples as large as I cm in diameter, but in prac-
tice the maximum sample size depends on the clarity of
the sample. Mineral grains or portions of doubly polished
plates are attached to the end of an Al spindle with cy-
anoacrylic cement. Those spindles intended to hold dou-
bly polished plates have a slot cut into one end where the
plate is to be inserted. For the analysis of microcracks,
oriented samples are sectioned and cut into rectangular
prisms where the long dimension of the prism is cut par-
allel to a reference azimuth and the upper surface is



marked with a dot. The rectangular prisms were typically
cut to a dimension of ca. 7 x 2 x I mm and mounted
on an Al spindle (Fig.2).

Once the sample is securely mounted, the opposite end
ofthe spindle is pressed into the latex and inserted into
the goniometer head. The latex, which envelops the spin-
dle, is threaded through a nylon tube and folded back
over its outer surface, until the tube is completely sur-
rounded. The sample is then positioned in the vessel
through a side port as the tube is pressed into the port.
Immersion oil with a refractive index that matches a
principal index of the host mineral is added to the vessel
with a pipette until the mineral is totally immersed. The
level of immersion liquid in the vessel must be well above
the spindle so that the mounted sample remains totally
submerged throughout its rotation. A circular glass cover
slide can be placed on the top ofthe vessel to contain the
fumes from the immersion liquid. Microscope objectives
with a long working distance must be used to view the
sample within the oil vessel, and a long working-length
substage condenser is also recommended for optimum
optics.

With the spindle stage the orientation of any planar or
linear feature can be precisely measured with respect to
a reference direction. The reference direction may be (1)
an optical constant derived from extinction measure-
ments, (2) a crystallographic feature such as a cleavage
plane, growth zone, crystal face (positive or negative), or
a twin plane, (3) a micro- or macrostructural feature in
the host mineral, or (4) an azimuth and horizontal surface
marked on an oriented sample taken from the field. De-
termination of optical directions in a crystal is facilitated
by the computer program EXCALBR II (Bartlemehs et
al., 1992). If a quartz crystal exhibits strained extinction,
an alternative method (see Bloss, 198 I ) may be necessary
to determine its crystallographic orientation.

Figure 3 illustrates the procedure used to determine the
pole to a planar feature. First, a planar array ofinclusions,
dipping at some unknown angle in the mounted sample,
is selected. The plane is then rotated about the horizontal
axis until it becomes vertical. The vertical orientation of
a planar feature may be checked by focusing through the
sample to see if the position of the plane shifts in a lateral
sense. Finally, the plane is rotated about the axis of the
microscope stage until it is oriented parallel to the north-
south cross hair of the eyepiece. The pole to the plane
can then be measured, relative to a starting reference po-
sition, by the amount of rotation about the horizontal
and vertical axes as indicated on the graduations around
the edge of the spindle drum and microscope stage, re-
spectively.

To determine a lineation direction, a linear feature
within the crystal is rotated about the horizontal axis into
the plane of the microscope stage; it is then rotated about
the vertical axis to an east-west direction. The amount of
rotation about each axis with respect to a reference po-
sition is then recorded and plotted on a stereonet.

The spindle stage may also be used to measure the size
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and shape of an individual fluid inclusion. By rotating a
fluid inclusion about the spindle axis, its dimensions can
be measured from observation in two mutually perpen-
dicular directions. These dimensions can then be mea-
sured using a graduated ocular or a calibrated image
analysis system. Figure 44' is a photomicrograph of three
solid-liquid-vapor fluid inclusions (a, b, and c) in a grain
ofquartz from the Bingham Canyon porphyry Cu deposit
in Utah. The view in Figure 4,A, is normal to the c axis
of the quartz grain. Figure 48 reveals the same three fluid
inclusions after rotation by 90'about the spindle axis.
Examination of these negative crystal-shaped inclusions
in two orthogonal directions indicates that they are tab-
ular as a result of unequal development of equivalent
faces. Three-dimensional viewing of fluid inclusions such
as those shown in Figure 4,A. affords a more accurate mea-
surement of the volume of an inclusion and its contained
phases than was previously possible.

The distance between a given inclusion and some other
inclusion or feature in the sample may also be easily de-
termined with the spindle stage. For example, the depth
of an inclusion below the surface of the host mineral can
be directly measured once the polished surface of the
mineral plate has been rotated into a vertical position
(Fig. 5). By viewing the sample parallel to the polished
surface, one can readily locate shallow fluid inclusions
that are suitable for in situ microanalysis. For these mea-
surements, it is useful to view the sample with the nicols
crossed to clearly define the interface between the mineral
and an immersion oil of the matching refractive index.

Appr,rc.lrroNs

The ability to determine the geometric features of fluid
inclusion planes or individual inclusions has application
to many important fluid inclusion problems. A brief sum-
mary of some of these applications and examples of the
use of the spindle stage are presented below. The three-
dimensional observation afforded by the spindle stage
technique is obviously not limited to fluid inclusion stud-
ies but is also ideally suited to other studies involving
microscopic observation in which the orientation of the
feature being observed is important. These studies in-
clude, among others, microstructural analysis of de-
formed materials and fission track measurements.

Identification of primary fluid inclusions

The assignment of inclusion origin is the single most
critical stage in the study of natural fluid inclusions
(Roedder, 1984). The empirical criteria used to identify
inclusions of primary and secondary origin are based to
a large extent on the distribution and orientation of in-
clusions with respect to crystallographic directions of the
host mineral and on the size and shape of the inclusions.
Relating an inclusion or group of inclusions to a crystal-
lographic direction in the host mineral is difficult, partic-
ularly when the host mineral does not display visible zon-
ing. With the spindle stage, the angular relations between
a crystallographic direction in the host crystal and arrays
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of fluid inclusions can be precisely and easily determined'
If planes of fluid inclusions are not consistently parallel
to prominent crystal directions, then it can be assumed
that they are not primary fluid inclusions. The reverse,
however, is not true; that is, fluid inclusions that occur
along crystal growth directions are not always primary
(Roedder, 1984).
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Fig. 3. Serial photographs with companion schematic illustrations depicting the steps involved in determining the pole to a

plane offluid inclusions with the spindle stage. (A) Planar arrays ofinclusions (a and b) as observed at the starting reference position.

iS) Su-. planes after rotation about the horizontal axis such that planes a and b have a vertical orientation. (C) Same planes after

rotation about the vertical axis such that from the pole to plane b is from east to west. The scale bar represents 100 pm.
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The most convincing evidence that a given group of
fluid inclusions is primary is if the inclusions are restrict-
ed to a growth face in the host mineral. In the case of a
mineral such as q:uartz, which usually does not exhibit
visible zoning, the angular relationship between optical
constants and a planar array of fluid inclusions may be
used to determine whether the inclusions were trapped
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Fig. 4. Photomicrographs of negative crystal-shaped fluid in-
clusions in quartz, as viewed with the spindle stage; normal to
the c axis (A), and parallel to the c axis (B). Note the tabular
shape ofthe fluid inclusions. The scale bar represents 25 pm.

on a growth surface. Although low quartz displays nu-
merous crystal forms (Frondel, 1962), trapping is most
likely to occur on one or more of the five dominant form
faces, which are illustrated in Figure 6. Thus, if the in-
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Fig. 5. Photomicrograph of a fluid inclusion in quartz as

viewed parallel to the polished surface. The inclusion is 2l pm
below the surface. The scale bar represents 25 pm.

clusions can be consistently related to the faces ofone or
more of these forms, one can claim with confidence that
the inclusions are primary. Planes of secondary inclu-
sions in quartz can occur along cleavages that are parallel
to the rhombic faces (Bloss and Gibbs, 1963), but these
can usually be distinguished by their undulatory form.
With the spindle stage, it is possible to determine not only
if the inclusions occur along a growth surface, but also
the crystal face on which trapping occulred. For example,
Figure 7A depicts two bands of irregularly shaped fluid
inclusions in quartz from Collegeville, Pennsylvania, as
observed in the polished section cut from the crystal. Fig-
ure 78 shows the same bands of inclusions after rotation
to a vertical position. The angle between the c axis of the
quartz and the plane of fluid inclusions is 38", and the
measured angle between the poles to the fluid inclusion
planes is 46'. These angles correspond to the angle be-
tween the c axis and the rhombic faces of the host quartz
(3812'32') and the interfacial angle between the rhombic

{l0Tl} and {01T1} form faces (46"15'58'), respectively.
In contrast, the plane offluid inclusions in the quartz vein
from the Bingham Canyon mine (Fig. 48) is oriented with
its pole exactly 90" to the c axis of the host crystal and is
thus parallel to a prism Ihki}) face ofthe host quartz.

Fluid inclusion phase ratios

Constant phase ratios in fluid inclusions is commonly
cited as evidence for entrapment of a homogeneous fluid
within a narow range of temperature and pressure.
Moreover, consistent phase ratios and microthermomet-
ric behavior among a group of inclusions is strong evi-
dence that the inclusions have not leaked or reequili-
brated following entrapment. Conversely, the presence of
coexisting vapor- and liquid-rich fluid inclusions, or in-
clusions with a range of liquid to vapor ratios, provides
evidence for immiscibility at the time of trapping or later
leakage or necking. Bodnar et al. (1985) have demonstrat-
ed the unreliability of visual estimates of inclusion phase
ratios from observation in two dimensions and have rec-
ommended that two-dimensional evidence for immisci-
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Fig. 6. A crystal of right-low quartz (adapted from Nicolas
and Poirier, 1976, their Fig. 5.26), displaying five of the most
common forms of low quartz: hexagonal prism (m); positive
rhombohedron (r); negative rhombohedron (z); trigonal dipyr-
amid (s); positive trapezohedron (x).

bility be confirmed by microthermometric analysis.
However, with many fluid inclusions containing high gas
contents or insoluble solid phases, decrepitation occurs
before homogenization is obtained. Thus, evidence for
coexisting liquid- and vapor-rich inclusions may be ob-
tained more reliably using estimates of fluid inclusion
phase ratios from observations in two mutually perpen-
dicular directions (Fig. a) with the spindle stage.

Paleo-fracture analysis

Numerous studies have shown that the orientation of
fluid-healed fractures is a valuable paleostress indicator
(e.g., Boullier and Robert, 1991, 19921, Lacazette, 1992;
Laubach, 1989; Ren et al., 1989). Moreover, the angular
relationship between planar arrays of secondary inclu-
sions and micro- and macrostructural features in the host
rock can be used to correlate inclusion-decorated micro-
cracks to specific deformational or mineralization events
(e.g., Boiron et al., 1992). For example, Kesler (1990)
suggested that the study of fluid inclusions with proven
association with Au deposition is an important research
direction for improving our understanding of the nature
and timing of mineralizing solutions in greenstone Au
deposits.

Knowledge of the morphology, orientation, and den-
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Fig. 7. Planes ofirregularly shaped fluid inclusions in quartz
(A), and after rotation of the same planes of fluid inclusions to
a vertical position (B). The measured angle between the inclu-
sion planes is 46'. The scale bar represents 100 pm.

sity of annealed cracks in minerals is important to un-
derstanding paleo-permeability of a rock and how it
evolved with time (Brantley et al., 1990; Smith and Evans,
1984). Lespinasse and Pecher (1986) and Lespinasse et
al. (1992) have demonstrated that fluid inclusion orien-
tation analysis is useful for reconstructing the geometry
of fluid migration. Furthermore, precise measurements
of the morphology of inclusions within annealed cracks
will be useful for estimating inclusion formation condi-
tions (Bodnar et al., 1985).

Quantitative rnicroanalysis of individual
fluid inclusions.

In situ analysis of single fluid inclusions by proton-
induced X-ray emission (PIXE) or synchrotron X-ray flu-
orescence (SXRF) requires accurate measurement of the
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size ofthe fluid inclusion and its depth beneath the pol-
ished surface (Frantz et al., 1988; Anderson et al., 1989).
Estimates of these parameters from observation in two
dimensions can result in significant error in the calculated
X-ray yields. In previous studies (e.g., Anderson et al.,
1989) the approximate depth of the inclusion was deter-
mined with a petrographic microscope by the vertical dis-
placement of the objective lens from the focused image
of the polished surface to that of the fluid inclusion. The
minimum and maximum depths of the inclusion extrem-
ities, however, cannot be reliably determined using this
technique.

In an attempt to measure the size and depth of inclu-
sions in quartz for quantitative PIXE analysis, Ryan et
al. (1991) selected only euhedral negative crystals for
analysis on the assumption that the unmeasured third
dimension of the inclusion (i.e., inclusion thickness) is
equal to its minor diameter, as measured from observa-
tion normal to the polished surface of the sample. The
depth of an inclusion was then determined by measuring
to its midplane with a petrographic microscope and then
subtracting one-half of the estimated inclusion thickness.
In many cases, however, the dimensions of euhedral neg-
ative crystal-shaped fluid inclusions deviate significantly
from the ideal form because ofthe unequal development
of equivalent faces. For example, by measuring the di-
mensions of the negative crystal-shaped inclusions in Fig-
ure 4A and 4B, it can be seen that the minor dimensions
of the hexagonal prism-shaped inclusions in this sample
can differ by as much as a factor of 4.

If we assume that the minor dimension of inclusion a
in Figure 4A is 20 ;rrr, &nd that the depth to its midplane
is 20 pm below the polished surface, then the method of
Ryan et al. (1991) would estimate an inclusion depth of
l0 pm and an inclusion thickness of 20 1rm. In contrast,
the actual depth, as measured with the spindle stage, is
17.5 p.m and the inclusion thickness is 5 pm. For this
particular example, employing the method of Ryan et al.
(1991) would result in a significant underestimation of
the actual elemental concentration in the inclusion fluid.
In general, the magnitude of the error will vary as a func-
tion of inclusion size and element atomic number but
may vary by orders of magnitude for low-Z elements such
as S and Cl. It is clear that more accurate determination
of the size and depth of individual fluid inclusions will
provide more reliable quantitative analysis with PIXE,
especially in cases where the depth ofan inclusion cannot
be determined from the relative intensities of the CIK
lines.

The destructive analysis of fluid inclusions (see Roed-
der, l99l) generally provides information on the relative
amounts of components within an individual inclusion
or group of inclusions. Inclusion volume estimates from
spindle stage measurements may, in ideal cases, be com-
bined with destructive analytical techniques such as laser
ablation (e.g., Bt)hlke et al., 1989; Rankin eI al., 1992) or
the ion microprobe (Nambu and Sato, l98l; Diamond
et al., 1990) to estimate the absolute concentrations of
elements in single fluid inclusions.

Evaluation of decrepitation behavior

The most important features controlling the decrepi-
tation behavior offluid inclusions are the size and shape
of the inclusions (Bodnar et al., 1989; l-acazette, l99l:
Wanamaker et al., 1990; Wilkins et al., 1992). Thus, in
order to predict when a given inclusion may decrepitate
in the laboratory or to determine which inclusions may
have decrepitated naturally as a result ofuplift or burial,
the size and shape must be known. Generally, workers
use the diameter of inclusions as observed in two dimen-
sions to approximate the size. However, as described
above and shown in Figure 4, estimation of inclusion
volume from dimensions observed in the plane of the
microscope can lead to significant errors.

CoNcr,usroNs

The modified spindle stage is a simple but powerful
tool that can be applied to a variety of structural and
mineralogical problems that require three-dimensional
imaging of objects within a translucent medium. The use
of the spindle stage eliminates many of the uncertainties
in standard fluid inclusion petrography, which have long
been the Achilles'heel of fluid inclusion studies. This new
technique may also have potential in other studies re-
quiring microscopic analysis oforiented features, such as
fission track analyses, solid inclusion orientation analysis
in porphyroblasts, and microstructural studies of rocks
and synthetic materials.

The advantages of the modified spindle stage for fluid
inclusion petrography and geometric analysis of three-
dimensional features in minerals are summarized: (l) the
spindle stage is simple to operate; (2) the spindle stage is
inexpensive; (3) the spindle stage provides 360" rotation
about the horizontal axis to permit measurement of all
planar and linear features regardless oftheir orientation;
(4) optical directions of the host crystal can be readily
obtained and compared with inclusion plane orienta-
tions; (5) the spindle stage requires little or no sample
preparation; single, unpolished grains or doubly polished
sections are suitable.
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