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Relations of inclusions to host mineral.

UpPER LEFT: Photomicrograph of a plane of pseudosecondary inclusions on
a {111} cleavage fracture in a pale-colored fluorite crystal from a vug,
which trapped an immiscible mixture of liquid oil (yellow) and brine
(colorless). Recrystallization of the fluorite walls of the fracture to isolate
individual inclusions occurred almost entirely via the brine. As a result
the inclusions of brine have become three dimensional and are lined
with negative crystal facets, whereas the yellow oil inclusions are still
flat and arc almost two dimensional. In addition, the index of refraction
of the oil is much closer to that of fluorite. Small irregular masses of
dark-brown birefringent matter have formed in the oil phase since
trapping, and the round gas bubbles (probably methane, under pres-
sure) characteristically occur in the oil rather than in the brine, where
both phases are present. Area of photograph is 1X1.2 mm. Plain trans-
mitted light. Sample ER 59-8, Hill mine, Cave-in-Rock, southern Illinois
fluorite-zinc district.

LoweErR LEFT: Photomicrograph of a multiply-zoned sphalerite crystal,
showing the relation of pseudosecondary inclusions to crystal zoning. The
red and yellow color bands are not growth zones, The color bands
reflect differences in composition between adjacent twin bands, pre-
sumably due to preferential uptake of minor constituents such as iron
on specific growing crystal faces. The crystal grew from left to right,
and successive growth stages are revealed by the nearly vertical hazy
gray zones of minute primary inclusions. Fracturing occurred at some
time after the growth of this part of the crystal. Healing of a cleavage
fracture that was parallel to the plane of this section resulted in the
trapping of large numbers of thin, flat, presumably pseudosecondary
inclusions, each of which now has a gas bubble (13 volume percent)
and several different tiny daughter minerals. One of these is apparently
quartz; in the large central inclusion it can be seen .as a small prism,
holding the bubble away from the wall (lower right edge of bubble).
Recrystallization of sphalerite around these inclusions has been controlled
in part by the compositional (and twin) zones to yield straight seg-
ments in the inclusion borders, and, in many areas in this sample, to
vield preferential occurrence along certain compositional zones. Area of
photograph is 5.6)X7 mm; photograph taken in plain transmitted light.
USNM specimen R677, Cananea, Mexico.

UPPER RIGHT: Photomicrograph of a large primary inclusion in zoned
purple fluorite crystal from a vug. The crystal grew from bottom to
top as a series of subparallel cubic projections, two of which were
slightly inclined to each other. These two finally met, trapping a wedge-
shaped mass of fluid (a strong brine) as a fluid inclusion. A gas bub-
ble (dark) formed in the thickest part of the inclusion due to shrinkage
caused by subsequent cooling. Although not apparent in this two dimen-
sional view, the bubble comprises only about five percent of the volume
of the inclusion. Some of the colored growth bands are outlined by
tiny primary inclusions. A healed cleavage fracture is revealed by the
plane of - pseudosecondary inclusions in focus at right, which extend to
what was the edge of the crystal at the time of fracturing. Two highly
inclined planes of secondary inclusions cut across the crystal from
lower left to upper right; one of these intersects the large primary in-
clusion and probably caused replacement of the fluid in it with new
fluid. Area of photograph 2.7X3.4 mm. Plain transmitted light. Sample
ER 59-3, Hill mine, Cave-in-Rock, southern Illinois fluorite-zinc district.

LowER RIGHT: Photomicrograph of a cleavage fragment of topaz in trans-
mitted light between crossed polarizers, showing large amounts of
daughter mineral (unidentified) in presumably pseudosecondary in-
clusions. Most of the daughter minerals are birefringent, although some
are so fine grained that their birefringence is not visible here. A few
are visibly isotropic, particularly in the large inclusion, where they
abut the vapor bubble, making it angular. The different amounts and

kinds of daughter -minerals in the several inclusions, and the dif-
ferent volume percentages of vapor phase, indicate that at least
some of these inclusions were probably interconnected in the past,

and recrystallization (necking down) has resulted in isolating material
of diverse composition in different inclusions. Occasionally thin tubes can
be seen still connecting such inclusions. (See pl. 10, fig. 4). Area of
photograph 0.8X1.1 mm. USNM 965695, Rukuba tin mine, Nigeria.
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COMPOSITION OF FLUID INCLUSIONS

By EpwiN ROEDDER

ABSTRACT

Fluid inclusions in minerals and rocks preserve for us tiny
samples of the fluids that have been present during, and that
have in part caused, a number of geological processes, includ-
ing ore deposition. Although the original material trapped in
them was generally a homogeneous fluid at the time of trap-
ping, most inclusions have undergone changes on cooling to
surface temperatures, resulting in the formation of new
phases such as a gas bubble, immiscible liquids, or daughter
minerals. This report is mainly a compilation of the world
literature on the methods and results of study of their com-
position, but it also includes various unpublished data by
the author.

Most inclusions are extremely small and may average less
than 10 micrometers in diameter. A single inclusion of this
size contains a total of only 107'° gram of material; hence,
it cannot be analyzed by ordinary chemical techniques. But a
surprising amount of useful qualitative and semiquantitative
compositional data on the nature of solid, liquid, and gaseous
phases present can be obtained by a series of relatively simple,
nondestructive microscope procedures. These procedures, and
their limitations, are discussed in detail and are illustrated
with a series of photomicrographs. Additional methods that
yield qualitative or semiquantitative data, but require de-
struction of the samples, are also described.

These various procedures have shown that although in-
clusions of organic liquids and gases are common in some
localities, most fluid inclusions consist of a liquid water solu-
tion. At room temperature, the gas bubble usually contains
only water vapor at 0.03 atmosphere pressure, but it may
consist of CO: at pressures up to 70 atmospheres. Where a
second, immiscible liquid phase is present, it is generally
found to be liquid CO:. The daughter minerals that form in
some inclusions after trapping have been studied intensively,
as they are compounds that were sufficiently concentrated in
the original fluid that they were precipitated when saturation
was reached on cooling. Small, isotropic cubes are by far the
most common daughter minerals, as they are found in samples
from many environments; they have been identified as halite
by several procedures. Many other daughter minerals have
been recognized, including particularly sylvite, calcite, and
hematite, a number of rare carbonates, fluorides, and fluo-
borates, and many as yet unidentified species. Large amounts
of such daughter minerals are found in inclusions from
certain types of pegmatites, from porphyry copper deposits,
and from several other environments.

Many igneous rocks and meteorites also contain fluid in-
clusions, but the “fluid” now consists of silicate crystals or
glass, representing a former silicate melt. Such melt inclu-
sions are not covered in this report, although their study
involves many of the same techniques.

Quantitative analyses of single, large (~1 millimeter) in-

clusions have been made by semimicro-, micro-, or ultra-
microchemical methods. More commonly, the fluid from a
large number of smaller inclusions is extracted by crushing
and leaching to provide enough material for analysis by more
conventional methods. More than 2,400 partial to relatively
complete quantitative analyses of fluid inclusions have been
reported in the literature and are summarized here in tables.
Many of these are for gaseous constituents only. The signifi-
cance of most of these data is seriously limited by problems
of sample selection and extraction procedure. In addition,
analytical procedures adequate to provide quantitative data
on the very small samples' of fluid usually obtained require
considerable care to avoid major contamination, and loss,
from a variety of sources. Some of the procedures reported
(for example, for pH) cannot fail to give grossly erroneous
results except under very limited conditions. There is no
known panacea for these problems, and as a result of the
many variables involved, it is unlikely that a standardized
analytical procedure, suitable for most samples, will be de-
veloped. Many of the newer analytical tools have been or
soon will be applied to inclusion analysis and considerable
progress can be expected, but the nature of the samples and
extraction procedures used are the prime considerations in
evaluating the precision, the accuracy, and most important,
the significance of any measurements obtained.

Representative analyses are given from a number of pub-
lished papers, and some unpublished data, along with a dis-
cussion of their limitations and geological significance. The
different types of geologic environment show grossly different
compositional ranges.

The many analyses that have been made of the “organic”
gases and liquids present as inclusions in the minerals of
some igneous rocks show appreciable amounts of a variety of
compounds of high molecular weight, in addition to major
amounts of H., CO, CH, and C.H,, but the questlon of inor-
ganic versus organic origin is still open.

Aqueous inclusions have been analyzed by a variety of
methods. The concentration of salts in the inclusion fluid as
trapped is generally less than 10 percent by weight, but may
range from more than 50 to practically 0 percent. The salts
consist of major amounts of Na*1, K*1, Ca*?, Mg*2, C1~%, and
S0.72, with lesser amounts of Li*%, Al*3 BO,3%, PO.73,
HSiOs™1, HCO;~%, CO;~2, and many other ions. Many individ-
ual ions in this list may predominate, although Na*! and Cl1~1
are generally the most abundant. Free carbon dioxide, both
as liquid and gas, is not uncommon and may be dominant.

The references include those papers concerned directly with
various aspects of the composition of inclusions. As many of
the methods for inclusion geothermometry are inextricably
connected with considerations of inclusion composition, those
papers that present geothermometric data also are included
and are annotated briefly in a table.
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INTRODUCTION AND GENERAL BACKGROUND

GENERAL NATURE AND FREQUENCY OF OCCURRENCE
OF FLUID INCLUSIONS

The tiny droplets of aqueous solution, carbon
dioxide, oil, or other fluids that occur in most min-
erals are called fluid inclusions. They are small and
frequently remain unnoticed, but as is shown on
plates 1 through 12, they may be found in samples
from a wide variety of geological environments. The
cavities they occupy in the minerals may be flat,
roughly spherical, irregular, or faceted “negative
crystals.” In most natural samples, the shape of the
inclusions is the result of recrystallization processes
and generally differs greatly from the original shape
at the time of trapping.

HOW INCLUSIONS ARE TRAPPED AND THE
ENVIRONMENT AT THE TIME OF TRAPPING

Basically, inclusions are samples of fluids that
were present when the enclosing minerals grew or
recrystallized, usually from these same fluids. Im-
portant but relatively rare exceptions are the gas
bubbles that occasionally are trapped in minerals
growing from gas-saturated or boiling liquids (pl.
9, fig. 4; Ermakov and Kalyuzhnyi, 1957; Kliya and
Lemmlein, 1961) and the globules of immiscible
fluids, such as oil (frontispiece, upper left; pl. 4, fig.
5), or CO. (pl. 4, fig. 6), that are sometimes trapped
along with the water phase (Roedder, 1963b). Still
another and probably rarer exception would be the
formation of inclusions by coalescence of materials
formerly distributed through the solid on an atomic
or molecular scale. Thus Dolgov (1959) believes that
some fluid inclusions in quartz form from the fluids
present during later recrystallization of silica gels,
and others assume that similar processes have oc-
curred during the formation of “colloform” sphale-
rite. But Roedder (1968b) has shown that these
“colloform” textures are not colloidal in origin. The
differences are important in any discussion of the
pertinence of fluid inclusion composition to prob-
lems of the chemistry of ore fluids.

Mollwo (1941) formed gas inclusions in synthetic
crystals of impure KBr by a solid-state reaction near
the melting point of the crystal, and Griggs and
others (1966; and D. T. Griggs, written commun.,
1966) made H,O inclusions up to a maximum dia-
meter of 0.2.m (micrometer) by annealing an ex-
perimentally deformed synthetic quartz crystal con-
taining much hydrogen. One obvious parallel is the
formation of air inclusions in erystals of ice formed
by the compaction of snow (Langway, 1958; Schol-
ander and Nutt, 1960). '

Fluid inclusions may be trapped by: (1) Crystal
growth irregularities or fluid inhomogeneities dur-
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ing the formation of the enclosing mineral; these
are called primary inclusions (pl. 1, figs. 1-6; pl. 5,
fig. 1; pl. 9, figs. 2, 3; frontispiece, upper right)
(Zerfoss and Slawson, 1956 ; Brooks and others, 1968;
Shlichta, 1968), by (2) healing fractures formed in
the crystal during its growth—pseudosecondary in-
clusions (frontispiece, all four photomicrographs)
(Ermakov, 1949a), or by (3) healing of fractures
formed at some subsequent time—secondary inclu-
sions (pl. 4, figs. 1-3; pl. 10, figs. 1, 2) (Lemmlein,
1929). Fluid inclusions are found in the minerals of
most rocks and ore deposits, and hence constitute
evidence of the almost universal presence of a fluid
phase during the geological events yielding these
materials.

Many papers on inclusions state various criteria
that can be used to distinguish between primary,
pseudosecondary, and secondary origins, and a dis-
cussion of this subject is beyond the scope of this re-
port. However, it should be noted that two of the
most commonly used criteria, negative crystal shape,
and occurrence in euhedral crystals, projecting into
vugs, are generally invalid (Roedder, 1967a, 1968a).
(Also see frontispiece).

Care must be used in the interpretation of the
composition of inclusions, as they do not always
represent the composition of the fluid from which
the enclosing mineral actually formed. This is partic-
ularly true when minerals form from a fluid con-
taining droplets of another immiscible fluid. Such
fluid inhomogeneities may cause the trapping of inclu-
sions of the immiscible droplets in large numbers,
with very little or none of the other fluid from which
the crystal grew (pl. 4, fig. 5; pl. 9, figs. 2, 4). Exam-
ples include (1) vapor bubbles, formed in hydrother-
mal fluids by sudden release of pressure (Barabanov,
1958a, 1965, 1967 ; Roedder and Coombs, 1967 ; Laz’ko
and others, 1968) ; (2) carbon dioxide in hydrother-
mal fluids (pl. 5, fig. 1; Roedder, 1963b, p. 189) ; (3)
saline brine in granitic melts (pl. 4, figs. 7-9; Roedder
and Coombs, 1967) ; and (4) liquid oil in saline brine
(pl. 4, fig. 5; pl. 9, fig. 2; frontispiece, upper left;
Roedder, 1963b, 1965a).

Minerals from certain metamorphic rocks, partic-
ularly those recrystallized in a water-deficient envi-
ronment (Yoder, 1955), are generally free of fluid
inclusions, as are those from most meteorites and
many, but not all, lavas.! Thus fluid inclusions are

1 Those minerals that have formed from a silicate-rich fluid (magma),
as in meteorites, lavas, lunar samples, and many terrestrial intrusive
igneous rocks, normally contain “fluid inclusions” consisting of the super-
cooled silicate fluid, now either a glass or partially crystallized (de-
vitrified) glass. These usually contain also a vapor bubble, formed by
differential shrinkage, and hence may be mistaken for ordinary aqueous
fluid inclusions. Except for problems of identification, such silicate in-
clusions are not discussed in this report,
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generally not found in materials believed to have
formed deep in the earth, such as diamonds and the
minerals of the eclogites, with the notable exception
of the CO. inclusions in the minerals in the olivine
nodules brought to the surface with many alkalic
basalts (Roedder, 1965d) and in certain meteorites
(Yasinskaya, 1967). Bauer and Spencer (1904, p.
119) and Schlossmacher (1932, p. 348-351) refer to
fluid inclusions in diamond, containing liquid water,
liquid CO., and (or) gas. These and similar state-
ments have been widely quoted ever since, but un-
fortunately, the criteria used for phase identifica-
tion are never stated. Sutton (1928, p. 42) calls
these statements “a favourite myth.” The present
author has examined many inclusions in diamond,
including the sample described and illustrated by
Eppler (1961, figs. 19 and 20), and has not seen any
recognizable liquid, CO. or otherwise.

SIZE, VOLUME, AND NUMBER OF INCLUSIONS

Inclusions are seldom larger than 1 mm (milli-
meter) (see frontispiece, upper right), although
museum specimens with single inclusions contain-
ing 10 or even 100 ml (milliliters) of fluid are
known (Hidden, 1882; Prikazchikov and others,
1964 ; Prikazchikov, 1959). The number in any given
sample is usually related inversely to inclusion size,
for very small inclusions are much more abundant.
Inclusions in the size range 1 ym to 10 um outnum-
ber all inclusions of greater than 10 um size by a fac-
tor of 10 or even 100. Zirkel (1873) reports a hauy-
nite with an estimated 3.6 10! inclusions per cubic
centimeter. Electron microscopy of fractured mineral
surfaces has shown the existence of large numbers of
very small inclusions on mineral grain boundaries.
Thus Sella and Deicha (1962a, 1962b, 1963) and Dei-
cha and Sella (1963) show inclusions as small as 0.02
wm, trapped on intergranular surfaces; they number
more than 108 per square centimeter of surface. Al-
though very numerous, these inclusions are of such
small volume individually that they would amount
to only about 0.01 volume percent of the rock. Pre-
sumably there is no break in the series between these
inclusions (~ 200 A in diameter) and single dis-
locations (~ 2 A).2 Much white quartz contains 10°
inclusions per cubic centimeter, but as these inclu-
sions average about 1 um in size, the total fluid con-
tent is only about 0.1 weight percent (fig. 1). The
white appearance is due to multiple reflections at the
inclusion interfaces, and hence the coefficient of

2 McLaren and Phakey (1965b) report observation of approximately 1014
voids or ‘‘bubbles’” per cubic centimeter of white quartz, using transmis-
sion electron microscopy. The size ranged from 200 to 1000 A. At 500 A
the quartz would have about 1 percent voids, the walls of which are
presumably wet with liquid water (Prof. A. C. McLaren, written commun.,
1967).
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DIAMETER OF INCLUSION

FIGURE 1.—Volume and weight of spherical fluid inclusions, assuming a
fluid of density 1.0 g/em3, (Modified from Roedder, 1958.)

transmission of light can be used as a measure of the
inclusion content (Ushakovskii, 1966). ‘“Turbid”
feldspars also have large numbers of fluid inclusions
(Folk, 1955).

Some samples contain far more than 0.1 percent
inclusion fluid, and the volatile constituents present
in these inclusions, such as water and CO,, may
cause major ambiguities and errors in analytical
determinations of these constituents in rocks and
minerals (Faber, 1941; Ermakov and Myaz, 1957).
Fluid inclusions may also contribute as much as 100
ppm (parts per million) of each of several non-
volatile constituents to the total analysis of even
“pure” mineral separates and may cause serious
errors in the determination of the density of min-
erals (Piznyur, 1957; Ermakov and Mpyaz, 1957).
Thus Hawes (1881) described a quartz with a high
concentration of inclusions that has a density of
2.625 g/cm3® (grams per cubic centimeter) (fig. 2),
and Langway (1958) used the density of ice to deter-
mine the volume of the numerous gas inclusions
present. The violent decrepitation of many minerals
when heated is due, in large part, to the explosion
of the fluid inclusions.3

HISTORICAL DEVELOPMENT AND SIGNIFICANCE OF
INCLUSION STUDY

Other than brief mention in some of the ancient
literature from St. Augustine’s time (see Correns,
1954), the first specific description of inclusions is
by Abu Reykhan al-Biruni, a central-Asian scholar

3 The internal pressures are occasionally adequate to cause explosion
without heating. Thus, a quartz crystal decrepitated spontaneously and
broke the glass in its museum display case (Prof. R. Parker, Zurich, oral
commun., 1965) ; similar decrepitation on a much larger scale has occurred
in salt mines. (See p. JJ43.)
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FIGURE 2.—Calculated variation in density of quartz from presence of
fluid-filled inclusions containing all liquid solution (density, 1.1 g/cm3)
on all gas (density, 0.0 g/cm3). Density of pure quartz assumed to be
2.6484 g/cm3, (From Roedder, 1958.)

of the 11th century (Lemmlein, 1950b). Robert
Boyle’s description of a large moving bubble in
quartz (Boyle, 1672) is apparently the first refer-
ence in English. The early naturalists showed con-
siderable attention and interest in these large in-
clusions (Dewey, 1818; Dwight, 1820; and others).
Although there are several earlier reports on the
nature of the fluids trapped (Dolomieu, 1792; and
others), the first actual “analytical” work to estab-
lish the composition of specific inclusions was that
done by Breislak (1818), Davy (1822), Brewster
(1823a), and Nichol (1828); such work was used
as very strong evidence to support the Neptunist
theory of the formation of minerals and rocks from
water. In the following 140 years a large number
of investigations of fluid inclusions were made, for
a variety of reasons. Many were aimed at using or
disproving a thesis proposed by Sorby (1858) that
the gas bubbles present in the fluid of most inclu-
sions—but not all (see pl. 11, fig. 6) —were the re-
sult of differential shrinkage of the liquid and the
enclosing mineral during cooling from the higher
temperature of trapping to the temperature of ob-
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servation.t Sorby showed that the coefficient of ex-
pansion on heating (and, conversely, the coefficient
of contraction on cooling) for a variety of liquid
solutions resembling the fluids in inclusions was one
or two orders of magnitude greater than the coeffi-
cients for the enclosing or “host” mineral. Hence,
he reasoned that the temperature of trapping can be
estimated by heating the sample to the point that the
bubbles disappear. This use of fluid inclusions is dis-
cussed in more detail in chapter IT of “Data of Geo-
chemistry,” which deals with geologic thermometry.
(Also see pl. 8, fig. 1.) Although most of the early
work is descriptive only, there are occasional qualita-
tive analytical data (for example, Zirkel, 1870b),
and a few quantitative analyses were made without
the benefit of modern techniques and apparatus. In
spite of these limitations, the work of such men as
H. C. Sorby and Ferdinand Zirkel is surprising;
many of their conclusions about the significance of
inclusions have stood the test of time, and many of
their observations are still valid and useful 100 years
later.

Inclusions were a subject of intense study and
debate by many geologists during Sorby’s time, and
some of the conclusions from their study were so
disturbing to certain schools of geologic thought that
many efforts were made to discredit them. Phillips
(1875) pointed out that there are large variations
in the composition and nature of different inclusions
in the same sample and that Sorby had obviously
oversimplified the problem. Even today, some believe
that proof of the secondary origin of many inclu-
sions, and of the possibility of later addition or loss
(leakage), essentially or totally negates their sig-
nificance. Thus Perrin and Roubault (1952) dismiss
them as being secondary features of no consequence,
and many others are reluctant to accept inclusion
data in the mistaken belief that widespread or uni-
versal leakage of fluid inclusions is a proven fact.
The writer believes that leakage of fluid inclusions in
nature has occurred, but is comparatively rare (for
example, see frontispiece, upper right) ; documenta-
tion is given in a separate publication (Roedder and
Skinner, 1968). Actually these very ambiguities of
origin and subsequent environment may cause the
data to have greater significance, provided that the

4 Frequently the gas or vapor bubbles in the liquid (which vary from
high pressure gas to nearly a vacuum) are termed ‘libellae” in the older
literature, and whole inclusions, regardless of phases present, are termed
“vacuoles” or “lacunae;” but because of changing usage, none of these
terms is free of ambiguity. Probably the term “bubble” is most appro-
priate for the gas or vapor phase in a surrounding liquid, but unfortu-
nately some geologists apply this term incorrectly to the whole inclusion of
liquid and gas or vapor bubble.
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techniques used are adequate to resolve the ambigui-
ties. Error can arise when the conclusions drawn are
broader than the available facts and limitations jus-
tify, and unfortunately there have been several such
papers published, both pro and con, that have caused
considerable misunderstanding. Regardless of their
origin and history, inclusions do represent actual
samples—the only samples we have—of former fluids
existing at some time in the history of the earth. As
such they are important clues in understanding the
geological modus operandi.

Many studies of fluid inclusions involve their use
as geological thermometers, in part as an aid in the
search for hidden ore bodies (Ermakov, 1966b;
1968b, and other papers in the same volume). As
such geothermometric studies are inextricably .con-
nected with the problems of the composition of the
fluids, and as compositional data on the included
fluids are required by many of the methods used in
this work (Ermakov and Laz’ko, 1949 ; Vul’chin and
Ermakov, 1965), and for all attempts at correcting
the geothermometric data for pressure (Kennedy,
1950a; Lemmlein and Klevtsov, 1956a), such studies
are listed in table 1. Many methods have also been
proposed for using inclusions to estimate or at least
place limits on the pressure at the time of formation,
all of which require compositional data. These meth-
ods are based on the vapor pressure of the solution
(Roedder, 1967a); on the enclosure of fluids as-
sumed to be totally tmmiscible under the conditions
of trapping (Johnsen, 1920 ; Kalyuzhnyi and Koltun,
1953; Kalyuzhnyi, 1955a, Rutherford, 1963; Ypma,
1963 ; Roedder, 1963b, p. 176-177) ; or on the enclos-
ure of fluids assumed to be partially miscible (that
is, exhibiting some mutual solubility) under the con-
ditions of trapping (Smith and Little, 1959). Even
the trapping of an originally homogeneous fluid
mixture will allow some limits to be set on the range
of P-T conditions, if the phase diagram is known, as
in system H,0-CO,-NaCl (Takenouchi and Kennedy,
1965b).

There have been several attempts to use the types
and nature of inclusions—both liquid and solid—as
“fingerprints” to identify the provenance of quartz
grains in sandstones (Ermakov, 1950a; Keller and
Littlefield, 1950 ; Dolgov, 1954). The author believes
that such studies, although difficult, may eventually
be very useful in unravelling a number of problems
in statigraphy and sedimentation.

Fluid inclusions are especially useful as clues to
the nature of the ore-forming fluid. Far too com-
monly the ore-forming fluid for a given deposit is
simply assumed to have been rich in those consti-
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tuents that were deposited—rich even in proportion
to their abundance in the deposit! Noble (1950, p.
244), writing about the Homestake gold deposit, is
one of the relatively few who do not make this as-
sumption. But what is known concerning the “ * * *
very large amounts of volatile constituents and sol-
uble salts [which] must have passed through the
formation without leaving any record” ? Fortunately
his statement is generally not true; fluid inclusions
can usually be found (pl. 5, figs. 3-5) and can pro-
vide a record of these fluids, albeit complex, frag-
mentary, and minuscule.

BRIEF SUMMARY OF INCLUSION COMPOSITION

As this chapter deals mainly with the methods of
study used and the data obtained on the composition
of fluid inclusions, a preliminary summary of their
composition may be useful. By far the most abundant
type of inclusion consists of a liquid of low viscosity
and a gas or vapor bubble having a volume generally
less than that of the liquid. The ratio of liquid vol-
ume to total volume is sometimes termed the “degree
of fill.” The liquid is generally a water solution with
less than 10 weight percent total salts, but concen-
trations range from more than 50 to practically 0
percent. The salts consist of major amounts of Na+1,
K+, Cat2?, Mg+?, Cl-1, and SO,~2, with lesser
amounts of Lit:, Al+3, BO;—3, PO,—3, HSiOy-,
HCO;-1, CO;~2, and many other ions. Many individ-
ual ions in this list may predominate, although Na+!
and Cl-! are generally the most abundant. Carbon
dioxide, both as liquid and gas, is not uncommon
and may be dominant. The bubble generally results
from shrinkage, because the shrinkage of the homo-
geneous (one-phase) fluid that was originally
trapped is much greater than that of the surround-
ing mineral when cooling occurs. As such, the bubble
may consist only of water vapor at the few milli-
meters of vapor pressure—practically a vacuum—
characteristic of most water solutions at room tem-
perature. In other inclusions it is a highly com-
pressed gas that was originally dissolved in the
trapped fluid.

If, upon cooling from the temperature of trapping
to surface temperatures, the fluid becomes super-
saturated with a soluble salt such as NaCl, or any
other mineral, these minerals may crystallize from
the fluid as one or more new crystals, called daugh-
ter minerals.® These daughter minerals may, in turn,
mmr extensive Russian literature on such crystals, they are
described by the term “mineraly-uzniki,”” which may be translated literally
as ‘“‘captive’ or ‘prisoner’” mineral; as this may give an incorrect concept
of origin, the author (Roedder, 1963b) has introduced the term ‘‘daughter’
mineral. This change is made particularly necessary by the fact that

another term, ‘“zakhvachennye,” meaning “trapped,” is sometimes used for
solid mineral grains trapped during the formation of the inclusion.
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have inclusions of liquid plus gas in them that were
trapped during their crystallization on cooling (Sa-
fronov, 1957b). The writer has observed this rather
common occurrence in the large halite daughter
crystals in inclusions in Colombian emeralds (pl. 2,
fig. 6). In addition to the formation of daughter
minerals, there is nearly always some further crys-
tallization of the host (enclosing) mineral from the
fluid, but this is merely added to the walls and is
usually both insignificant and invisible.

Occasionally during the growth of a crystal, solid
crystals of the same or other phases become trapped.
It is not uncommon for such trapped solid inclusions
to cause simultaneous trapping of the surrounding
liquid as a funnel-shaped inclusion pointing in the
direction of growth, so that the solid inclusion ap-
pears partially surrounded by fluid and resembles a
daughter mineral (Eppler, 1963; Giibelin, 1964;
Pough, 1965; Flanigen and others, 1967; and Khai-
mov-Mal’kov, 1959). (See also pl. 1, figs. 1-5.). The
difference in origin makes it very important that
these two cases be clearly distinguished.

Not uncommonly the originally homogeneous fluid
breaks up upon cooling to form two immiscible fluids
and a gas bubble. Some authors use the general
term “three-phase inclusion,” without definition,
when referring to such inclusions; others use the
same term to mean inclusions containing a crystal,
liquid, and vapor. The resulting ambiguity is some-
times unresolvable and always undesirable. Usually
when there are two liquids and a gas bubble in a
given inclusion, one is liquid water solution, one is
liquid carbon dioxide, and the gas bubble is carbon
dioxide under pressure (pl. 7, figs. 9, 10). More
rarely, the second liquid, immiscible with water, is
a liquid hydrocarbon ; such inclusions may be formed
by trapping of an originally inhomogeneous suspen-
sion of hydrocarbon fluid in water (pl. 9, fig. 1;
frontispiece, upper left).

Many inclusion papers present classification
schemes for inclusions, some of which are rather
elaborate (Ermakov, 1950a, 1968a). These classi-
fications are mainly compositional, with categories
based on the phase composition at room temperature
and further subdivisions based on arbitrary divi-
sions of the absolute amounts of the various phases.
Other schemes involve factors such as the behavior
on homogenization (also a function of gross com-
position), cause of trapping, origin (time of trap-
ping), degree of crystallinity, presumed state of ag-
gregation at the time of trapping, and geological
environment. Most of the objective schemes are not
particularly useful as their categories are of no real

significance and are based on arbitrary ranges of
features that are difficult to measure. The subjective
schemes, particularly the one based on origin, are
much more significant and useful, but can rarely be
applied systematically and without ambiguity.

LITERATURE SUMMARIES

The literature on fluid inclusions is very large and
very scattered. F. Gordon Smith (1953a) presents
a comprehensive annotated bibliography of more
than 400 papers on the subject of fluid inclusions
published prior to 1953, but as a result of a con-
siderable increase in interest in fluid inclusions in
recent years, the literature has more than doubled
since 1953. As little of the Russian literature is cov-
ered by Smith, Lemmlein (1956b) presents a short
review of much of the Russian inclusion work as an
appendix to a Russian translation of Smith’s book;
this appendix has been translated into English.
Short reviews have been published on inclusion re-
search in general (Deicha, 1964), on studies of fluid
inclusions in minerals from India (Dekate, 1962),
and on the significance of inclusions in ores (Bartho-
lome, 1966).

Other than Smith’s book, there are very few gen-
eral references on the subject in English. Anyone
interested in inclusions should read Sorby’s classic
article (Sorby, 1858), which shows him to be re-
markably perspicacious. There have been a number
of review articles published in Russian, including a
49-page summary of work on inclusions in hydro-
thermal minerals (Gurevich, 1961), and reviews of
recent work in the U.S. (Bogoyavlenskaya, 1965),
France (Aksyuk, 1965), and Europe and Asia (Bo-
goyavlenskaya, 1968). Several books in English have
short summaries (for example, Frondel, 1962), and
the author has published a semipopular account
(Roedder, 1962b) and a discussion of fluid inclusions
as samples of the ore-forming fluid (Roedder,
1967a). Giibelin (1953) published a 220-page book
dealing with the identification of gemstones on the
basis of the appearance of their inclusions, both
solid and fluid. Deicha (1955) published a 126-page
book on inclusions, in French, with over 100 refer-
ences. A 169-page book in Ukrainian on inclusion
study (Kalyuzhnyi, 1960) emphasizes the methods
of identification and study of the phases present,
particularly as used by Kalyuzhnyi and his co-
workers. Lesnyak (1964) published a 219-page re-
view (in Russian) of inclusion studies, covering
150 Russian and 42 non-Russian references. Kosty-
leva (1964) published a 99-page book in Russian,
dealing mainly with decrepitation of quartz samples

e e
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(66 references). D. N. Khitarov (1965a) published
an extensive review, in Russian, of fluid inclusion
composition studies (189 pages, 336 references).
Two 1967 volumes summarize the very extensive
Russian work on organic compounds (in the broad
sense) in fluid inclusions in igneous rocks and ore
deposits. These are a 121-page summary of the or-
ganic compounds in inclusions in the Khibiny alkalic
massif (Ikorskii, 1967a), and a 147-page collection
of 12 articles by various authors (Dolenko, 1967).
At the time of the present writing none of these
books was available in English translation.

The first book on the subject was by Ermakov
(1950a). (Sometimes this name is transliterated
and indexed as ‘“Yermakov.”) This 460-page Rus-
sian book has been translated into English; it sum-
marizes in particular the extensive Russian work in
the field up to 1950 and presents a classification of
fluid inclusions. (See also Ermakov, 1965¢c, 1968a).
Since its publication, a series publication, the
“Transactions of the All-Union Research Institute of
Piezo-optical Mineral Raw Materials” (Trudy
VNIIP, Vsesoyuznyy Nauchno-Issledovatel’skiy In-
stitut P’ezoopticheskogo Mineral’'nogo Syr’ya), has
been established with Ermakov as chief editor. Of
this series volume I, part 2 (177 p., Moscow, 1957),
consists of 19 papers on inclusions, and volume II,
part 2 (134 p., Moscow, 1958) contains 37 papers on
inclusions; English translations of these are bound
in with the published translation of Ermakov’s book.
(See headnote to “References”.) Additional parts
and at least five more volumes of this series are
known to have been published, but at the time of
writing these volumes were not available to the
author.

A symposium dealing mainly with inclusion stud-
ies was held in Moscow on May 17-24, 1963, where
more than 60 papers were presented. A brief sum-
mary of this meeting is given by Ivanova and Zak-
harchenko (1963) (see also Anonymous, 1963), and
a 328-page volume containing 42 papers relating to
the symposium was issued under the title “Minera-
logical Thermometry and Barometry” (Smirnov and
others, 1965). It is not available in English at the
time of writing. One of the papers in this volume
gives a review of more than 400 analyses of inclu-
sions taken from the literature (Khodakovskiy,
1965). A 264-page volume containing 38 additional
papers stemming from this conference was issued
in 1966 by the “Nedra’” Press of Moscow (Ermakov,
1966a) as volume 9 of the “Transactions of the All-
Union Research Institute for the Synthesis of Min-
eral Raw Materials.”

JI7

A second symposium on geothermobarometry
(mainly by inclusions) was held September 20-25,
1965 in Novosibirsk. The program for this meeting
lists titles and authors of 102 papers.® The papers
from this symposium were issued in two volumes also
entitled “Mineralogical Thermometry and Barome-
try.” Volume 1 (Ermakov, 1968c, 368 p.) presents
47 papers dealing with general physical and chem-
ical problems of ore formation and the use of inclusion
studies as an exploration tool. Volume 2 (Ermakov,
1968d, 320 p.) presents 53 papers dealing with the
thermodynamic regime of ore formation, detailed
studies of individual minerals from specific stages of
mineralization, and methods of inclusion study.
These papers are included in the tables of this report
and are mentioned briefly in the text where appro-
priate, but they have not been translated into Eng-
lish and hence are not discussed in detail.

A third and even larger symposium on geothermo-
barometry was held September 9-15, 1968, in the
Moscow area. A 280-page volume has been issued
by the Ministry of Geology of the U.S.S.R. giving
abstracts of the 161 papers presented. These papers
are not included in this review. A short summary of
this symposium is given by Balitskii (1969).

English titles for all and English abstracts for
some of the papers presented at both the second and
third Soviet symposia on inclusions are presented
in the 1968 issue of ‘“Fluid Inclusion Research—
Proceedings of COFFI.” This yearly abstract vol-
ume is issued under the aegis of COFFI, the Com-
mission on Ore-Forming Fluids in Inclusions of the
International Association on the Genesis of Ore De-
posits. It is privately printed in Washington and
available from the author.

In view of the need for a general review in Eng-
lish of all inclusion studies, this report attempts
to cover the available literature on the subject of
the composition of the fluids and the wide range of
methods used for their determination. Particular
attention .is given to the shortcomings, sometimes
rather serious, in the applicability of the methods
used and the significance of the data obtained. The
following sections on nondestructive and destruc-
tive methods contain many examples of data, mainly
qualitative or semiquantitative, obtained by the
variety of procedures described. The next section, on
analytical data, deals mainly with quantitative re-

6 A short review of this conference (Naumov and Khodakovskii, 1966)
states that 78 papers were presented. Dolgov, Ermakov, and Laz’ko (1966)
present a summary of the topies discussed, and a review of the papers
on inclusions presented at the 22d International Geological Congress in
New Delhi in 1964, Dolgov (1966) presents a b-page summary of the
papers given.
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sults and generally does not duplicate the data from
the previous sections. '

More than one-half of the total world literature
on fluid inclusions has been published since the start
of 1960. More than two-thirds of these items were
from Russian sources. This tremendous increase in
publications has made it necessary to establish a
cutoff in the literature covered in this report. Al-
though most of the papers published in 1968 are in-
cluded, as well as some that were published in 1969
and 1970 (mainly the author’s own works) the lit-
erature search is reasonably complete only up to
1967.7 Certainly many items have been missed, par-
ticularly the gem literature and those larger geologic
studies in which the inclusion work is only incidental
and is not evident in the title or abstract. The author
would welcome information about missing items.
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into this work, and he would welcome additions and
corrections from his readers.

NONDESTRUCTIVE METHODS OF
DETERMINING COMPOSITION

There is no panacea for the problems of deter-
mining the composition of fluid inclusions. Except
for the very large inclusions, whose analyses are
relatively easy, no known method or combination of
methods will give an accurate, unambiguous anal-
ysis of any given inclusion in any given mineral.
Many different techniques have been used in specific
cases, but none is universally applicable. Due to the
extremely wide range in sample material and in the
accuracy of the methods used, the available pub-
lished analyses of fluid inclusions must be examined
with considerable care. The major aim of this report
is to describe the methods used, with particular em-
phasis on their accuracy and applicability, so that
the data obtained may be correctly interpreted.

The vagaries of inclusion occurrence make it de-
sirable to obtain as much information as possible
from those few inclusions that happen to fulfill more
than one of the specifications of an ideal sample,
such as optically clear and measurable, large size,
and known origin. Not infrequently, good evidence
has been presented that the fluids from which a
given crystal grew changed very markedly during
the growth. As a result, it is almost impossible to
obtain truly duplicate samples even of primary in-
clusions, and the widespread occurrence of second-
ary inclusions provides additional ambiguity. Thus
it is important that all possible nondestructive tests
be applied to any irreplaceable inclusion before a
destructive test is used, even though they yield only
qualitative or semiquantitative data. In many cases,
qualitative or semiquantitative data are the only
type that can be obtained.

As the size of the inclusion to be analyzed de-
creases, the error and ambiguity in the individual
determination increase rather rapidly, simultane-
ously with an equally rapid decrease in the number
of determinable constituents. This is a direct result
of the fact that the volume (and weight) of an in-
clusion are functions of the cube of its radius. (See
fig. 1.) It might appear from this that only the large
inclusions should be analyzed. Unfortunately, large
fluid inclusions (greater than a few millimeters)
are relatively rare, and very large fluid inclusions
(>1 cm), permitting the use of ordinary analytical
methods, are known to occur in only a relatively few
localities in the world. If a given type of geological
process is to be studied in several occurrences, or if
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the complexities in a given geological occurrence

are to be unraveled by a study of the fluid inclusions
present, it is necessary to find them in many samples
and parts of samples. Even inclusions 1 mm in dia-
meter are sufficiently uncommon that they cannot be
used in most such studies. In addition, a number of
studies indicate that the probability of leakage into
or out of a given inclusion increases rapidly with
size (e.g., see Roedder, 1963b, p. 186). Resolution of
the problems of analysis of the composition of fluid
inclusions must be based on a compromise between
the tremendous abundance of the smaller ones and
the ease and accuracy of analysis of the larger ones.
The simple expedient of taking a sample containing
a large number of small inclusions, to get the same
amount of fluid, can be used in those cases where
most of the inclusions are presumably of one genera-
tion (e.g. Roedder, 1958), but such procedures can
introduce many additional problems such as con-
tamination (discussed in “Quantitative Methods’),
causing gross errors in some published analyses.

Obviously, methods of analysis are needed that
are applicable to individual very small inclusions,
and the petrographic microscope, with various ac-
cessories, provides a number of them. Most methods
are based on optical identification of the phases
present, and they use the rather surprising variety
of properties that can be measured with the or-
dinary petrographic microscope. The methods are
only qualitative or semiquantitative at best, but they
are all nondestructive and generally very quick and
easy to use. Vogelsang (1869) pointed out that the
identification of the phases present in inclusions can
be ambiguous and that the simple explanation is not
necessarily the right one. This is still true. There is
some ambiguity in most optical identifications, par-
ticularly if only one parameter is used, but addi-
tional independent methods are generally available.
Most significantly, these optical methods are exceed-
ingly sensitive, as they work quite adequately on
stngle inclusions weighing less than 10—19g (that is,
under a 10-um diameter). Although these methods
are generally monitored by continuous visual obser-
vation, standard microcinematography has been
found useful in certain situations (Deicha and
Taugourdeau, 1952; Roedder, 1965f; Rasumny,
1965), and time-lapse photography, in others
(Lemmlein and Kliya, 1952b; Loskutov, 1959b).
Mel’nikov and Fratkin (1968) have used time-lapse
photography with considerable success.

Although there are several methods of handling
irregular fragments (Feklichev, 1965), singly- or
doubly-polished plates are by far the most suitable
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samples. The most appropriate thickness will vary
with the opacity of the material, the size of the in-
clusions in it, and the working distance of the micro-
scope objective to the used, but thickness seldom ex-
ceeds the range 0.5 to 5 mm. Preliminary searching
can be done by viewing through crystal or cleavage
faces or by viewing through ordinary crushed grain
mounts in a matching index oil. Low magnification
study of larger rough but transparent samples or
sawn slabs can be aided by sticking a cover glass on
the top surface with matching index liquid or by
completely immersing the sample in a flat bottomed
glass container of liquid of an appropriate index of
refraction on the microscope stage. Trouble from
internal total reflection at the inclusion walls can be
in part avoided by special adjustable lighting (Roed-
der, 1962a) although it is frequently easier merely to
search for better inclusions. Special care is needed
for effective microscopy of high index minerals such
as sphalerite (Roedder and others, 1963). Inclined
illumination from above or below the stage with a
flexible fiber optics illuminator has proven inval-
uable in the author’s laboratory.

Analytical procedures for inclusions in opaque
minerals must generally be applied blindly, as the
abundance and nature of the inclusions are unknown.
Although single inclusions in the millimeter range
could be located by X-ray procedures, even in a slab
of galena 1 c¢m thick, the density contrast would not
be adequate to differentiate between a full and an
empty inclusion, particularly where the third dimen-
sion is an unknown variable. Richard L. Sutton, Jr.,
M.D., (1964; oral commun,, 1965), has shown, how-
ever, that the actual water level in large (3-5 cm)
“fluid inclusions” (water-filled agate geodes, also
called water agates or enhydros) may be photo-
graphed readily, through the opaque walls, by cor-
rect X-ray exposure.

Several additional nondestructive methods of
study do not involve microscopy. Nuclear magnetic
resonance procedures (Allégre, 1961; Paré and Du-
cros, 1964) and sensitive differential thermal anal-
ysis (see page JJ16) may be used to detect relatively
small amounts of water. The large neutron cross
section for hydrogen permits the location of even
small water inclusions as shadows on neutron radio-
graphs; their position can even be determined in the
third dimension through the use of stereo pairs (J.
R. Dooley, Jr., and J. R. Shoptaugh, oral commun.,
1969) . Neutron activation followed by gamma count-
ing may be used on small samples with unopened
inclusions. This method has not been tried, but it
has some possibilities for certain elements, particu-
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larly when present in large concentrations and in
large inclusions. Such requirements are necessary to
minimize the effect of ‘“‘contamination” from the
same element in the host mineral. It is difficult to
obtain an unopened inclusion sample with more than
1 percent fluid by weight, yet contamination from the
host mineral in such an optimum sample would be
as large as the amount of a given element being
sought in the fluid inclusions, even if the concentra-
tion in the fluid were 100 times larger than in the
host.

COMPOSITION OF LIQUID PHASES

FLUIDITY

Even the rough estimates of viscosity that are
possible from observations of bubble movement can
be useful to differentiate highly viscous oils from
low viscosity water solutions. One common source
of trouble in the identification of “liquid” is the dif-
ferentiation of glass from aqueous liquid. Sorby
1858), Zirkel (1866), and Ermakov (1950a, p. 80
in translation) list several criteria as follows (some-
what modified) :

1. Since the index of refraction of glass is closer to
that of the host mineral, the borders of glass
inclusions are not as dark from total reflection
as those of water inclusions; conversely the re-
lief of the bubble in a glass inclusion is greater
than in a water inclusion.

2. Glass inclusions frequently have more than one
gas bubble, whereas water inclusions very
rarely do and then only because of extremely
irregular shape.

3. A bubble in a glass inclusion does not move with
gravity and often is not round. Bubbles in water
inclusions, if free of the walls, will move like
the bubble in a level, and if they are very small
(<2 pm), they may be in constant “Brownian”
movement.

4. A bubble in a glass inclusion changes only im-
perceptibly on moderate heating (600°C) ; gen-
erally much higher temperatures are needed
for appreciable effects (Deicha, 1955), but
Dekate (1963) mentions bubble movement at
590°C.

5. Glass frequently is somewhat colored but water
solutions in inclusions are almost always color-
less.

6. Glass inclusions maintain their bubbles when
truncated in slide preparation, or even when
intersected by a crack.

Very tiny inclusions are particularly difficult to
identify. Ikorskii (1962) distinguished between
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minute gas and glass inclusions by putting oils on

the surface of the slide; opened gas inclusions were

filled with oil and the walls became transparent
rather than dark.

The writer does not agree with an additional
criterion based on inclusion shape proposed by
Ermakov (1950a). He would, however, like to add
the following criteria:

7. Glass frequently shows some degree of natural
devitrification, recognizable as crystallinity or
as a ‘“granular” appearance under well-colli-
mated illumination.

8. The bubble in aqueous inclusions frequently will
move in the inclusion when a thermal gradient
is impressed on it (as by touching a warm or
cool needle to the section). .

9. -When held at high temperatures, glass inclu-
sions may nucleate new crystalline phases that
grow at rates in the range of micrometers per
hour (Barrabé and Deicha, 1956).

10. Even when the bubble in water inclusions is
held immobile by the walls, small solid particles
in the liquid may move with gravity (Brews-
ter, 1823b), in a thermal gradient, or if mag-
netic, with a changing magnetic field.

11. When cooled, water inclusions eventually freeze.
(See page JJ18.)

12. Large glass inclusions may show cracks in the
glass.

13. Glass inclusions may have very high tempera-
tures for complete homogenization. Although
many aqueous inclusions homogenize at tem-
peratures over 500°C (see table 7), homogeni-
zation temperatures over 1,000°C are more
likely for glass inclusions. Bazarova and
Dmitriyev (1967) report homogenization tem-
peratures as high as 1,670°C for inclusions in
leucite.

Sorby (1858), and Zirkel (1868, 1870a, 1870b,
1873, 1876) have described a number of the micro-
scopic features of glass inclusions in some detail,
which are not repeated here.

COLOR

With one observed exception, the water solutions
in inclusions are not colored. Feklichev (1962) re-
ports that in some very large inclusions in beryl, the
liquid phase is seen to have a ‘“notable greenish-blue
color.” The same samples contained greenish solid
matter in some of the larger inclusions. Care must be
used in determining the color of very small inclu-
sions at very -high magnifications (X 1,000 to X
1,500), as a variety of optical effects yield spurious
colors. Many of the various hydrocarbon fluids found
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in some inclusions are yellow or brown (frontispiece,
upper left; pl. 4, fig. 5; pl. 9, figs. 2 and 3). This
color may be used to differentiate oil from water in
a number of samples and is usually assumed to be a
positive test. Unfortunately, however, colorless or-
ganic liquids also occur in inclusions (pl. 5, figs. 6 and
7; Murray, 1957; Roedder, 1963b, p. 201-203).

WETTING CHARACTERISTICS

When several different fluids, such as glass, water
solution, liquid CO., oil, or gas, occur in the same in-
clusion, they usualy take positions of minimum sur-
face energy. When glass occurs, it is usually in con-
tact with the walls, that is, it wets them, and any
other fluids such as “vapor” (essentially a vacuum
bubble), or liquid water or CO., occur as bubbles
within the glass (Roedder, 1965d; Roedder and
Coombs, 1967). Ermakov (1950a, p. 80 in transla-
tion) has noted that the bubbles in glass inclusions
may appear “pressed against the inclusion wall.”
This is indeed common, and in some glass inclusions
dozens of tiny gas bubbles will be seen at the walls.
This probably results from a nucleation phenome-
non, rather than representing the stable, lowest
energy position, as gas bubbles can be seen to nu-
cleate at the inclusion walls in some liquid water
inclusions and then move away from the walls into
the liquid where they coalesce. Zirkel (1873, p. 69)
has described glass inclusions in which the bubble
appears to be embedded in the wall of the surround-
ing crystal. Presumably these result from later re-
crystallization that changes the shape of the inclu-
sion after nucleation of the bubble. The gas bubbles
in glass inclusions which contain daughter minerals
frequently are attached to these crystals, and oc-
casionally small daughter minerals in aqueous inclu-
sions will adhere to the liquid-gas interface (Deicha,
1952b). :

Where water solution exists together with an
immiscible CO, fluid (liquid or gaseous), the globule
of CO. always occurs within.the water solution,
which, in turn, wets the walls and fills all minor
reentrants in the cavity. Hartley (1876c, p. 249)
noted that when no water is present, the liquid CO-
may actually fail to wet the cavity walls. He does
not state what criteria he used to verify that no
water was present. If a large volume of liquid CO,
is present it may press against the walls, but freez-
ing data (Roedder, 1963b, p. 192) show that a film
of water is usually present. When a gas bubble oc-
curs with liquid water and liquid CO,, the bubble is
always completely surrounded by the CO, liquid, an
observation first made by Brewster (1826a), many
years before the true nature of the liquid CO, be-
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came known. This simple fact causes.considerable
difficulty in recognizing the presence of small
amounts (~ 10 volume percent) of liquid CO; phase,
unless the inclusions are strongly flattened (pl. 5,
figs. 2-5; Roedder, 1963b, p. 195). In order to mini-
mize these difficulties in observation of:thin films,
it is frequently useful to have the sample mounted
in a microscope universal stage, although careful
centering is required (Prof. W. C. Kelley, Univ. of
Michigan, oral commun., 1967). In a very few ex-
amples, the interfacial tensions between three dif-
ferent fluids are such that the minimum energy con-
figuration is that of partial engulfing (Torza and
Mason, 1969). This is illustrated by the curved
plane of contact between H.S liquid and H.S gas
shown on plate 9, figures 7, 8, and 9.

The same relationship is shown by vapor bubbles
in inclusions containing immiscible oil and water. In
these, the vapor bubble nearly always occurs in the
oil phase, which is generally free from the walls of
the inclusion if an aqueous phase is present to wet
the walls. (See pl. 9, fig. 8, for exception.) Some oil
droplets in strong brine inclusions in fluorite wet
the walls preferentially (pl 9, fig. 1). An extreme
example of preferential wetting is shown by certain
multiphase oil inclusions in fluorite, in which one of
the liquid organic phases wets only certain spots on
the walls of the roughly spherical inclusions, cor-
responding to specific crystallographic planes in the
host fluorite structure (pl. 9, fig. 2; Roedder, 1962b,
p. 40).

INFRARED AND ULTRAVIOLET
FLUORESCENCE
- A very few inclusion fluids (organic liquids)
fluoresce under ultraviolet illumination, and if the
enclosing mineral is transparent to the ultraviolet,
this simple test is very effective. It was first used
by Reese (1898) to identify petroleum inclusions in
quartz. (See also Ikorskii, 1964, 1966b, 1967a, 1967b,
1968.) The test must not be considered definitive, as
many organic liquids do not fluoresce. Thus Kiihn
(1968) has found that not all bitumen inclusions in
halite fluoresce. (Also see Wetzel, 1959.)

Many of the phases and constituents present in
fluid inclusions show very strong, sharp, and char-
acteristic absorption spectra, particularly in the in-
frared. For example, the five forms in which carbon
dioxide may occur in inclusions—liquid CO., gaseous
CO., and in solution as H.CO3;, HCO;—!, and CO;—2—
might be identified or even analyzed nondestruc-
tively by means of their absorption spectra, obtained
by passing an infrared beam through a polished
plate of the mineral. In addition, some of the com-
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JJ12

mon minerals in which these inclusions occur, quartz,
fluorite, and halite, are transparent to large seg-
ments of the infrared spectrum. Except in special
samples, however (Cifrulak and Cohen, 1969), this
method appears to be unsatisfactory. The major
problems are the inherently nonuniform distribution
of “sample,” that is, inclusion fluid, and the general
nature of absorption spectra. Many of the sharp
absorption lines occur superimposed on a broad ab-
sorption band, and to recognize them, the sample
density (path length) must be controlled. Unless the
inclusions are very small and uniformly distributed,
it is impossible to control the sample density and
obtain sharp lines. Only a very small percentage of
the beam passing through a mineral plate will tra-
verse inclusions. For this part, the effective path
length is so long that the broad band absorption for
the ubiquitous constituents, water and CO., gives
complete absorption. The balance of the beam tra-
verses no inclusions. The author has obtained broad
adsorption bands, presumably assignable to liquid
water, in infrared spectra of quartz and fluorite con-
taining known inclusions, but the data were not
really useful. The method has been of greatest use in
distinguishing the various possible modes of occur-
rence of hydrogen (including liquid inclusions) in
minerals such as beryl and quartz (Brunner and
others, 1961; Wickersheim and Buchanan, 1959,
1965; Boutin and others, 1964; Wood and Nassau,
1968). It revealed the presence of H,0, CO., and
hydrocarbon compounds (as included films and as
molecules in clathrate-type cages in the structure)
in the mineral melanophlogite (Skinner and Apple-
man, 1963; Appleman, 1965) and was used by Mec-
Laren and Phakey (1966) to show the change in
bonding of the hydrogen in quartz on annealing,
from presumed OH-! ions in the structure, as
formed, to H,O molecules, presumed to be in newly
developed very minute gas inclusions, after anneal-
ing.

The strong absorption of infrared light by liquid
CO., causing local heating and homogenization, has
proven to be useful as one criterion to identify
liquid CO. inclusions in olivine from the olivine
nodules of basalts (Roedder, 1965d, and pl. 4, fig. 6).
As the infrared present in normal microscope illu-
mination is frequently adequate to homogenize such
inclusions, it may prevent their recognition unless
special efforts are made to obtain illumination free
from infrared.

INDEX OF REFRACTION

- The index of refraction of fluids in inclusions may
be roughly estimated from the apparent relief
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against the host mineral or each other. Thus glass
inclusions (n~1.50) in quartz (n=1.55) have much
narrower borders (much less total reflection) than
do inclusions of water solutions (n~1.35) ; the same
is true for water solutions when compared with
liquid CO. (n~1.18), and for liquid CO. when com-
pared with gas inclusions (n~1.00). This criterion
is so extremely sensitive to inclusion shape in the
third dimension, however, that it must be used with
considerable caution. It is not uncommon to find the
apparent relief of two inclusions, of different shape
and contents, reversed from that which the true
indices of the fluids would indicate. Negative crys-
tals are particularly misleading, as their steeply in-
clined side facets may cause total reflection with only
small differences in index. A close match of the two
indices gives very useful information about the in-
clusions (pl. 9, fig. 1), but may make observations
of the inclusions difficult, as in the inclusions of
water solutions in cryolite (n=1.34) in which only
the vapor bubble may be visible (Prof. Hans Pauly,
oral commun., 1965). Similarly, Ermakov (1965b)
reports liquid water inclusions from chambered peg-
matites of Kazakhstan so concentrated in salts that
they matched or exceeded the index of refraction of
the enclosing fluorite (n=1.434). Some similar in-
clusions from these deposits, provided through the
courtesy of Prof. Ermakov, showed exceedingly
strong brines when examined on the freezing stage
(Roedder, 1963b, p. 180-181), but the index of re-
fraction of the liquid (at room temperature) was
less than that of the fluorite in all of them.

The differences in index are usually so large that
phase microscopy is not helpful. In some cases, how-
ever, interferometry has been used to advantage
(Tolansky and Morris, 1947; Lemmlein and Kliya,
1952a; Loskutov, 1959a). Ingerson (1947) shows
that dark-field illumination improves the visibility of
small bubbles during homogenization experiments.
The writer has found that reflected light, preferably
from flexible fiber optics, sometimes helps to dis-
tinguish between vague fluid-fluid interfaces and
miscellaneous irregularities in the cavity walls.
Meyer (1950) devised an ingenious method of com-
bining reflected and transmitted light for high tem-
perature microscopy, by using vertical illumination
and a metallic reflecting surface below the polished
mineral plate.

As the index of refraction of water solutions
varies considerably with the salts present (from
1.33 for pure water to about 1.36 for strong brines),
quantitative measurements are desirable. These are
possible by several methods, the most elegant of
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which is based on the angle for total reflection at a
flat interface on the inclusion wall between the min-
eral (of known index or indices) and the fluid (of
unknown index). This method, using reflected light,
was originally described by Brewster (1823a) to
determine the index of refraction of a “strange new
fluid” he found in inclusions, which was shown to
be liquid CO. many years later.8

Total reflection can be demonstrated, qualitatively,
with any flattened two- or three-fluid-phase inclu-
sion and a hand lens. Viewed in transmitted light
from a distant, small source, all fluids will transmit
light when the inclusion is perpendicular to the light.
As the sample is gradually tipped, the gas phase
will become black (totally reflect) first, then the
liquids, in sequence. In liquid plus gaseous carbon
dioxide inclusions it is even possible to watch the
total reflection of the gas phase disappear, at con-
stant tilt, as the warmth of the fingers vaporizes
liquid CO. and increases the density and hence index
of refraction of the dense CO. gas.

Stegmiiller (1952) gives detailed nomograms for
obtaining the index of refraction of inclusion fluids
using transmitted light. Wahler (1956) improved
the technique considerably and made it more gen-
erally applicable, mainly by immersing the crystal
in a medium of the same index of refraction. With
this technique he measured a number of inclusions to
second- and third-place accuracy, permitting esti-
mates of salinity of the water phase. He found the
procedure useful also to recognize single-phase gas
inclusions, which show an index of 1.00; without
such tests it is impossible to identify them. There is
a possibility that the change in index of refraction
of the liquids with temperature might be an effective
parameter for their identification; Bokii and others
(1961) have described a method for determining the
index of refraction of liquids at temperatures as low
as —150°C.

Kalyuzhnyi (1954) described a method, also based
on total reflection, for obtaining the index of a liquid
or solid inclusion, using a Fedorov (that is, uni-
versal) stage. He gives graphs for conversion of
stage inclination to liquid index for inclusions in
quartz, topaz, and calcite. Since then several papers

8 Brewster measured the index of refraction of two different fluids
(1826n, 1826b) which were later given the names ‘‘cryptoline’” and
“Brewstoline’” (or crytolinite and Brewsterlinite). From the indices ob-
tained, and other data, it appears that the latter was liquid CO,: the nature
of the former fluid is obscure, but is generally presumed to be water solution
(Julien, 1881). Brewster (1862b) thought both were hydrocarbons. It is im-
portant to remember, however, that even though liquid CO: will dis-
solve very little water (Stone, 1943), a number of other compounds, par-
ticularly organic ones, will dissolve in it (Auerbach, 1931; Francis, 1954)
and may be present in natural liquid CO», affecting its index of refrac-
tion and other properties.
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have been published in which this method has been
used (Kalyuzhnyi, 1955b; Lisitsyn and Malinko,
1961; Kalyuzhnyi and Shchiritsya, 1962; and Baku-
menko, 1964).

The author has found that the index of the fluid
in the larger inclusions can also be measured by com-
paring the real thickness with the apparent thick-
ness of an inclusion obtained by focusing on the top
and the bottom of it, using a calibrated fine focus
screw (one division=1 um actual movement). The
real thickness can be obtained from similar measure-
ments of the apparent wall thickness above and be-
low the inclusion, subtracted from the total plate
thickness, or by viewing from the side (Roedder
and others, 1963, p. 355).

The composition of the fluid in the inclusions will,
in general, change as daughter crystals form, and
the index should change as well. Although differ-
ences in index have not been reported for inclusions
with and without nucleated daughter minerals, these
should exist and might be useful in estimating com-
position. The data of Kalyuzhnyi (1965b) on the dif-
ferences in index for glass inclusions in various
phenocrysts of a hyalodacite might thus be explained
by changes due to crystallization of the host mineral
on the inclusion walls.

THERMAL EXPANSION AND HOMOGENIZATION

Ever since Brewster (1823a) found a fluid (shown
many years later to be liquid CO.), in inclusions in
topaz, that had a thermal expansion 32 times that of
water, this parameter has been used to aid in the
identification of the fluids (pl. 7, figs. 9, 10; pl. 8,
fig. 1). Sorby (1858) was one of the first to deter-
mine experimentally, with some accuracy, the high
temperature thermal expansions of some salt solu-
tions pertinent to inclusion studies. He used sealed
glass capillaries as “synthetic inclusions.” In natural
materials, the long, straight tubular inclusions are
most suitable for this procedure, as they permit
relatively accurate phase ratio determinations from
the simple linear intercepts of the phase boundaries
on a microscope ocular scale. The areas of individual
phases in flattened inclusions can also be used in a
similar fashion, but less accurately (pl. 3, fig. 2).
The relative volumes of vapor bubble and liquid in
equant inclusions can be used (fig. 3), but there may
be difficulty in measuring inclusion thickness, and
gross underestimates of bubble volume can occur due
to a curved upper surface of the inclusion acting as
a strong negative lens (pl. 11, figs. 7, 8).

Although the coefficient of thermal expansion of
any liquid is a definitive property, application of the
principle to the identification of the fluids in inclu-
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PERCENTAGE
GAS
0.1 1.0 Volume percentage 2.0 5.0
(spherical inclusion)
1.0 4.66 Area percentage (flat inclusion) 7.4 135

10 20

21.5 34.1

FIGURE 3.—The appearance of inclusions with various volume percentages
of gas phase, in which both the gas bubble and the inclusion are as-
sumed to be spherical. The area percentages refer to thin, flat inclu-

sions is not simple.® In addition to the problems of
measurement of phase ratios mentioned above, the
relative phase volumes are involved in determining
the apparent expansion. Ostapenko and Khetchikov
(1968) have developed a differential equation to
calculate these effects. At moderate to high degrees
of fill, and low temperatures, where the vapor phase
is of low density and volume, the movement of the
meniscus toward the vapor with increase in tem-
perature will be a fairly accurate indicator of the
thermal expansion of the liquid (pl. 8, fig. 1). At
higher temperatures and lower overall density of
filling, however, an increasingly significant part of
the total mass of the inclusions will be in the vapor
phase, and the volume of the liquid phase will de-
crease with increasing temperature. As a result in-
clusions with certain degrees of fill will, upon heat-

9 As examined in detail in chapter II of “Data of Geochemistry,” which
deals with geologic thermometry, the use of the experimentally determined
temperature of homogenization (the filling temperature) of inclusions for
geologic thermometry does not require a knowledge of the nature or prop-
erties of the fluid. Such data are necessary, however, in estimating filling
temperature from the degree of fill at room temperature and in correcting
the homogenization temperatures for pressure effects (Klevtsov and Lemm-
lein, 1959b; Samoylovich and Khetchikov, 1968a, 1968b).

Area perceniage (flat inclusion)

Volume percentage
(spherical inclusion)

50 75

62.7 82.1

sions, where both bubble and inclusion are assumed to be circular disks
of negligible thickness, and area percent equals volume percent, Shaded
area is gas phase.

ing, first show an expansion and then a contraction
and final disappearance of the liquid phase, although
the dengity of the liquid decreases continuously dur-
ing heating. Ermakov (1950a) has designated this
behavior “homogenization with an inversion point”
and he shows many graphs of measurements of the
degree of fill versus temperature for individual in-
clusions (that is “homogenization curves”). Kalyuz-
hnyi (1958c) has calculated the homogenization
curves for inclusions of water and of carbon dioxide,
and he shows that in water-rich inclusions, inver-
sions occur generally in those with only 25 to 30
percent liquid phase at room temperature.l® In addi-
tion Weis (1953, p. 676) has recorded a range of
200°C in the experimentally determined filling tem-
peratures of two-phase, liquid plus gas inclusions, in
a given sample, all with the same apparent degree of
fill at room temperature. This might be the result of
differences in concentration, but the range indicated

10 Llambias (1963) has proposed that the temperature of homogeniza-
tion can be obtained from measurements at several temperatures, extra-
polated on the assumption of constant coefficient of expansion, but Er-
makov’s experimental curves and Kalyuzhnyi’s calculated ones both show
that the coefficient of expansion is far from constant.
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by his freezing data (—3° to —19°C, corresponding
to about 5 to 20 weight percent salts) does not ap-
pear to be adequate. Unless the geometry is opti-
mum, measurements of percent liquid and gas in an
inclusion can be grossly in error (fig. 3).

If data were available on density versus tempera-
ture for both liquid and gas phases in the multicom-
ponent systems similar to fluid inclusions, such
measurements on inclusions of unknown composition
could be used to obtain the composition, or at least
limit the possible ranges of composition (Ermakov,
1950a, p. 116 in translation; Klevtsov and Lemm-
lein, 1959a, 1959b). As shown in this report, how-
ever, the composition of fluid inclusions varies
widely, and the effects on thermal expansion for two
different compositional variables may be equal and
opposite. Thus, salts in solution usually reduce the
coefficient of expansion, and substances such as CO.
in solution may increase it. As a result, when meas-
ured homogenization curves for inclusions are com-
pared with calculated curves from actual data on
known simple systems (Ermakov, 1950b; Cameron
and others, 1953; Kalyuzhnyi, 1958¢c; and work of
L. A. Samoylovich, quoted by N. I. Khitarov, 1966),
the deviations may be large. Laboratory data on the

“more complex systems of interest are just now be-
coming available (Ellis and Golding, 1963; Take-
nouchi and Kennedy, 1965b; Fabuss and others,
1966 ; Unterberg, 1966; and Ellis, 1967) and should
permit interpretation of many of the phenomeno-
logical observations of the past.

The temperatures at which homogenization of
fluid inclusions occurs vary widely. If the inclusion
has been trapped at near-surface temperatures, and
it is small, it may not develop a bubble on cooling to
surface temperature (pl. 1, fig. 4; pl. 11, fig. 6).
Ermakov (1950a, p. 289 in translation) reports that
inclusions trapped in synthetic crystals formed at
<70°C seldom have bubbles, but he reports tempera-
tures of filling as low as 38° to 40°C in natural
quartz and other minerals. As a result of very large
pressure corrections, sufficiently low- or high-pres-
sure gas inclusions and certain organic fluids (see
below) may homogenize at subzero temperatures (pl.
5, figs. 6, 7). Carbon dioxide inclusions with an
overall degree of filling approximately equal to the
critical density homogenize at room temperatures
(=4-31°C). If the degree of fill is sufficiently high,
“homogenization in the liquid phase” (by expansion
of the liquid) may occur at subzero temperatures.
Thus, Rutherford (1963) reports that some CO.
inclusions from the Flin Flon area homogenized on
warming to —16°C, and Dolgov, Makagon, and
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Sobolev (1967) report similar inclusions in kyanite.
Conversely, if the degree of fill is sufficiently low
(that is, the CO, pressure at trapping was relatively
low), homogenization in the vapor phase will occur
by evaporation of the liquid phase (pl. 5, fig. 1).
Roedder (1963b, p. 204) reports this type of homo-
genization, at <—383°C, for CO. inclusions in Colom-
bian emerald; similar behavior, at higher tempera-
tures, is shown by other emerald samples (pl. 5, fig.
2). Inclusions of water solutions may homogenize at
any temperature up to a maximum of 374°C for
pure water and at much higher temperatures for
salt solutions (Sourirajan and Kennedy, 1962).
Although most inclusions homogenize below
500°C, there are many examples in the literature of
water-rich inclusions homogenizing at or above
500°C; most of these are listed in table 7. Obviously
these require the presence of high concentrations of
salts in solution, as pure water inclusions cannot
have homogenization temperatures above the critical
point of 374°C. One of the first very high homogeni-

‘zation temperatures (>750°C) was reported by

Feklichev (1962) for CO.-bearing water solutions
in pegmatitic beryl. As the volume relations of the
phases remained nearly unchanged on heating, fur-
ther verification of these observations would be de-
sirable. Some of the highest recorded homogenization
temperatures for water-rich inclusions, in the range
840° to 850°C, were reported for otherwise normal-
looking, two-phase, liquid-plus-gas inclusions in
nepheline (Kerkis and Kostyuk, 1963; Bazarova,
1965; Bazarova and Feigin, 1966) (See table 7.) At
this temperature there was visible evidence of con-
siderable enlargement of the inclusion by solution
of the walls, implying an approach of magmatic
conditions. This is to be expected, in view of the
results of Edgar (1964) who showed that at only
1,000 kg/cm? (kilograms per square centimeter)
water pressure, the minimum temperature of melt-
ing in the system nepheline-albite-water occurs at
835°C. )

Homogenization of inclusions in alkalic rocks at
temperatures as high as 890°, and even >950°C has
been reported by Panina (1966a). Although these
temperatures seem appropriate for homogenization
of silicate glass inclusions, her description of critical
behavior in inclusions in sodalite and cancrinite
(homogenizing at temperatures as high as 630°C)
would imply aqueous solutions rather than silicate
glass. ‘

The gas bubble (or bubbles) in glass inclusions
begins to contract appreciably at about 650°C
(Ermakov, 1950a, p. 20 in translation), although this
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temperature should vary with glass composition.
Deicha and his coworkers have reported in detail on
the ‘behavior of glass inclusions on heating (Deicha,
1955; Barrabé and Deicha, 1956, 1957 ; Barrabé, Col-
lomb, and Deicha, 1957, 1959).

“If two fluids of considerably different thermal
expansion characteristics are trapped in various
ratios in simultaneously formed individual inclusions
and form vapor bubbles on cooling to lower tempera-
tures, the homogenization temperatures (to achieve
the original two-fluid state) will vary with the orig-
inal phase ratio of the fluids that were trapped. If
the two fluids can be identified adequately as to
composition, and if the thermal expansions and
compressibilities of the two fluids are known, and if
the mutual solubilities of the two fluids are either
insignificant or are known, it should be possible to
obtain both pressure and temperature of trapping
from such homogenization data. There have been
various proposals to use inclusions containing CO.
and H.O to determine pressures (Johnsen, 1920;
Correns, 1953; Kalyuzhnyi, 1955a, 1965a; Kalyu-
zhnyi and Voznyak, 1965). Rutherford (1963) used
the method to calculate the pressures during deposi-
tion of some post-ore quartz at Flin Flon. Similar
procedures should be applied to inclusions of oil and
water (frontispiece, upper left; pl. 9, fig. 2; Roed-
der, 1963b, p. 176)-

The finite but limited mutual solubilities of two re-
latively immiscible fluids such as CO, and H.O
theoretically - provides another geothermometer
(Smith and Little, 1959), but serious practical prob-
lems in phase identification may preclude its use
(Roedder, 1963b, p. 190).

PHASE CHANGES IN THE FLUID UPON HEATING

In addition to geologic thermometry, a variety of
interesting and eventually informative observations
have been made of phase changes occurring in the
liquid or fluid phase upon heating. Certain inclusions
show an unmixing of the liquid phase, to form a
small amount (<10 percent) of a new, immiscible
liquid, on heating to temperatures above 200°C
(Kalyuzhnyi, 1956, 1958c; Ermakov and others,
1957; Sobolev and others, 1970). The new liquid
has an appreciably higher index of refraction than
the surrounding low density liquid and presumably
contains a higher concentration of salts. Ermakov,
Kalyuzhnyi, and Myaz’ (1957, p. 494 in translation)
report that the new liquid persisted, with little
change in volume, until the disappearance of the gas
bubble at 327°C and that the phase changes were
reversible on cooling. The significance of this immis-
cibility, in terms of specific fluid composition, is not
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known, but in view of the probable shapes of the
pressure-temperature-composition diagrams for
water-salt systems, such immiscibility with rising
temperature under constant volume conditions is
expectable. In this connection it might be pertinent
to examine the behavior of inclusions in synthetic
quartz crystals from those crystal-growth processes
where a two-liquid condition in the growth cham-
ber has been proposed (Butuzov and Bryatov, 1956),
to see whether such immiseibility can be recognized.
Prof. H. Sgrensen of Copenhagen reports similar be-
havior in the fluid inclusions in chkalovite (NaBe
Si04) from the Ilimaussaq nepheline syenite com-
plex in Greenland. The solid daughter minerals in
these inclusions dissolve by about 300°-360°, and
homogenization occurs in the range 860°-980°, but
a second liquid phase is present for a narrow range
of temperatures near 700°-800° (H. Sorensen; oral
commun., 1968; Sobolev and others, 1970).

Wahler (1956, p. 113) describes an inclusion in
quartz from Madagascar that, when heated to about
150°C, developed a “new” gas bubble which vanished
again at 220°C; he believes that this bubble prob-
ably was CO. and that it resulted from the reversal
in the solubility of CO., with temperature. The data
of Todheide and Franck (1963), Franck (1964),
and Takenouchi and Kennedy (1964) on the system
CO,-H,0 show that, for a considerable range in CO»-
H.O ratio, immiscibility would occur on heating.

An additional interesting nondestructive thermal
technique, which has been investigated to determine
its potentialities (Hiroshi Ohmoto, Princeton Univ.
written and oral commun., 1967), is, in effect, high
precision differential thermal analysis. Preliminary
results indicate that by the use of highly sensitive
calorimetry, it is possible to measure the heat effects
resulting from the melting of ice in previously frozen
inclusions (and from decrepitation, although this
of course is a destructive test) for 0.1-g samples
containing ~10—% gram water as inclusions. Quanti-
tative calibration involves several variables that may
present experimental difficulties, but the large heat
of melting of ice, and the inevitable experimental re-
finements, make the method very promising. Mac-
Kenzie (1968) reports similar thermal studies on
the warming of samples (0.02 ml) of previously-
frozen liquids.

CRITICAL PHENOMENA

Not infrequently the composition and degree of
fill of an inclusion are such that it exhibits homog-
enization at a critical point. This is recognized by
the abrupt and complete fading of the meniscus be-
tween liquid and vapor. The apparent occurrence of
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this behavior is made more common by the fact that
for many fluids, the liquid and vapor exhibit rather
gross changes in density in the last few degrees be-
low the critical temperature, that is, the two-phase
field is almost flat on top (fig. 4). There is only one
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FIGURE 4.—Temperature-density diagram for the system H20, plotted
from the data of Kennedy (1950b) and of Maier and Franck (1966).
The homogenization behavior of four inclusions, all trapped at 540°C
(but at different pressures), is indicated. The inclusions of density
0.9 and 0.7 homogenize in the liquid phase (L); that with density 0.4
homogenizes at the critical point; that with density 0.1 homogenizes in
the gas phase (G) (from Roedder, 1962b).

true critical density (degree of fill), but as a result
of the flat top to the two-phase field, inclusions
grossly different in density—on both sides of the
critical density—will appear to go through a critical
point on rapid heating or cooling. Thus the more
precise the temperature control near the critical
point, the smaller the number of inclusions that will
appear to exhibit critical phenomena. Inclusions with
a degree of fill greater than the critical density will
homogenize in the liquid phase (usually with a vis-
ible fading of the meniscus just before the bubble
shrinks to disappearance; see pl. 6, figs. 5-8); in-
clusions with less than the critical density homog-
enize in a similar manner by the evaporation (dis-
appearance) of the liquid phase (that is, they “ho-
mogenize in the gas phase”), usually with a visible
fading of the meniscus just before the bubble ex-
pands to fill the inclusions.

The critical temperature is a definitive property
for pure substances, and one inclusion fluid, CO,, is
sometimes sufficiently pure in nature to exhibit criti-
cal phenomena at the critical temperature
(+4381.0°C) for the pure material (Kobe and Lynn,
1953; pl. 6, figs. 5-8). In general, however, the fluids
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of inclusions are multicomponent mixtures, and any
critical points (C.P.) they show are for such mix-
tures. Thus mixtures of methane (C.P., —82.1°C)
and ethane (C.P., +82.3°C) have been suggested as
the probable major constituents of two monophase
inclusions in quartz crystals from Herkimer County,
N.Y., showing critical behavior at —5.55°C and
—7.85°C (pl. 5, figs. 6, 7). Touray and Sagon (1967)
report CH, as a major component of similar mono-
phase inclusions in quartz crystals from a marl in
the Pyrenees. Inclusions of water solutions may
show that the critical temperature for pure water
(374.2°C) has been lowered by materials such as
CO,. Cameron, Rowe, and Weis (1953) found in-
clusions showing critical phenomena at 311°C.
More commonly, the salts in solution raise the criti-
cal point. Sourirajan and Kennedy (1962) show
that 25 weight percent NaCl raises the critical point
for water to about 670°C, and many critical point
determinations on fluid inclusions fall in the range
of 3875° to 450°C (Ermakov, 1950a; Bazarov and
others, 1968). The temperature of trapping—and
hence of formation of the enclosing mineral-—cannot
lie below these determined critical temperatures, ex-
cept fortuitously, where a heterogeneous gas-liquid
mixture with an overall density equal to the critical
density has been trapped. In general, the pressure on
the system at the time of trapping was greater than
the critical pressure, and hence a pressure correc-
tion must be added to these critical temperature
determinations. Klevtsov and Lemmlein (1959a)
mention the occurrence of homogenization of the gas
and liquid phases in inclusions at a critical tempera-
ture below that at which all solid halide daughter
minerals had dissolved.

Even where the density of fill is not near the criti-
cal density for the specific fluid, it is important to
note the rate of change of the volumes of liquid and
gas phase with increase in temperature, in addition
to the actual temperature of homogenization. This
can provide a crude estimate of the probable critical
temperature of fluids trapped at slightly more than
the critical density, for as the critical temperature is
approached, not only is the thermal expansion of the
liquid large, but its rate of increase with rise in
temperature becomes progressively greater (fig. 4),
and it becomes effectively infinite at the critical tem-
perature. Thus the high thermal expansion of the un-
identified liquid (CO.) found by Brewster (1823a)
merely reflects a close approach to its critical tem-
perature of 4+-31°C (pl. 6, figs. 5-8). Similarly, for
inclusions homogenizing in the gas phase, the rate
of increase in density of the gas phase becomes pro-
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gressively greater (fig. 4). This cannot be measured
as conveniently as can the expansion of the liquid,
but the rate of change in density can be estimated
from the rate of evaporation of the liquid phase into
the gas phase. Thus, Edwin Roedder (U.S. Geo-
logical Survey, 1965, p. A156; see also Roedder and
Creel, 1966) noted that approximately 12 volume
percent (at room temperature) of a phase believed
to be liquid H,S (pl. 7, fig. 11) evaporated into the
vapor bubble at temperatures ranging from 64° to
97°C. These temperatures are above the critical
temperature for liquid CO,, excluding this possibil-
ity. Both the temperatures and the density increase
of the gas phase are appropriate, however, for liquid
H,S near its critical temperature of 100.4°C. Such
data are not definitive, but do present strong support
to other data which also indicate that this phase is
liquid H,S. o
FREEZING DATA

Since the pioneering effort of Sir Humphry Davy
in 1822, a number of attempts have been made to
use the behavior of fluid inclusions at low tempera-
tures to help in the identification of the materials
present. Simple cooling with a drop of alcohol,
acetone, ether, or of ethyl chloride (available in
handy pressurized tubes as a medical supply), will
frequently prove useful as a qualitative test. The ex-
perimental difficulties, however, had generally pro-
hibited the accumulation of much quantitative
data.l! As the procedure showed considerable merit,
in theory, a microscope freezing stage was designed
to avoid some of the troubles (Roedder, 1962a). With
this equipment, a variety of data has been obtained
on fluid inclusion compositions (Roedder, 1963b;
Roedder and others, 1963 ; Hall and Freidman, 1963 ;
Sawkins, 1963; Buseck, 1966; and Ohmoto, 1968a,
1968b), the most useful of which is the depression
of the freezing point of the liquid water solutions,
that is the “freezing temperature” (pl. 8, fig. 1).
This depression is a measure of the salinity of the
fluid, and it permits estimation of the salt concentra-
tion in inclusions weighing as little as 10-1¢ g. Other
phase changes are observable in fluid inclusions at
low temperatures, most of which yield at least quali-
tative compositional data (Roedder, 1963b). Among
these are the triple point of CO, at-—56.7°C and the
“first melting temperature,” representing the first
development of visible liquid upon heating a solidly-
frozen inclusion (pl. 8, fig. 1; Roedder, 1962a, p.

11 Ermakov (1950a, p. 344 and 348) mentions the use of a ‘“‘micro-
freezer,” but he gives no details or data. Lemmlein and Klevtsov (1955)
give some experimental data on quartz from Pamir, but they do not give
details on experimental technique or equipment.
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1054). This latter phenomenon, unfortunately, has
also been taken to be the “freezing temperature” of
the solution (Kormushin, 1965, p. 173). (See also a
discussion of the identification of the solid phases
formed, page JJ22.) Freezing point depressions for
saline fluids were also obtained by Lisitsyn and
Malinko (1961), using an unspecified method, and
by Rutherford (1963), who determined both the
salinity of the water phase and the density of the
CO, phase in mixed inclusions from the Flin Flon
area by this method. A number of more recent appli-
cations of the method are noted in table 1. :

The freezing stage is particularly useful to detect
leakage of fluid inclusions. As most inclusion fluids
are far more concentrated than normal ground
waters, a single inclusion in which the original fluids
have been replaced with ground water will be readily
apparent, even in a large group of normal inclusions
(Roedder, 1963b, p. 207) .12 Low-temperature micro-
scopy is also helpful in the recognition of homogen-
eous CO, inclusions of either very high or very low
filling density. (See p. JJ15.)

Several metastable phenomena occur commonly
during the cooling of inclusions. Although these gen-
erally cause some experimental difficulty, they are
useful indicators that inclusion fluids are generally
very clean and free of spurious solid nuclei and
hence have presumably been trapped from exceed-
ingly slow-moving solutions (Roedder, 1962a,
1963b). If the expansion on formation of ice elimi-
nates the vapor bubble, sluggishness in its renuclea-
tion may lead to high negative pressures, metastable
“superheated” ice, and erroneously high apparent
freezing temperatures (Roedder, 1963c, 1967Db).

BUBBLE MOVEMENT IN THERMAL GRADIENTS

Sang (1873; see also Hunter and Sang (1873) and
Tait and Swan (1874) ) reported that peculiar move-
ments of the bubbles in some fluid inclusions oc-
curred when a thermal gradient was established
across the inclusion.3 Some bubbles moved up a
thermal gradient; that is, they appeared to be at-
tracted to a warm probe touching the sample and
moved through the fluid as far as the inclusion shape
would permit. Other bubbles either moved down a
thermal gradient, that is, they appeared to be at-

12 Although not a usual type of “fluid inclusion,” it should be men-
tioned that the microscopic vesicles in most older pumices become filled
with water over geologic time. This is water that has diffused through
the glass walls, leaving almost all salts behind. Thus the freezing tem-
perature of all of these “inclusions’ is almost exactly 0.0°C (Roedder and
Smith, 1964; Roedder, 1970a).

13 This is presumably not the first description of the phenomenon, as
William Nichol (1829) mentions that the bubble in an inclusion in halite
from Cheshire did not move when a hot wire was placed opposite it, thus
implying that other bubbles do move under such conditions.
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tracted by a cold probe and repelled by a warm one,
or they did not move at all in a thermal gradient
even though they were apparently free from the
walls. Still others exhibited very peculiar oscillatory
movements, either of the bubble itself or of solid
particles in the liquid (Brewster, 1845b; Hartley,
1877b; Hawes, 1881).

These phenomena were variously attributed to
“unknown cause,” “capillarity,” or “evaporation and
recondensation,” until Hartley (1877b) offered a
brief explanation (proposed by Stokes) based on
changes in surface tension. This seemed to explain
some of the apparent conflicts in the data, and the
subject was dropped, except for rediscovery by the
writer and several others (Hoagland, 1951b; Rush,
1954 ; Safronov, 1957b; Johnson, 1961a, 1961b; Sut-
ton, 1964).

The basis for all these phenomena appears to be
variation in the surface tension over the bubble sur-
face, causing flow of the surface that drags fluid
with it. Although the phenomena are still not fully
explained, the motions of the bubbles can be detected
very quickly and simply by hot or cold probes (Roed-
der, 1965¢, 1966a), and these motions are useful in
inclusion studies in a variety of ways. First, the
specific behavior is obviously controlled by the com-
position of the fluid. Even though the nature of the
effects of these compositional parameters is complex
and not understood, differences in the behavior of
the bubbles in adjacent inclusions that otherwise
seem to be identical indicate differences in composi-
tion and presumably origin, and these differences
frequently correlate with differences in freezing and
homogenization temperatures. Second, the phenom-
ena aid in the determination of freezing tempera-
tures in those inclusions in which the last ice crys-
tal sticks to the bubble-liquid interface. In these,
the thermal (and compositional?) gradients set up
by slight melting of the ice result in a rapid move-
ment of the bubble and ice crystal about the inclu-
sion. The bubble may push the ice ahead of it, or
drag it with it, but in either case the movement is
an indication that melting is still taking place, even
though the ice may be invisible. Also, many inclu-
sions have only one small clear “window’ through
which the freezing behavior can be watched; move-
ment of the bubble and ice across this window thus
permits more positive identification. Third, the phe-
nomena aid in homogenization experiments. In these,
the bubble movement permits an evaluation of the
direction of the inevitable thermal gradients in the
heating cell, and, by superimposing small thermal
gradients on the heated sample near to its homog-
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enization temperature, tiny bubbles may be moved
out of dark areas of total reflection. Fourth, as men-
tioned in “Fluidity” (p. JJ10), bubble movement
from thermal gradients may be used to discriminate
between glass and liquid inclusions. Fifth, thermal
gradients are frequently useful to place the bubble
in an inclusion in a position more suitable for
photography, and were used in several of the figures
in this report.

COMPOSITION OF SOLID PHASES

Daughter minerals in fluid inclusions—solid
phases which have crystallized out of the fluid after
trapping—indicate saturation of the fluid with re-
spect to these phases, at the conditions of observa-
tion. Hence they are extremely useful in determining
the composition of the fluid, but they have not been
given adequate study. Probably the most serious
problem in such use lies in the apparent difficulty of
identification, but there are a number of methods
that can be used, providing a combination of iden-
tification criteria that is generally unambiguous.

GENERAL SIGNIFICANCE AND USEFULNESS

The problem of distinguishing between daughter
minerals, formed from the fluid of the inclusion, and
accidental solid inclusions, trapped along with the
liquid, is sometimes difficult.’* Regularity of phase
ratio in a number of inclusions is perhaps the best
criterion for a daughter mineral origin (pl. 8, figs.
3, 4), but problems of recrystallization, causing
gross changes in the shape of elongated inclusions
(frontispiece, upper left, lower left, and lower right;
pl. 10, figs. 3-5), and hence isolation of already-
formed daughter minerals from their parent liquid
(Lemmlein and Kliya, 1952b), can interfere seri-
ously. In addition, small inclusions may not show a
daughter mineral that adjacent larger ones have;
this is commonly due to failure to nucleate. In NacCl
solutions, freezing may cause the nucleation of the
stable phase, NaCl crystals, in such supersaturated
inclusions (Roedder, 1967a; Touray and Sabouraud,
1970). Any phase with which the solution is super-
saturated may be caused to nucleate by freezing, as
this withdraws water from the solution and in-
creases the degree of supersaturation (pl. 2, figs. 1,
2).

Fortunately, the distances are so small in fluid
inclusions that daughter crystals, at least the water
soluble ones, have generally had time to reach mini-
mum surface energy, that is, one single crystal of
each phase (Bienfait and Kern, 1965). Hence, the

14 Thus Dymkov (1961) describes a case of hematite spherulites growing
in negative crystal cavities in calcite, forming complex inclusions.
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number of daughter mineral phases is generally
equal to the number of crystals. This is not true for
very slightly soluble crystals or for those formed
during a relatively fast cooling.

Ermakov (1950a, p. 24 in translation) has noted
cases in which the sequence of formation of several
daughter minerals upon cooling is preserved in the
inclusions as a record of the sequence of saturations.
He also presents what he considers to be evidence
(p. 38 in translation) of the crystallization of quartz
from fluids that were saturated with respect to
NaCl, so that NaCl occurs both as solid inclusions
and as a daughter mineral.

In every case the host mineral should be consid-
ered as an additional “daughter mineral” phase, as
at least small amounts of it must crystallize out
from almost every fluid inclusion, upon cooling.
Where this new material on the walls forms a visible
layer it has been designated a ‘‘bordure of cognate
substance” by Ermakov.

In describing certain synthetic minerals and the
crystals formed in inclusions of glass, Sorby (1858,
p. 457 and 477) used an effective aid in the identi-
fication of some daughter minerals that seems to
have been forgotten by many later workers. Further
crystallization of the host mineral from the trapped
fluid will generally occur on the walls of the inclu-
sion, but other phases form separate daughter crys-
tals. Thus, inclusions of a given fluid, saturated with
respect to minerals A and B, will show daughter
crystals of A in inclusions trapped in B, and vice
versa. Kalyuzhnyi and others (1966) report daugh-
ter crystals of quartz(?) in inclusions in quartz, and
Llambias (1963) reports the occurrence of a daugh-
ter crystal of borax, presumably identified as such
by crystal shape, in a fluid inclusion in a larger

borax crystal. These are the only observed excep-

tions—almost always the host mineral does not form
discrete daughter crystals. Llambias mentions the
occurrence of organic matter within the host borax
crystal. It is thus possible that a film of such mate-
rial lining the inclusion prevented crystallization of
the material of the daughter crystal directly on the
walls.

Solid daughter minerals in fluid inclusions—as
well as solid inclusions trapped directly in the crys-
tal—have considerable value in the identification
of gemstones (Giibelin, 1950, 1969). Upon cooling,
the differences in contraction and compressibility of
the solid inclusion and the host gem may set up con-
siderable strain, first recognized as strain birefring-
ence by Brewster (1835, 1845a; pl. 6, fig. 3). Such
strain can cause cracking and the development of
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secondary inclusions in the healed fractures. Even
the specific locality producing a given gemstone may
sometimes be recognized on the basis of the inclu-
sions. Thus for emerald, the occurrence of fluid in-
clusions containing NaCl crystals has been used as
a fairly reliable criterion that (1) the stone is
natural and not synthetic,® and (2) that it probably
came from the Colombian emerald mines (pl. 2, figs.
1-6; pl. 5, fig. 2). The writer has found NaCl crys-
tals in primary inclusions in Rhodesian (Sanda-
wana) emeralds, however, and Webster (1952) re-
ports seeing NaCl cubes in Australian emeralds.
Giibelin (1950) also mentions another identifying
feature of the NaCl crystals in Colombian emerald—
occasionally these daughter crystals show an irreg-
ular bright blue coloration typical of NaCl.

ORDINARY METHODS OF MICROSCOPY

Brewster (1826a, p. 21) was the first to report the
occurrence of “squares” (that is, cubes, probably of
NaCl) in inclusions. Solid daughter mineral phases
in fluid inclusions are generally so small that only
optical methods are adequately sensitive for their
identification. Many of the usual petrographic tech-
niques may be used, in modified form, but rather
severe limitations are imposed by the nature of the
samples. Thus, observations of extinction angles and
birefringence are limited by the optical properties
of the host mineral. Sorby (1858) pointed out that
the inclusions in birefringent plates are best studied
with a polarizer in, to eliminate troublesome double
images. The writer has found that with strongly
birefringent minerals such as calcite it is important
to use only the image of the ordinary ray, which
yields much sharper definition than the extraordi-
nary ray. Since these carbonate minerals are optic-
ally negative, this procedure also permits an ap-
preciably greater maximum depth of focus into the
plate (pl. 3, fig. 3, 4). The thick plates (0.5-5 mm)
normally used for inclusion study usually show so
much birefringence (even with normally isotropic
host minerals such as fluorite and halite) that both
extinction angles and birefringence of solid inclu-
sions and daughter minerals can be estimated only
by simple statistical methods, using many inclusions.
The maximum interference color exhibited by the
daughter mineral grains can be used in conjunction
with their apparent thickness, if they are equant, to

15 There have been several reports of three-phase inclusions, presumably
liquid4-gas+NaCl crystal, in some synthetic emeralds (Webster, 1952;
Wells, 1953). As some of the procedures used to grow synthetic emeralds
are still secret, such inclusions could be useful, but it is difficult to verify
the true source of any given stone.
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obtain the birefringence, but it is particularly diffi-
cult to estimate the thickness of thin flat daughter
minerals (pl. 12, figs. 1, 2). Eppler (1962b) has
shown that the interference color seen in reflected
light from flat inclusion crystals can sometimes be
used to obtain such an estimate. Crystal habit, inter-
facial angles, color, pleochroism, etc., all are useful
criteria for identification (Mel'nikov, 1968a). Not
infrequently the daughter minerals are sharply
faceted crystals that permit identification of their
crystal system as well. Generally the inclusions are
too deeply buried in the sample, or are too small, to
obtain interference figures; Kalyuzhnyi (1958a)
mentions grinding and polishing to within 10um or
15um of the inclusion to permit the use of certain
techniques.

Opaque daughter minerals, presumably metallic
sulfides and oxides,!¢ occur in some inclusions. Their
rarity and small size have been used to place limits
on the quantities of metal that may be precipitated
from the ore-fluids by temperature decrease (Roed-
der, 1960b; Takenouchi, 1962b). The determination
of the size, and hence of the volume and weight petr-
cent, of opaque grains is usually limited to measure-
ments of the two visible dimensions and a guess as
to the third dimension. In some inclusions the crys-
tal can be moved about for further measurements.
There are relatively few available parameters that
can be used for the identification of opaque daughter
minerals. In a very few inclusions the grain is suf-
ficiently large to permit recognition of the color and
crystal habit in reflected light (Roedder, Ingram and
Hall, 1963, p. 367). Not infrequently, the external
crystal shapes—or rather, silhouettes of them—are
vigible. Brewster (1853b) was able to estimate the
relative densities of several different daughter min-
eral grains by comparing the rates of fall through
the liquid when the sample was inverted. One sim-
ple but very sensitive test that should be used
routinely on opaque grains is for their magnetic
properties; if they are magnetic, and loose in the
cavity, they will move when a small strong magnet
is rotated or moved near the microscope objective.
As an additional test, Prof. W. C. Kelly (Univ. of
Michigan, oral commun., 1967) has been able to
determine the Curie temperature of magnetic
daughter minerals by observing reversible changes
in their properties on the heating stage. (See also
Kelly and Turneaure (1969, 1970).) -

16 The most common oxide daughter mineral is hematite, but it is
frequently in sufficiently small crystals to be bright red ‘(or even yellow)
and birefringent. .
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ESTIMATION OF INDEX OF REFRACTION

One of the most useful and definitive properties of
transparent daughter minerals is the index or in-
dices of refraction. These can be estimated by com-
parison with whatever phase is available. Thus
Lemmlein, Kliya, and Ostrovskii (1962) found crys-
tals of cryolite (2=1.84 and hence is comparable to
or even less than water solutions) in the inclusions
of a pegmatitic topaz (pl. 12, figs. 5-7). Ikorskii
(1966a) reports inclusions containing rose-colored
cubes of villiaumite (NaF, n=1.336) and organic
matter in many of the alkalic rocks of the Khibina
massif. The isotropic cubes (and occasionally octa-
hedrons; see pl. 2, figs. 3, 4) seen in many inclusions
are usually NaCl (n=1.544), but not infrequently
NaCl oceurs with KCl (n=1.490; see pl. 2, figs. 1, 2).
(The vertical sides of such cubes may make esti-
mates of relative relief rather difficult.) Kalyuzhnyi
(1958a) notes that NaCl daughter crystals may be
pinkish or yellow, but upon recrystallization after
heating and cooling, the color is gone. KCl cubes
are commonly bright yellow. The writer has ob-
served that daughter crystals of NaCl in inclusions
in quartz are sometimes in sufficiently close contact
with the host (pl. 2, fig. 5) that a sensitive compari-
son can be made between the index of the halite (n—=
1.5443) and the ordinary ray of the quartz (n—
1.5443). (See also pl. 6, fig. 4.) The universal stage
may also be useful in identifying such embedded
solid crystals (Bakumenko, 1964), and similar com-
parison can sometimes be made with closely adjoin-
ing daughter minerals as well.

Strong birefringence is easy to recognize even
without placing the host crystal at extinction
(frontispiece, lower right), but if the host crystal
has a considerably higher birefringence than the
daughter mineral, particularly where the host does
not go to complete extinction as in many thick sec-
tions of calcite or quartz, this test is inadequate. In
such plates, grains with high birefringence can be
recognized by the change in relief relative to the
liquid on rotation of the stage with only the polar-
izer inserted. Thus, Slivko (1955, p. 70) shows that
one of the many daughter minerals in inclusions in
green multicolored tourmaline has one index of re-
fraction very near to that of the solution in which it
occurs. It also has a high birefringence and is very
soluble, even in refractive index liquids. It is pre-
sumably a fluoborate (Slivko, 1958). On very tiny
grains, the brightening - of the centers on slight
change of focus can be used for index comparisons
in lieu of an actual Becke line.
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USE OF THE ELECTRON MICROSCOPE, ELECTRON
MICROPROBE, AND X-RAY DIFFRACTION

As inclusions are generally small, electron micro-
scope techniques would seem to be very appropriate
for their study, but the very shallow penetation of
the beam precludes its use on most unopened inclu-
gsions. McLaren and Phakey (1965a, b; 1966) have
used transmission electron microscopy to study the
development of dislocations and associated spherical
and faceted negative crystal cavities in very thin
flakes of citrine and amethyst, particularly on an-
nealing at temperatures of 600° to 800°C. Akizuki
(1967a) used an acetate peel technique to obtain
layers of galena thin enough for transmission elec-
tron microscopy. The electron microscope has been
used very effectively on replicas of fractured sur-
faces to study the structure of the walls of inclusions
and the changes in shape with recrystallization
(Akizuki, 1965a, b, c¢; 1966; 1967b; Kurshev and
Trufanov, 1965) and to study the distribution and
nature of very minute inclusions on grain boun-
daries and within grains (Folk and Weaver, 1952;
Iwao and others, 1953; Pelto, 1956; Deicha and
Sella, 1962 ; Sella and Deicha, 1962a, b, 1963).

Similarly, the electron microprobe would be
eminently suitable for determining the composition
of daughter minerals, if they could be put into the
electron beam. Absorption of both the incident beam
and the emitted X-rays generally precludes examina-
tion of unopened inclusions. Unless the inclusions
are very large, however, the mechanical problems
of removal of daughter crystals for study are severe.
At the time of writing there were only three studies
of the use of the electron microprobe on inclusions.
The first was by Carron (1961) who used it to study
the composition of glass inclusions in quartz pheno-
crysts that were truncated by the polished surface
and hence were accessible to the beam. This- study
was made because such glass inclusions represent
samples of the actual magma, complete with vola-
tiles. The second was by Dolomanova and others
(1966; 1968) who determined the presence of Fe,
Cu, Ti, Ca, Zn, and Cr among the 11 daughter min-
erals on the walls of a fluid inclusion in an early
smoky quartz from -an ore deposit in Transbaikal.
They believe that the iron and chromium are present
as chromite. Dr. Dolomanova states (written com-
mun., 1967) that she analyzed only those solid grains
on the upper surface of unopened inclusions that
were sufficiently close to the polished surface to per-
mit electron beam penetration.

Valyaskho and others (1968) report 41 qualitative
electron microprobe analyses of a series of solid,
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congealed, and gas-liquid inclusions in various min-
erals from the Khibiny apatite deposits. Some of
these were made on specific solid included grains
and some on solid phases after homogenization runs.

Identification by X-ray diffraction methods gen-
erally requires the extraction of the daughter min-
eral, unless it is present in large amounts (for
example, halite is present in large amounts in inclu-
sions in feldspar from Ascension Island) (Roedder
and Coombs, 1967)). Ermakov (1965b) and Lyakhov
(1966) extracted and identified a variety of daugh-
ter minerals by X-ray diffraction. Lyakhov reports
X-ray data on several unknown minerals, and he
also verified the presence of halite, sylvite,
FeCl.2H,0, elpasolite, cryolite, and a hydrated
magnesium carbonate in inclusions in smoky quartz
from pegmatites in Volynia. (See pl. 12.) Kal-
yuzhnyi and Voznyak (1967) also report FeCl,*2H.0
as a daughter mineral, along with qualitative deter-
minations of both ferrous and ferric iron in quartz
from “Zanorysh” type pegmatites. Kalyuzhnyi and
Mikolaichuk (1968) report the use of electron dif-
fraction to identify the salts present in the dry resi-
due (NaCl, KC], and NaF'), obtained by evaporation
of a solution from multiphase fluid inclusions in
topaz. Trufanov and Kurshev (1968) used electron
microscopy and both powder and single crystal elec-
tron diffraction to identify the residues.

BEHAVIOR ON FREEZING

Upon freezing inclusions, a variety of new solid
phases may be formed, and the identification of
these frequently yields compositional information
otherwise unobtainable (Roedder, 1962a and 1963b).
The most common new phase is ice, which can be
identified by (1) index of refraction (always ap-
preciably less than that of the solution), (2) very
low birefringence, (3) characteristic growth, on
cooling, of two parallel flat plates from opposite
sides of the round grain obtained by partial melting,
(4) parallel extinction and length-fast orientation
of these plates, (5) volume increase on freezing and
decrease on melting (this registers as an increase
in bubble size with rising temperature—see pl. 8,
fig. 1); and (6) temperature range of stability.l”
Various salts and hydrates may also crystallize on
freezing. A particularly significant one is NaCle
2H,0 (hydrohalite). This forms by reaction of the
liquid with daughter NaCl crystals upon cooling. As

17 Care must be taken in using this criterion with inclusions whose
vapor bubble is eliminated by the expansion on freezing. These may
develop high negative pressure upon partial melting, which, in turn, may
cause ice to exist, metastably, at temperatures as high as 46°C (Roedder,
1967b). Many larger inclusions are broken open by the expansion of
freezing, as first recorded by Dwight (1820),
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it is strongly birefringent, and melts incongruently
at temperatures up to a maximum of +40.1°C (in
the pure system NaCl-H.0), it provides a very good
test for distinguishing a cube of NaCl from KCl,
which forms no such hydrate. As little as 10—12 of
NacCl can be recognized by this test (pl. 11, figs. 1-4;
Roedder, 1963b, p. 178 and 182; Roedder and
Coombs, 1967).

Another useful solid phase formed on cooling cer-
tain inclusions is the clathrate compound carbon
dioxide hydrate CO.*53,H.0!® (Roedder, 1963b, p.
188-196), which forms by reaction of H,O and either
gaseous or liquid CO.. Unfortunately, its index of
refraction is very close to that of most water solu-
tions, and it is isotropic, so that it is not always
visible even though present in rather large amounts.
Sometimes its presence is evidenced only by an
irregular, jagged interface between gas and “liquid”
(pl. 5, figs. 3-5). W. C. Kelly (Univ. of Michigan,
oral commun., 1967) has found that the presence
of such invisible crystals can also be detected in
those inclusions containing a magnetic daughter
mineral. When such a magnetic grain is pulled
around in the inclusion by manipulating a magnet on
the microscope stage, it can be seen to bump into
the invisible hydrate crystal. Data on its dissociation
pressure (Takenouchi and Kennedy, 1965a) may
permit estimates of the CO; pressures in some inclu-
sions from the freezing data. One serious source of
ambiguity in the use of freezing data on this phase
is that the various clathrate structures permit a
wide variety of molecules to be trapped, including
H.S, CH,, C.H, and numerous other organic species
(Stackelberg and Miiller, 1954; Pauling, 1961;
Barduhn, 1963; Jeffrey, 1963; Jeffrey and Mak,
1965).

Occasionally freezing will result in the elimination
of metastable equilibria within inclusions, by caus-
ing the formation of new phases that should have
been present at surface temperatures. Thus freezing
commonly permits the formation of a gas bubble in
single phase inclusions, formed at temperatures be-
low 100°C, that have persisted for geological time as
metastable stretched fluid, under negative pressure
(Roedder, 1963b, p. 197; 1967b). Similarly daughter
minerals are not always present in inclusions that
should contain them. Salt (NaCl) crystals usually
nucleate, even in very tiny inclusions at the limit of
resolution of the light microscope (Roedder, 1967a,
p. 533), but Touray and Sabouraud (1970) have
described relatively large supersaturated inclusions

18 Although usually referred to by this formula, the structural formula is
8C0O2¢46H20 (Stackelberg and Miiller, 1954).
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that got a NaCl daughter crystal only after freezing
and rewarming to room temperature. Daughter min-
erals present in only small amounts are more apt to
remain in (supersaturated) solution. It is thus com-
mon for small multiphase inclusions to have fewer
solid phases than adjacent apparently cogenetic
large inclusions, and the missing phases are almost
always those present in minor quantity (for ex-
ample, Roedder and Coombs, 1967). A very unex-
pected case of elimination of such metastable super-
saturation is shown on plate 2, figures 1 and 2.

BEHAVIOR ON HEATING

Behavior on heating is a very important aid in the
identification of daughter minerals. Brewster
(1845b) was the first to study this behavior with
care and to make use of it to prove the existence of a
number of different daughter mineral phases in the
same inclusion in topaz. Thus KCl can be distin-
guished from NaCl by its much higher temperature
coefficient of solubility, as pointed out by Ermakov
(1950a, p. 57 in translation). (The increase in solu-
bility is approximately eight times greater for KCI
than NaCl; see pl. 7, fig. 12.)

NaCl and KCI have relatively limited mix crystal
fields at low temperatures, but above 300°C these
mutual miscibilities become appreciable, and the
solid solution is complete above about 490°C
(Thompson and Waldbaum, 1969). Although there
apparently has been no mention of it in the fluid in-
clusion literature, the behavior of NaCl and KCI
daughter crystals should be examined in the light of
this diagram, as this could yield significant data on
the composition of the system.

Yakubova (1952, 1955) used crystal shape and sol-
ubility to show the common presence of borax crys-
tals in inclusions in quartz and topaz from a Uralian
pegmatite. She verified the identification with micro-
chemical and spectrographic analyses. Ikorskii
(1968) describes the effects of heating to 8360° and
480° on bitumens in inclusions in eudialyte from the
Khibiny apatite deposits.

Many of the recorded heating experiments on in-
clusions having several daughter minerals show that
some of them do not dissolve, even at high tempera-
tures (pl. 3, fig. 1; pl. 7, fig. 1). Thus Feklichev
(1962) found that some of the daughter crystals in
pegmatitic beryl did not dissolve even at 750°C, and
there are numerous references to daughter minerals,
particularly ones that are opaque or that have high
indices of refraction, persisting to temperatures
above the homogenization temperature for the liquid-
plus-gas phases (Ermakov, 1950a; Kalyuzhnyi,
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1958a). There are four possible explanations of such

behavior :

1. Equilibrium was not attained in the time used.
The relatively soluble crystals, such as NaCl and
KCl, equilibrate with the solution rapidly on
heating (however, see pl. 7, figs. 2, 3 and 4), but
Ermakov (1950a, p. 95 in translation) reports
that 4 to 5 hours are needed to reach equilib-
rium, even at high temperatures, for the dissolu-
tion of the inclusion walls and of the less soluble
daughter minerals.

2. Equilibrium was attained, but the correct tem-
perature for melting of the last grain of the
daughter mineral actually does lie above the
liquid-plus-gas homogenization temperature.
There is no a priori reason why a given solution,
upon cooling, should not become saturated with
a solid phase before it separates into two fluids,
liquid plus gas (pl. 7, fig. 12). In such cases, the
temperature of homogenization of the daughter
minerals would be closer to the true formation
temperature than the liquid-gas homogenization
temperature would be, as pointed out by Sheftal’
(1956) and others.

3. The “daughter” mineral grain was merely a solid
inclusion, trapped accidentally at the time of
formation of the inclusion. Perhaps the best
criterion for distinguishing between an acci-
dental solid inclusion and a true daughter min-
eral is the constancy of occurrence, and of volume
percent, of each daughter mineral in several or
many inclusions. Unfortunately, available sam-
ple material does not always permit the applica-
tion of this criterion. If a given mineral occurs
also as solid inclusions in the host mineral, it is
difficult to be certain that its occurrence in fluid
inclusions is truly as a daughter mineral; cer-
tainly the solutions were saturated with respect
to it, and hence it should occur as a daughter
mineral.

4. Not infrequently, evidence of necking down of
inclusions is found, in which the daughter min-
erals (and gas bubbles) present at that time are
restricted to one of the several smaller inclusions
forming at the expense of a larger one; this can
cause very diverse phase ratios in different in-
clusions (pl. 10, figs. 3-5; frontispiece, lower
right).

The dissolution of the walls of inclusions upon
heating is of considerable importance in understand-
ing the actual composition of the fluids as they
formerly existed in the earth. Ermakov (1950a, p.
54 of translation) and Lemmlein (1950a) believe
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that solution of the walls and the resultant volume
change is of great significance to the use of inclu-
sions for thermometry. It appears, however, that the
amount of solution of the walls is generally negli-
gible (and the change in volume, AV, on dissolving
is far less than the volume dissolved) and that the
ordinary heating rates used are adequate to permit
an approach to equilibrium, except for inclusions,
homogenizing at very high temperature, that resem-
ble silicate melts in composition (Kerkis and Kos-
tyuk, 1963 ; Zakharchenko, 1968) (pl. 7, figs. 5 to 8).
It is usually necessary to study the appearance of
minute ridges and points on the walls of the inclu-
sion during heating to recognize the existence of any
solution at all. Actually, it is difficult to separate the
effects of a sluggish approach to equilibrium with
respect to (1) the solution of daughter (and host)
minerals, and (2) the thermal regime in the micro-
scope hot stage at the actual inclusion site.

Lemmlein, Kliya, and Ostrovskii (1962) describe
heating experiments on large primary seven-phase
inclusions in topaz, containing 70 volume percent of
solids at room temperature (pl. 8, figs. 2—4). Each
had quartz, muscovite, cryolite, an undetermined
mineral in pseudo-hexagonal plates of n=1.51, fluo-
rite, liquid, and gas, in the same volume ratios. In
order to prevent decrepitation of the inclusions from
the internal pressures developed—a common and
very troublesome problem in much inclusion work—
they heated the samples in a bomb at 3,000 kg/cm?
external pressure. Their data and photographs (be-
fore heating and after quenching) indicate that not
only do the daughter minerals dissolve to form a
silicate melt (yielding a glass on quenching), but the
solubility of topaz in these fluids, at 700°C, is about
10 to 15 volume percent (pl. 8, figs. 5-6). The result-
ing melt was estimated to contain over 10 percent
H.0.1 One interesting point they make is that those
inclusions that had fractured and lost their volatiles
did not dissolve their daughter minerals. Voznyak
(1968) presents considerable evidence that at least
some of these “daughter minerals” are actually solid
inclusions, trapped during the growth of the crys-
tal. However, those phases that occur in uniform
ratios in several inclusions (see pl. 12) are probably
valid daughter minerals.

Feklichev (1962) eliminated the problem of de-
crepitation by heating his samples to the maximum
temperature of observation (750°C) before an in-

19 It should be noted that the occurrence of daughter crystals, and not
hydrous glass, in the samples as found is evidence of the slow cooling
rates in the natural processes. As these inclusions are sealed systems, with
all “mineralizers” still present, rate studies on them should be particularly
significant.
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clusion was selected for high temperature study; by
this simple but effective procedure he eliminated
those inclusions that were not suitable for high-
temperature study. The writer wishes to add that
unheated samples should be examined also, because
(a) the preheated ones present a biased sample of
inclusions present, (b) the inclusions may become
stretched, and (¢) because many daughter minerals
are very slow to recrystallize after dissolving.

Lemmlein and Kliya (1952a) used an ingenious
interferometric technique on flat inclusions in topaz
to make rough quantitative estimates of the amount
of topaz precipitated on the inclusion walls upon
cooling. They showed that during the original slow
cooling of their topaz samples, the nucleation and
growth of the bubble was simultaneous in part with
the deposition of topaz on the walls from the inclu-
sion fluids; a record was left in the form of crescent-
shaped rings, each showing where a former size and
shape of flattened bubble had prevented deposition
of topaz on the walls against which it was pressed.
The amount of topaz in solution in the inclusions
at 200° was estimated to be about 2 volume percent.
(See pl. 8, figs. 2-6.)

Kalyuzhnyi (1956) describes several interesting
changes in inclusions in topaz. Daughter crystals of
elpasolite (K.NaAlF;) in multiphase inclusions
melted incongruently to form three other phases of
lower index of refraction, apparently also fluorides,
in the temperature range 135° to 170°C. Other in-
clusions showed decomposition of elpasolite crystals
to still another unknown phase at 250° to 260°C.
(See pl. 12.)

Zakharchenko (1955) describes some very in-
teresting polyphase inclusions in quartz from quartz
veins in the Pamir, U.S.S.R., which contain as many
as nine daughter minerals. They were identified
(based in part on destructive tests on large inclu-
sions), in descending order of volume percent abun-
dance, as magnesian calcite (estimated, from Zak-
harchenko’s fig. 15, to be ~20 percent), halite
(~10-20 percent) sylvite (~1 percent) hematite
(~1 percent), a sericitelike phase (<1 percent),
clear albite (<1 percent), and several other uniden-
tified phases.2® The fluids present are water solution,
liquid carbon dioxide (6-8 percent), and a gas hav-
ing a very strong odor of H,S (~85 percent). Dur-
ing homogenization of the high temperature inclu-
sions (at temperatures of 360° to 420°), very sig-
nificant amounts of the quartz host dissolve. This

20 Spectrographic analyses of the fluid extracts showed small but con-
stant amounts of Al and Fe. The pH of the diluted fluids (a leachate made
after loss of gases) was found to be 8.6.
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is estimated, from measurements of the inclusion
size, to be up to 160 g/1 (grams per liter) (Zakhar-
chenko, 1955, p. 45; also stated as 6 volume percent
or 13 weight percent, p. 42). From these data
Zakharchenko calculates that the total volume of
mineral matter carried in the solution, at the time of
trapping, was 50 to 55 volume percent. Apparently
even pure CO, can dissolve appreciable amounts of
unknown solids (pl. 6, fig. 4).

A series of studies of the daughter minerals in
large inclusions in pegmatitic quartz, topaz, and
fluorite was summarized by Ermakov (1965b). In
this work a variety of identification methods were
used, as described above, and measurements by two-
circle goniometer, X-ray diffraction, and micro-
hardness determinations, were also used on extracted
daughter minerals. As many as 30 (presumably all
different) daughter minerals were recognized. One-
third of these daughter minerals are opaque phases,
and many of the other are new minerals. Halite,
sylvite, and fluorides make up more than half of the
total volume, but the following minerals were also
identified : hematite, chlorite, albite, quartz, rutile,
zircon, muscovite, staurolite, and sphene (pl. 12).
Freezing studies on some of these (Roedder, 1963b,
p. 181) have shown that the liquid water solution
(at room temperature) contains high concentrations
of salts with at least some CaCl,. The samples con-
taining these inclusions came from chambered peg-
matites at Bektauata (Kazakhstan) and Volynia,
some of which have central crystal-lined cavities up
to 200 m3 in volume.

Lindgren and Whitehead (1914) describe some
inclusions in quartz from a hydrothermal ore de-
posit near Zimapan, Mexico, that have more than 50
weight percent NaCl, as solid daughter mineral and
solution, plus unknown amounts of other materials
in solution. If it is assumed that only NaCl and H.O
are present, such inclusions would homogenize at
about 490° (Sourirajan and Kennedy, 1962). Similar
amounts of daughter minerals are found in fluid in-
clusions in samples from other ore deposits (Saw-
kins, 1963, 1964, 1965a; Sawkins and Huebner,
1963 ; Takenouchi, 1962b). (See also pl. 3, fig. 1.)

Glass is a common solid phase in the inclusions in
the minerals of volcanic rocks. There have been
many interesting studies made of these inclusions,
as some, at least, represent true samples of the
magma, with all its volatile components (Carron,
1961), but these are beyond the scope of this report.
These silicate melt inclusions may be treated in a
manner analogous to that used for aqueous inclu-
sions, to obtain the temperatures of melting on heat-
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ing (and hence of crystallization on cooling) of the
daughter minerals and the homogenization tempera-
ture (Roedder and Weiblen, 1970a, 1970b) (pl. 7,
figs. 5-8). A few instances are reported of glass
occurring in inclusions along with a fluid that is
mobile at room temperature and a gas bubble. These
probably represent trapping of an “emulsion” of
droplets of the fluid phase in a silicate melt. Roed-
der (1965d) shows that olivine nodules in basalts
from widely scattered localities always contain in-
clusions of liquid and gaseous CO, and that many of
these contain variable amounts of glass as well (pl.
4, fig. 6). Roedder and Coombs (1967) describe in-
clusions now containing glass, salt crystal, solution,
and gas bubble that represent trapping of various
ratios of granitic melt and immiscible droplets of a
hydrosaline melt, containing more than 50 weight
percent NaCl (pl. 4, figs. 7 and 8).

COMPOSITION OF THE GAS PHASE

Relatively little can be determined about the
nature of the gas phase by nondestructive tests.2!
Fluid inclusions give us practically the only data
we have on the density of the ore fluids (Roedder,
1967a) ; hence, one of the most important aspects of
the gas phase is its volume, as this is the major
factor in determining the gross density of the orig-
inal fluid that was trapped (pl. 12, figs. 3, 4).
Ermakov (1950a) categorizes inclusions by their
“state of aggregation,” based on the manner in
which they homogenize (that is, in the liquid phase,
in a supercritical fluid phase, or in the gas phase),
under the assumption that these states are the states
in which they were trapped. All that can be defini-
tely determined from most inclusions, however, is
the density of the trapped fluid (after corrections
for thermal expansion and compressibility of the
host mineral) and the minimum temperature of
trapping. Depending upon the pressure, all three of
Ermakov’s “homogenization types” could originate
from trapping of supercritical fluids at the same
temperature, but at different pressures, and hence
different densities (fig. 4.).

Only rarely can the density be determined directly
(Petrichenko and Shaydetskaya, 1968). Generally
the determination of gross density is based upon the
measurement of the volumes of all phases and their
identifications as to composition and hence individual

21 A novel test, which is applicable only in rare instances, was used
by O’Keefe, Dunning, and Lohman (1962) and O’Keefe, Walter, and Wood
(1964) to determine the presence of Ne, He, H, and O in the low-pressure
gas in large (.1 cm3) gas bubbles in tektites. A spectrograph was used
to analyze the light produced by an electrodeless gas discharge in the
unopened inclusions.
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density. (Corrections must be made also for the
solution of the inclusion walls upon heating to the
trapping temperature.) Hence, the volume of the
gas phase, with a density near zero, must be mea-
sured most accurately. Simple linear intercepts can
be used with long tubular inclusions, and various
planimetry methods can be used with flattened in-
clusions (pl. 3, fig. 2). Sketching the projected image
of a flat inclusion on heavy paper, followed by cut-
ting out and weighing the pieces of paper represent-
ing the phases, is simple, fast, and suprisingly
accurate compared to the use of a planimeter. In
thicker inclusions, the spherical bubbles can be
measured more accurately than any of the other
phase volumes, if the image size is not reduced by a
curved upper inclusion wall acting as a negative
lens (pl. 11, figs. 7 and 8). Unless care is taken,
gross errors may also be introduced in the measure-
ment of volume of a small sphere under the micro-
scope due to the production of a falsely focused
image associated with wide angle illumination
(Saylor, 1965). Measurements of partly flattened or
distorted bubbles yield only very crude and incon-
sistent estimates of phase volumes, and visual esti-
mates can be very far off (fig. 3).

The nature of the gas bubble is shown mainly by
destructive tests (see “Destructive methods of deter-
mining composition”), but two phenomena may give
qualitative evidence of the presence of carbon di-
oxide. Hartley (1877a) first made the interesting
observation that during heating of some inclusions,
the ‘“vapor” bubbles evidently achieve a density
greater than that of the “liquid” and sink in it.
Recent work on the system CO.—H.O by Tédheide
and Franck (1963) and by Takenouchi and Kennedy
(1964) has shown that there is indeed a density
inversion of “liquid” and “gas” phases in this sys-
tem. Such density inversions may thus be used to
obtain compositional data.

Roedder (1963b, p. 195) showed that at low
temperatures reaction of invisible CO, in the gas
bubble with water in the surrounding liquid may
yield crystals of the clathrate compound - carbon
dioxide hydrate (CO,-°534 H,0O) that are almost
invisible. Data on the system H,0-C0O,—NaCl
(Takenouchi and Kennedy, 1965b) may permit the
estimation of CO, pressures in the gas bubble from
the temperature of dissociation of such ecrystals.
Carbon dioxide is the most likely compound to form
clathrate crystals in cooled natural inclusions, but
some ambiguity remains in the identification, in
that many other compounds, both organic and in-
organic, form similar clathrates. (See p. JJ23.)
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Although of no direct compositional significance,
the existence of pressure in the gas bubbles may be
determined in a few cases by strain birefringence

in the surrounding mineral. This was first described

by Brewster (1820) around gas bubbles in amber.
Although strain birefringence is common around
solid inclusions in minerals (see pl. 6, fig. 3), most
crystals apparently require such high pressure to
yield visible birefringence that fluid inclusions rarely
cause it.

EQUIPMENT FOR HEATING AND COOLING INCLUSIONS

Surprising as it may seem, the development of
suitable equipment for heating (or cooling) in-
clusions, particularly while under the microscope,
has been a major hurdle to the progress of inclusion
research, and a generally optimum design for such
work has not been found. It is very difficult to
achieve an adequately high, known, and controllable
temperature in the sample under such conditions
that high magnification and adequate illumination
may be used and yet permit flexibility and speed in
operation. Illumination is a particular problem, as
the distances involved in such equipment preclude
the use of the high-power condenser that is ordin-
arily so helpful in microscopy of inclusions. A special
movable light source has been used by the author
(Roedder, 1962a, p. 1056-1057), and Bazarov
(1965b) suggests long-focus condensers. Illumina-
tion via flexible (and hence adjustable) fiber optics
has proven to be the most generally adaptable
system in the author’s laboratory.

There are many designs of microscope hot stages
in the literature, starting with Phillips (1875) who
used a simple paraffin bath. Most of the designs
have good to excellent precision, but poor accuracy.
Ermakov (1944a; 1950a, p. 86 in translation)
describes an electrically heated microscope stage,
using air as the heat exchange medium, that operates
to 650°C. The considerable amount of data that
Ermakov (1950a, table 36, p. 249 and elsewhere,
in translation) presents on the continuous formation
and unidirectional streaming of gas bubbles in some
inclusions at high temperatures apparently has not
been recognized as being evidence of rather severe,
static thermal gradients within the samples on
this stage. Kalyuzhnyi (1958b) found that all
temperatures determined with the ‘“air-heated
thermochambers of the old design” (presumably
Ermakov’s) were 30° to 60°C too low, and he
describes an improved chamber, good to T00°C,
using heat-conducting plates to move the heat from
the windings to the sample. Bailey (1949), Meyer
(1950), Bailey and Cameron (1951), Skinner
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(1953), Lemmlein (1953), Little (1955), Loskutov
(1955), Pomirleanu (1959), Kormushin (1960),
Nadeau (1967), Miller (1968), Pashkov, Timofeev,
and Kotov (1968), Bazarov (1968c), Groshenko
(1968), Ohmoto (1968a), and Ohmoto and Rye
(1970) describe other models. The unit described
by Meyer (1950) is particularly novel in that it
makes use of vertical illumination, with the sample
plate sitting on a heated metal mirror.

Large, static thermal gradients present the most
obvious source of trouble in air-conduction heating
stages. These are to be expected in any sample that
is heated only from the sides but can radiate heat
both upward and downward through a large angle
of view. Such errors can become much larger at
higher temperatures (Bloss, 1964). To avoid at
least some of these.troubles, Richter and Abell
(1953) designed an improved high temperature
stage, operating up to 700°C, by surrounding the
sample, above and below, with flat heating elements,
each with a sufficient gap to permit viewing in
transmitted light. The major uncertainties with
such equipment are probably in the measurement
of the sample temperature. This measurement
must be done in such a way that either the value is
correct (that is, it is the actual temperature of that
part of the sample under observation) or provision
must be made for calibration runs, permitting a
suitable correction to be applied to cover gradients
in sample and thermocouple (for example, Kirkham,
1969) and other sources of error. As both of these
procedures are difficult at best, Roedder (1962a)
designed a heating stage in which the sample is
immersed in rapidly circulating thermostated sili-
cone oil as the heat exchange medium. Although the
results are precise and probably also accurate, the
procedure is relatively slow, and is limited by the
nature of the fluids to approximately 250°C.

Recently several heating stages for use at high
temperatures have been described. Barrabé and
Deicha (1956, 1957) and Barrabé, Collomb, and
Deicha (1957, 1959) heated minute polished spheres,
cut from samples of quartz, to study the behavior
of glass inclusions. Other hot stages have been
described for use up to 1100°C (Brock, 1962) and
1200°C (Kalyuzhnyi, 1960). Dolgov and Bazarov °
(1965) described a 1,600° stage with which a series
of high temperature inclusion studies were made
(Kerkis and Kostyuk, 1963; Vartanova and Shcher-
bakova, 1964; Bazarova, 1965; Valyashko and
Kogarko, 1966 ; Sobolev and others, 1967 ; Bulgakova
and others, 1967; Bazarova and Dmitriyev, 1967;
Bakumenko and others, 1969 ; Bulgakova, 1969; and
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Naumov, 1969). A special microscope furnace using
a molybdenum sheet as the heating element, in vacuo,
has been described by Kalyuzhnyi (1965b) for use
on glass inclusions, in the range 600° to 1,600°C.

An ingenious microscope heating and crushing
stage for the study of inclusions in samples under
external hydrostatic pressure has been designed by
Ypma (1965). Temperatures up to 250°C may be
obtained, with external pressures, controlled by a
pressure balance, up to 500 kg/ecm2. Although the
heavy glass windows preclude the use of high
magnification, the equipment should permit the
measurement of filling temperatures on inclusions
in minerals that normally decrepitate before ho-
mogenization. The most important design feature,
however, is that the sample can be crushed while
under observation, and the behavior of the gas
bubble can be noted, thus permitting evaluation of
the vapor pressure of the fluids, and the identifica-
tion of certain gas constituents. (See p. JJ32-JJ33.)

Entirely different procedures are generally used
for heating samples for decrepitation studies (also
a destructive test). In these the sample (usually
coarsely crushed) is heated gradually and the tem-
perature range of decrepitation noted. This decrepi-
tation may be detected by use of a stethoscope to
hear the sounds (Scott, 1948; Smith and Peach,
1949; Ermakov, 1950a, p. 127 in translation), by
visually observing the movement of grains (Er-
makov, 1950¢), or through the use of a microphone,
amplifier, and various integrating and recording
equipment (Smith and Peach, 1949; Peach, 1949a;
Konta, 1951; Dolgov and Raikher, 1953; Kostyleva
and Labuntsov, 1958; Zakharchenko and others,
1958; Trufanov and Rodzyanko, 1963; Tugarinov
and others, 1963; Malyshev and others, 1964; A. N.
Ermakov and Nefedov, 1968; Kostyleva, 1968;
Mel’'nikov and Ryabov, 1968; and Myaz’ and Simkiv,
1968). A special design for use at low temperatures,
for example with saline samples, is given by Mon-
toriol-Pous (1967).

Cooling inclusions under the microscope involves
a surprising number of seemingly minor but ex-
perimentally very troublesome details. The historical
development of this method is given by Roedder
(1962a), who describes a new cooling stage in which
the sample is immersed in rapidly circulating
thermostated acetone as the heat exchange medium.
Several other cooling procedures have been described
in the literature (Kern and Mattern, 1963;
Mel’'nikov, 1965 ; Velchev and Mel’nikov, 1965; Myaz’
and Simkiv, 1965 ; Kormushin, 1965 ; Bazarov, 1966b;
and Poty, 1968b). Sawkins (1966a) described a
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cooling stage based on the use of several thermo-
electric (Peltier) cooling units; it will cool to about
—18°C and can be controlled to +=1°.

The thermal mass of the 7 liters of acetone in the
equipment described by Roedder (1962a) is so large
that temperature changes cannot be made rapidly.
To permit faster operation over a greater range, a
stage is being built that will be cooled by rapidly-
moving, single-pass nitrogen gas, cooled by liquid
nitrogen, using some features of the cold stages
described by Rhodes (1950) and by Monier and
Hocart (1950).

One problem inherent in all freezing studies using
circulating refrigerated acetone is the possibility
that cracking of the host mineral will admit a small
amount of acetone which will lower the apparent
freezing temperature drastically. Such cracking is
most likely in those samples having inclusions with
very small vapor bubbles, that are hence subjected to
high internal pressures due to expansion on freez-
ing. Valid freezing data on such samples can be
obtained by the use of a miniature double-windowed
cell, filled with oil, inside the regular cell of the
cooling stage (Roedder, 1968d, p. 441). As the oil is
immiscible with the inclusion fluid, this technique
permits reasonably accurate determinations even on
inclusions that do fracture on freezing. The high
viscosity of most oils at low temperature precludes
using them directly as the circulating fluid.

These cooling devices are generally rather com-
plex in design and operation. A much simpler, very
inexpensive cooling procedure, that gives good re-
sults over a wide temperature range, at the expense
of a little more time, is described by Roedder (1962a,
p. 1051). The operator can readily maintain two or
three such units, at separate and easily varied tem-
peratures. With a little practice, temperature can
be held constant to =0.5°C by the periodic addition
of small lumps of solid CO,. Simple insulated con-
tainers, made of nested pairs of glass beakers with
glass wool between, are adequate for the cold baths.

DESTRUCTIVE METHODS OF
DETERMINING COMPOSITION

QUALITATIVE AND SEMIQUANTITATIVE METHODS

SOLIDS

If a solid daughter mineral can be removed from
its inclusion it can be identified by various normal
petrographic and chemical techniques, as well as by
single crystal X-ray and electron probe procedures.
Brewster (1823b) presented the first account of the
identification of loose daughter (?) crystals extracted



COMPOSITION OF FLUID INCLUSIONS

from a fluid inclusion in quartz. These were identi-
fied as calcite from their high birefringence and their
solubility, with effervescence, in dilute nitric acid.
Minute (~0.002 mm) single daughter crystals are
very difficult to find in the crushed debris even when
they are strongly birefringent and the host is iso-
tropic (Roedder, 1963b, p. 175). When solid included
grains are abundant or large, they can be recognized
and their indices can be obtained, for example, peta-
lite in aquamarine (Eppler, 1962b) and magnesian
calcite in quartz (Zakharchenko, 1955). Elaborate
and detailed studies of daughter minerals in opened
inclusions have been reported by Kalyuzhnyi (1958a,
1960, 1961). A tungsten carbide drill (advanced by
the microscope fine focus screw) was used to drill
two holes into large inclusions in pegmatitic topaz
in a humidified environment, after nondestructive
optical tests were complete. The index of refraction
of the solution was measured, and the indices of the
daughter minerals were obtained by inserting index
liquids directly into the drained inclusions. Water
and other reagents were added in sequence to deter-
mine solubilities and to obtain solutions on which
various microchemical and spectrographic tests were
performed. The solid crystals which Kalyuzhnyi
recognized included halite, sylvite, an unnamed new

chloride of zinc and aluminum, elpasolite
(K:NaAlF;), teepleite (Na;B,0,°2NaCl-4H,0),
cryolite (NajAlFg), caracolite (approximately

PbOHCI*Na,S0,), quartz, and a series of other un-
identified phases on which only partial data could be
obtained. The new chloride of zinc and aluminum is
particularly interesting in that it is present in small
amounts (1 to 2 volume percent) in almost all the
inclusions studied. Its properties are as follows: ap-
parently “rhombic” (orthorhombic?), showing
prism, two pyramids, and probably the pinacoid,
y=1.699+0.001, «=1.585+0.002, +2V=50°, color-
less, H=1-2, soluable in water with light grayish
residue, soluble in concentrated H,SO, with effer-
vescence.

Infrared absorption has proven very useful in
characterizing the various bitumens found in the
abundant hydrocarbon inclusions in the Khibiny
alkalic massif in the U.S.S.R. (Ikorskii, 1967b,
1968).

LIQUIDS

Sorby (1858, p. 470) was the first to prove with-
out doubt that the liquid in common inclusions was
water; he decrepitated inclusions in a closed-end
tube, condensed the water vapor with low tempera-
tures and determined the crystal form and melting
point of the resulting ice crystals. He also noted
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(p. 471) in this same experiment that another sub-
stance was given off, which condensed at a higher
temperature. This he found to be KCI or NaCl. Since
then there have been many determinations of the
water content of fluid inclusions. The quantity of
liquid in inclusions can be estimated from weight
loss determinations (Ermakov and Myaz’, 1957) or
from density measurements, as seen in figure 2.
(See also Roedder and others, 1963, p. 355.) Many
papers have been published in recent years in which
the amount of inclusion fluid released during the
crushing and leaching of a given sample for analysis
is estimated from a count of inclusions in a rep-
resentative small sample (for example, Zakhar-
chenko, 1950; Vul’chin, 1953; and Ermakov and
Myaz’, 1957). From this value and the chemical
analysis of the leachate, “concentrations” in the in-
clusion fluid are then calculated. In addition to the
problems of multiplicity of origin and uniformity
of distribution of small inclusions throughout the
sample, the volume of a single inclusion 1 mm in
diameter is equal to 10¢ inclusions of 0.01 mm dia-
meter (fig. 1), so the actual volume, composition,
and concentration of the inclusion fluid in any given
sample may be determined almost completely by a
small number of erratically distributed larger in-
clusions.

Some of the earliest studies on the composition of
inclusions made use of simple but effective qualita-
tive tests involving evaporation of the inclusion
fluids. Thus Nichol (1828) noted that the evapora-
tion of inclusion fluids yielded new crystals, but that
the mass stayed wet for days, indicating the pres-
ence of a deliquescent substance.22 Newhouse (1932)
noted similar deliquescence in inclusions from Mis-
sissippi Valley-type deposits. Schertel (1878) noted
the presence of colorless cubes on evaporation of the
leach from inclusions in a “Spanish sphalerite”;
these were proven to be NaCl by the spectrum lines
of sodium and a strongly positive test for chloride
ion with AgNQ;. Newhouse (1932) made use of the
formation of cubes of NaCl from evaporating inclu-
sion fluids on broken mineral surfaces to obtain a
crude but good estimate of the salinity of the fluids;
he evaporated similar droplets of known salinity to
make the test semiquantitative.

22 There is one elegantly simple but notably qualitative test that has only
rarely been reported in the literature (Buerger, 1932a; Newhouse, 1932),
yet its results present data on the chemical characterization of the ore-
forming fluids that are vivid and memorable, This is the taste test. The
writer has found that large (~ 1.0 mm) primary fluid inclusions in
sphalerite from Creede, Colo., which were accidentally exposed on a new
cleavage surface, had a salty but slightly astringent or bitter taste cor-
responding to a solution rich in NaCl, with small but definite amounts

of MgCla and (or) CaCly; other similar open inclusions stayed wet for
days, verifying the presence of hygroscopic salts,



JJ30

Zirkel (1870b) described another elegantly simple
but extremely sensitive test for sodium in fluid in-
clusions. When a sliver of the mineral decrepitates
in a flame, the sudden release of sodium-laden steam
makes a tiny yellow flash.

In many investigations, qualitative or semiquanti-
tative spectrographic measurements are reported
on the solids obtained by leaching crushed samples
(for example Vlasenko, 1957 ; Karyakin, 1958). The
elements found are usually Na, K, Ca, Mg, and
traces of Si, Al, Ti, Fe, etc. Qualitative tests for
the major anions are also usually made and show
major Cl—1, with lesser amounts of CO;—2, SO,~2, or
HCO;-1. Zakharchenko (1950) and Skropyshev
(1957) have analyzed very large inclusions (up to
1.5 cm3) for six or seven elements by semiquantita-
tive spectrographic techniques, by simply soaking
the porous carbon electrodes in the fluid. Several
investigators have used semiquantitative spectro-
graphic analyses of samples both with and “with-
out” inclusions to obtain data on the inclusions (for
example, Grushkin and Prikhid’ko, 1952; Skropy-
shev, 1957). Less commonly, hot hydrochloric acid
has been used as a leach solution (for example,
Saitd, 1951; Shchiritsya, 1960). Unless very con-
siderable efforts are made to avoid even microgram
amounts of solid impurities in the sample to be
crushed, it is difficult to interpret the trace element
analyses made on such leaches, as well as analyses
for such materials as ferric iron. Some authors re-
port crushing samples directly in test reagents for
qualitative determinations (Machairas, 1963a; Saito,
1951).

Some of the data reported by Ermakov (1950a)
were obtained by ignition at 500° to 600°C to deter-
mine H,O and CO, from weight loss, followed by
pulverization and extraction with a water leach.
The quantity of salts was obtained by the difference
in weight between the ignited and the extracted
samples.

Huntley (1955) reported on a novel test for the
presence of radioactive elements, using a photo-
graphic (nuclear) emulsion to detect alpha activity
in the inclusions in a polished quartz microscope
slide. Unfortunately, the highest activity he records,
42 alpha tracks in 6 months, came from an inclusion
that had been opened to the surface during the
slide polishing operation,2? but he does report some
tracks from unopened inclusions. Picciotto (1950)
suggested that concentrations of U and Th visible

28 The polishing agents used are not stated, but if commercial grade
cerium oxide had been used, with its expected thorium activity, it would
be very difficult to eliminate slight contamination in opened inclusions.
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in autoradiographs of rocks might represent fluid
inclusions, but solid mineral inclusions seem more
likely for most such concentrations of radioactivity.

Loskutov (1962) showed that the water present
in inclusions in natrolite could move through the
open structure of this zeolite and evaporate during
months of museum storage, leaving behind crystals
of several salts. Thus he records crystals of hy-
drous sodium ammonium(?) carbonate, nahcolite
(NaHCO;), acid phosphate of sodium and am-
monium (stercorite?), dehydrated sodium car-
bonate (?), and sodium phosphate(?). Bergman and
Blankenburg (1964) report the identification of the
NaCl cubes and solutions in inclusions in Brazilian
quartz crystal by X-ray diffraction studies of the
recrystallized NaCl obtained by evaporation of a
water leach, and Lamar and Shrode (1953) used
X-ray diffraction to identify calcium sulfate, cal-
cium carbonate, magnesium sulfate, NaCl, KCI,
MgCl,, and basic magnesium carbonate in the solids
from evaporation of leachates from ball-milled
limestones and dolomites.

The microscope pressure stage of Ypma (1965)
permits the determination of the vapor pressure of
the fluid in inclusions, at various temperatures, and
hence an independent evalution of the gross salinity.
By crushing a series of similar inclusions in a sam-
ple at a given temperature but varying external pres-
sure, the pressure at which the vapor bubble neither
expands nor contracts on release can be determined.

GASES

Many different qualitative tests can be used to
determine something about the gases in inclusions.
The pressure can be estimated by the simple ex-
pedient of opening the inclusion while the sample is
immersed in a fluid. This was first reported by
Davy (1822) who drilled into inclusions in quartz
samples that were under water, oil, or mercury, and
found that upon breaking in, the bubble collapsed
very markedly, and the external fluid was drawn in.
This same simple test was used recently to deter-
mine the gas pressure in a large vesicle in a tektite
(Rost, 1964). The vapor bubbles in many inclusions
are almost solely water vapor, as they collapse in-
stantaneously and completely when exposed to at-
mospheric pressure. Crushing can he done simply
and quickly by pressing on the cover glass while
watching the grain with the microscope. If the grain
is large or hard, a piece of another slide can be used
as a cover. Much more control is possible if a screw
thread is used to apply the pressure, as in Deicha’s
original crushing stage (Deicha, 1950f; Roedder,
1970a).
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Davy (1822) also found some inclusions with gas
at pressures greater than 1 atmosphere, as it ex-
panded into the surrounding liquid when the drill
broke in. Highly compressed gases, such as liquified
CO. (at more than 70 atmospheres), will practically
explode into the surrounding liquid and may even
cause minor explosions when the rock is struck with
a hammer (Hawes, 1881). The evolved bubbles will
dissolve very rapidly if a fluid is chosen in which
the gas is known to be soluble; even if the gas is not
known to be ‘“soluble” in the fluid chosen, the bub-
bles will dissolve with surprising rapidity. Thus a
solubility of only 1 ppm will permit a 4 um gas bub-
ble to dissolve completely in the fluid surrounding it
within the range of rapid diffusion—a 20 pm radius.
The writer has observed that upon releasing some
high pressure gas inclusions into fluids that are
good solvents for the major gas present, the gas bub-
ble formed is visible only as a black, circular “latent
image’” on the retina, as the bubble disappears al-
most instantly after its original expansion. Not in-
frequently, gas inclusions contain a mixture of
gases; when these are released into a solvent for
only one of them, there is a rapid shrinkage of the
bubble to some intermediate radius as the soluble
gas dissolves, followed by a slower rate of shrinkage
representing the solution of the less soluble gas.
Quick measurements of the bubble diameter can
thus be used for rough calculations of the relative
volume percentages of the several gases present
(Roedder, 1965d).

Chemical reactions of the evolved gas with the
fluid in which the crushing is performed can be
observed with the microscope. Thus Rasumny
(1960) was able to identify the CO, in very small
(6 pm) inclusions by reaction with a Ba(OH),
solution, and G. R. Helz was able to determine the
presence of H.S in inclusions by reaction of the gas
with an anhydrous glycerol solution of soduim nitro-
prusside. A green precipitate formed in 1 minute
from a 100 um bubble containing 20 volume percent
H.S (G. R. Helz, written commun., 1964).

When an inclusion containing a liquified gas such
as CO. is opened, the volume expansion is very large
(pl. 11, fig. 5). Thus 1 volume of liquid CO, expands
to approximately 350 volumes of gas. The specific
volume expansion is strongly temperature dependent,
but even a crude measure of it can be a useful para-
meter in phase identification. Such an estimate can
be obtained by measurements, made with a vernier
micrometer ocular, of the volume of liquified gas be-
fore and of the gas bubble or bubbles after crush-
ing (Roedder, 1963b, p. 190). It is frequently diffi-
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cult to obtain a fragment of the mineral for crush-
ing that is sufficiently small that only a single inclu-
sion is present. When released, the bubble may free
itself from the crushed fragments and float to the
top to rest against the glass cover. Kalyuzhnyi
(1955a) has shown that all bubbles less than 0.4 mm
in size are sufficiently close to spherical, even though
slightly flattened against the glass, that they can be
treated as spheres.

Although obviously only qualitative or at best
semiquantitative, the crushing test is very useful,
as it is exceedingly sensitive. As little as 10—14 g of
a relatively nonsoluble, noncondensable gas (less
than a billion molecules) may be detected in this
manner, as it will form an easily visible gas bubble,
several micrometers in diameter at atmospheric
pressure. Roedder (1965d) gives some further ex-
perimental details on the procedure. Smaller
amounts of gas than this cannot be recognized, as
the increase in internal bubble pressure as the
radius decreases, due to surface tension, causes such
small bubbles to “blink out” almost instantly if they
are less than a few micrometers in diameter.

Above 100°C, the water in inclusions will also
vaporize when the inclusions are opened. Deicha
(1952¢) described an effective visual test for such
gas evolution. He uses a ‘visual decrepitometer”
with a transparent oil as the heating medium so
that the tiny bubbles emitted can be seen.

A variety of methods have been used to measure
the gas pressure in the numerous gas inclusions
present in ice (Nutt, 1961). Of these, the least
ambiguous involves opening the inclusions while im-
mersed in a fluid under a controlled, externally ap-
plied hydrostatic pressure. Scholander and Nutt
(1960) used a solvent for ice (glycerine) as the
pressure medium and noted the pressure needed to
just balance that in the inclusions at the moment
that the slowly advancing solution front first inter-
sected long tubular inclusions. With this method
they found that the gas inclusions in Greenland ice-
bergs were under pressures up to 20 atmospheres.
A less precise method was introduced by Hamberg
(1895), in which the density of the ice with inclu-
sions and the volume of air released on melting were
used to obtain the air pressure in the inclusions.

Ypma (1965; oral commun., 1965-68) has shown
that several properties of the gas evolved on crush-
ing may be determined with his heating-pressure
stage. Thus CO,, evolved from inclusions in a Brazil-
ian quartz crystal (a part of this sample is illus-
trated in pl. 7, figs. 9, 10) could be liquefied and re-
vaporized by appropriate adjustments of pressure
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or temperature. As the bubble gradually became
smaller, through solution in the pressure medium
(glycerol), the pressure needed for liquefication in-
creased to more than 80 kg/cm?2, greater than the
critical pressure of CO., (75.3 kg/cm?). This is be-
lieved to be due to differential solution of the gas in
the glycerol, presumably increasing the concentra-
tion of minor constituents. Similarly, by crushing
a series of cogenetic inclusions, held at the tempera-
ture of homogenization, at a sequence of external
pressures, the vapor pressure of the fluid can be
determined. -Since ~both. pressure and temperature
are then known, the concentration of salts in the
fluid can be estimated.

Still another technique was described and used by
Vogelsang and Geissler (1869). They decrepitated
a sample in an evacuated tube containing electrodes;
the presence of CO., was proved by the spectra ob-
served upon excitation of the gas.

If strong smelling substances are present in inclu-
sions, the odor on crushing can be used as a crude but
effective test. Thus, very small quantities of volatile
hydrocarbons in some inclusions (for example, the
inclusions in fluorite from the southern Illinois de-
posits (frontispiece, upper left; pl. 9, figs. 1-3))
yield a strong odor of petroleum.

An exceedingly small amount of hydrogen sulfide
may be detected by its odor. Assuming an average
minimum level of detectability of 0.025 ppm (Patty,
1962), the release of ~10-1° g of H,S should be de-
tectable with the nose. Wright (1881) detected an
“unmistakable” odor of H,S from inclusions in a peg-
matitic quartz, but the volume of H,S was too small
to measure. Some limestones yield a fetid odor on
scratching or crushing, but this odor is rather rare
in well-crystallized minerals (table 1). Notable ex-
ceptions are the finding of liquid H.S in coarse
marbles of the Grenville Series (Harrington, 1905),
in inclusions in a coarsely recrystallized marble ad-
jacent to a lead-zinc deposit associated with the
Bingham copper mine in Utah (pl. 7, fig. 11; Roed-
der and Creel, 1966), and in a Brazilian quartz crys-
tal (pl. 9, figs. 5-9).

Dons (1956) noted that an odor of H.,S was
evolved from a sedimentary barite crystal when it
was rubbed, but not when it was decrepitated. The
cause for this peculiar fact is not known, but it may
lie in the disproportionation of polysulfide ion to
form HS-! and SO,~2 at room temperature (Cloke,
1963). Sphalerite sometimes releases a slight odor of
H.S on breaking, but Hosking and Spry (1955) have
shown that sphalerite is the one common sulfide that
emits H.S on being scratched with an iron knife.
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The odor on breaking sphalerite may thus be merely
a reaction (unspecified) with the iron of the ham-
mer.

Some fluorite that has been subjected to a-particle
bombardment emits a strongly pungent but sweetish
odor on crushing. For many years this has been
attributed to free fluorine or to ozone liberated by
its reaction with water (Becquerel and Moissan,
1890; Sine, 1925). Heinrich and Anderson (1965)
report that the gases evolved on crushing a fetid
fluorite-bearing carbonatite in a mass spectrometer
contained a mixture of C; and Cg; hydrocarbons (pos-
sible fluorinated?), F,, HF, and F.0O, and similarly
Kranz (1965, 1966, 1967) found a variety of fluori-
nated hydrocarbons in gas inclusions in “Stinkspat”
fluorite from Wolsendorf, Germany.

QUANTITATIVE METHODS
EXTRACTION AND ANALYSIS OF GASES

A variety of methods have been used to extract
the contents of fluid inclusions for analysis. All have
specific applications, but as the limitations and er-
rors inherent in some of these techniques are large,
the resulting data are not always comparable and
must always be examined in light of the limitations
of the methods used. Many of the analyses for gases
from inclusions are reported in the literature as
though the gases came from gas inclusions, but most
of these probably came from the evaporation of
liquids such as water or carbon dioxide, from gases
dissolved in these liquids, or from various sources
other than inclusions.

Khitarov, Rengarten, and Lebedeva (1958) meas-
ured the volume of water in large inclusions in cal-
cite by evaporation in a stream of dry air, which
was then passed through a weighed absorption tube.
A mercury seal around the drill made it possible to
open the inclusions directly in the air stream. Kar-
pinskii (1880) proved the presence of high-pressure
CO, in inclusions by crushing under mercury and
absorbing the evolved gas in a barium hydroxide
solution. Kalyuzhnyi (1955a) drilled into inclusions
under dehydrated glycerol; the evolved bubbles of
gas were trapped for measurement as they rose in -
the fluid. Maslova (1961) crushed samples in de-
hydrated glycerol and transferred the evolved gas
bubbles for analysis by means of a piston ultramicro-
pipet.

The gases (including water) in inclusions may be
obtained by simple crushing in a stream of inert
gag, followed by absorption and weighing as de-
scribed by Pfaff (1871) ; by decrepitation in an inert
gas stream followed by absorption (Khitarov and
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Rengarten, 1956; Roedder, 1958, p. 263-266; and
Rutherford, 1963), or by simple weight loss deter-
minations upon heating. (Using this last method,
Sorby (1858) found up to 0.4 weight percent water
in quartz from Cornish granites.)2¢ Kramer (1965)
used a refinement of one of these techniques to deter-
mine the volume of water in inclusions in salt, prior
to analysis of the materials in solution in the fluids.
He weighed selected fragments on a microbalance,
after drying to constant weight,?8 cracked open the
inclusions and evaporated the water, and reweighed
the fragments; the entire operation was done in a
dry box. Mironova and Naumov (1967) convert the
water evolved on decrepitation to hydrogen with
calcium hydride and measure its volume.

Various vacuum techniques have also been applied
to determine the water (and other gases) in inclu-
sions. Wright (1881) decrepitated smoky pegmatitic
quartz in a vacuum for gas analysis. Chamberlin
(1908, p. 39) used a vacuum crushing device to prove
that only a very small part of the gases he obtained
by heating rock powders in a vacuum came from
fluid inclusions. Thus he obtained 0.81 volumes of gas
per volume of rock from a quartz sample by heating
(his analysis, no. 71) but no measurable gas was
evolved upon crushing a portion of the same mate-
rial (p. 40). Barker (1965b) describes a much more
effective vacuum crushing device. Elinson (1968b)
gives a detailed description of a device for crushing
in an inert gas stream and associated gas-handling
equipment.

Wahler (1956) investigated the various sources
of error in gas analyses from rocks and minerals,
and he developed an elaborate technique for obtain-
ing and analyzing the gases from selected large in-
clusions, which were evolved by decrepitation upon
rapid heating. Entirely apart from the analytical
problems such as losses by absorption on the walls
of the apparatus, he found that there are many
problems inherent in the use of heat to release the
gases. For example, diffusion of hydrogen from
burner gases through the apparatus walls was a
serious source of contamination in some experiments
reported in the literature. He also presents evidence,
mainly from the literature, that much but not all of
the CO, H,, CH,, O;, and H.S found by earlier
workers by heating rocks and minerals came from

24 Some samples present evidence of natural decrepitation by heating
(Deicha, 1961). This may provide useful information on the age relations
of dikes and ore mineralization (Lokerman, 1962, 1965; Ermakov and
Kholmskii, 1966). Similar reasoning holds for the emptying of inclusions
due to cataclasis (Ypma, 1963).

25 Although the hot plate used was at 125°C (Kramer, 1965, p. 939),
the sample temperatures were probably <80°C (written commun. 1965).
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various chemical or catalytic reactions of original
H,O and CO. (and also possibly organic matter)
with each other and with the mineral surfaces pres-
ent, yielding a new assemblage of gases. A cogent
argument in this direction is given by the early
work of Travers (1898), who compared. the gases
evolved upon heating various samples (H., CO, and
CO.), with the gases evolved upon solution in acids
(CO- only). After extensive study of the similar
problem of volcanic gas analyses, Shepherd (1938)
concludes that it is impossible to relate conclusively
the gases found by analysis of volcanic gas, or the
gases from heated rocks and lavas, to those orig-
inally present. (See also Emmons, 1964.) Several
studies have shown that the amounts of hydrogen
(and carbon monoxide) in the evolved gases increase
with increase in the temperature used to extract
gases (for example, analyses 23a, 23b, and 64-69,
table 2).

Kormushin (1962) and Dolgov (1965b) used de-
crepitation in vacuo to determine the composition
and pressure in inclusions, and Kokubu, Mayeda,
and Urey (1961) heated samples to 1,100°C in low
pressure oxygen, and then pumped off the gases, to
obtain water samples for mass-spectrometric deter-
mination of the deuterium/hydrogen (D/H) ratios.

Roedder, Ingram, and Hall (1963) describe
another technique for opening specially selected
samples, containing a milligram or more of water,
by crushing under high vacuum. They place the
samples to be crushed in a collapsible metal tube
(copper or stainless steel) and squeeze the tube
from the outside with a hydraulic press, thus break-
ing open the inclusions. This technique was also used
by Hall and Friedman (1963). Suess (1951) crushed
tektites containing gas vesicles in a sealed tube to
determine their gas pressure; he measured the den-
sity of the samples before and after crushing to
obtain the volume of vesicles. Somewhat similar
procedures have been used to obtain the volume of
the liquid phase in inclusions (Roedder and others,
1963, p. 389) and to obtain the pressure in gas inclu-
sions in ice (Hamberg, 1895).

Vacuum ball milling has been used frequently to
open inclusions for gas analyses. Elinson (1949)
used a metal ball mill connected to a vacuum line but
had considerable difficulty with the rotating seal.
Elinson (1956) adopted a simpler technique of
grinding in vacuo, with subsequent pumping off and
collection of the evolved gases, and made a series of
analyses with it (Elinson and Polykovskii, 1961a,
1961b, and 1963). Umova, Glebov, and Shibanov
(1957 and 1960) used a similar technique. Although
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not always stated, aparently steel grinding Dballs
were used in all of these studies.

Goguel (1963, 1964) showed that the large quan-
tity of nitrogen found in most of the analyses of
gases from ball milling was a contaminant, evolved
from the steel grinding balls as they were abraded
in the mill. Nitrogen is present in igneous rocks
mainly in the form of ammonium ion (Wlotzka,
1961 ; Stevenson, 1962). It is not known how this will
behave on ball milling, but Kranz (1968a) obtained
many different nitrogen compounds, including am-
monia, amines, and nitriles on analysis of the gases
released on vacuum crushing feldspar. Goguel also
showed that on grinding carbonate minerals contain-
ing no inclusions, considerable amounts of CO, may
be formed, particularly if silica is present. To mini-
mize or avoid these difficulties, he developed a vacuum
microball-milling technique, using a silica glass mill
and tungsten carbide balls on <«<1-g samples of
<2-mm-grain size; this was followed by gas analysis
procedures similar to those described by Wahler
(1956). In ball milling, absorption of gases on the
surfaces of samples, apparatus, and reagents can
be an important source of error. Thus Kunkel (1950)
found that well-cleaned quartz surfaces normally
have one or two layers of water molecules that are
not released by heating under 500°C, and absorp-
tion of water on olivine and pyroxene is even less
reversible (Nelson and Vey, 1968). Even inert gases
such as nitrogen and argon are absorbed and held
tenaciously (Khodakov, 1966). This absorption can
occur almost instantaneously. Ware and Pirooz
(1967) have shown that on breaking open gas bub-
bles in glass in vacuum, absorption on the new sur-
face causes significant losses of CO,, SO,, and H,O0.

Goguel (1963) also presents good evidence that
much of the hydrogen and helium present in many
minerals is lost by diffusion in 1 year at room tem-
perature, once the mineral is crushed. (See also
Kovalishin, 1968.) Conversely, diffusion into sample
surfaces prior to analysis can contaminate samples
with gases (for example, Reynolds, 1960).

Still other methods of extraction and analysis of
gas inclusions, appropriate to certain samples only,
involve complete fusion or solution. Hoy, Foose, and
O’Neill (1962) fused a salt sample containing gas
inclusions to obtain a gas sample for analysis. Anal-
ysis for argon usually involves fusing of the samples,
either with or without a flux, in a vacuum system
(Lippolt and Gentner, 1963; Rama and others,
1965). The water-insoluble gases present in salt
samples are very easily extracted by dissolving the
sample in water (for example, the popping salt of
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Wieliczka, Poland—see Dumas (1830) and Rose
(1839) ). Meteorites and rocks have also been dis-
solved in acids to obtain the gases from them, al-
though much of this gas may not be present as dis-
crete inclusions.

In addition to the serious problems of extraction
of gases detailed above, the analytical procedures
for use on small amounts of gas mixtures are notori-
ously poor. Absorption by solid or liquid reagents,
combined with barometry or volumetry, provides
the basis of many of the analytical procedures, but
it is seldom truly specific. Khitarov and Vovk (1963)
and Khitarov (1965c) report using an electrical
method for carbon dioxide evolved from inclusions;
they measure the change in the electrical conductiv-
ity of a Ba(OH), solution as the CO, is absorbed
and BaCOj; is precipitated. The method is applicable
in the submilligram range.

Dolgov and Shugurova (1966a) claim to be able
to extract and analyze for nine constituents (CO.,
NO, 0,, CO, H,, CH,, total hydrocarbons, N, plus
rare gases, and sum of SO,, NHj, Cl, H.S and F) by
absorption techniques on gases from inclusions as
small as 10 pm or even 1 um. Assuming liquified gas
at a density of 1 g/cm3, this would correspond to a
total sample of only 10-° or 10-12 g. The specific
methods used were first given in a reference that is
not available to the writer (Dolgov and Shugurova,
1965), but Prof. Dolgov indicates (written commun.,
1967) that a later paper by the same authors (Dol-
gov and Shugurova, 1966b) covers essentially the
same material. It presents experimental data on the
analysis of bubbles of gas mixtures in castor oil or
anhydrous glycerol, using absorbers such as KOH
and Cd (C.H;30,).°2H,0. The bubbles analyzed, how-
ever, were much larger than those mentioned by
Dolgov and Shugurova (1966a), in that they ranged
from 1.0 to 0.3 mm in diameter, corresponding to
approximately 106 to 10—28 g gas. (See also Shugu-
rova (1968) and Sobolev and others (1970).) Dolgov
and Shugurova (1968) present a large number of gas
analyses on a variety of minerals, and Dolgov
(1968b) reports very appreciable fractionation of
gases on gradual release from a punctured inclu-
sion.

Wahler (1956) gives rather complete experi-
mental details on the method he developed for anal-
ysis of inclusion gases. His method for gas mixtures,
based essentially on fractionation by freezing out
various constituents at specific temperatures (plus
other manipulations), with pressure measurements
before and after each step, can yield analyses ac-
curate to 1 to 2 percent on as little as 1 mm3 of gas.
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The mass spectrometer is particularly suitable
for the analysis of inclusion gases. Thus Herzog,
Eskew, and Erwin (1962) report the analysis of as
little as 10—1¢ ¢cm?® (approximately 10—7 g) of noble
gases by the procedure. Mass spectrometry has been
used very successfully in the analysis of the gases
present in very small bubbles in glass containing
only a fraction of a microliter of a gas mixture
(Todd, 1956 ; Wosinski and Kearney, 1966), but only
recently has much been done with mass spectrometry
of fluid inclusions. In spite of occasional ambiguity
due to overlapping masses (for example, CO and
N.; also NO, and CO, (Craig and Keeling, 1963) ),
the method is powerful and can be expected to be
applied to many inclusion problems. It is particularly
useful for obtaining the ratios of gases, for example
H.0 and CO. (Touray, 1968). Preisinger and Huber
(1964; see also Arming and Preisinger (1968))
heated very tiny (0.1 mm) grains of feldspar, from
several parts of zoned crystals, in an ultra high
vacuum cycloidal mass spectrometer and determined
large differences in the contents of H,, CH,, N,, CO,
CO., and Ar, between the core and rim. The analyses
were made on a total volume of 10—8 to 10—° cm3 of
gas, as they report finding 0.8 to 3.3 mm3/g mineral.
Ohmoto (1968b) reports extensive studies of the
gases in inclusions from the Bluebell mine in British
Columbia, made by mass spectrometer on samples
released by crushing or decrepitation. He analyzed
for H.0, CO., H., CH,, N,, CO, C.H;, and C3Hs. He
was unable to detect H.S. Bratus’, Stasyuk, and
Panchishin (1968) used an omegatron mass spectro-
meter and photographic recording to analyze the
gases from individual inclusions in the range 10-6
to 10—? g from pegmatitic quartz. Six constituents,
H,, CH,, H.O, N,, Ar, and CO, were determined.

C..G. Barker (1965a, 1965b, 1966) used both heat-
ing to 400°C and crushing in vacuo to release the
gases for mass analysis. By the use of duplicate
samples of three fluorites (1965b) he found that all
of the CO and most of the hydrogen and methane
released upon heating to 400°C were apparently
formed by reaction during the extraction process.
(See analyses 64—69, table 2.) The mass spectra of
the hydrocarbon gases evolved on crushing also
differed greatly from those evolved on heating to
400°C (Barker, 1966). Chaigneau (1967b) also re-
ports considerable differences in the gases emitted
from quartz on heating or crushing in a mass spec-
trometer.

Karasev (1958) found evolution of gas and emis-
sion of electrons when he broke quartz crystals in
a high vacuum, but he got neither on breaking glass
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or fused quartz. Vanderslice and Whetten (1962)
cleaved natural halite from Baden, and synthetic
melt-grown crystals, in a mass spectrometer under
high vacuum (10— mm). They obtained bursts of
gas, mainly water, which they attribute to very small
amounts of individual water molecules in the struc-
ture, rather than fluid inclusions. Ryan, Grossman,
and Hansen (1968) got similar bursts of gas on
cleaving silicates in ultrahigh vacuum, but they re-
ported evidence that the gases were released from
the walls of the chamber and the pump, rather than
from the samples. Mercer (1967; see also Gold-
sztaub and others (1966)) found much larger
amounts of gas (103 to 104 molecule/cm?) were
released on cleaving muscovite in an ultrahigh vac-
uum. The gas was mainly nitrogen, with minor
hydrogen, which he believes was trapped between
the silicate layers. Heinrich and Anderson (1965)
analyzed the gases evolved from crushed samples of
a fetid carbonatite in a time-of-flight mass spectro-
meter and verified the presence of fluorine and sev-
eral fluorine compounds.

Kranz (1965, 1966, 1967, 1968b) reported the
presence of a variety of fluorinated hydrocarbons
in the gases released on crushing uranium-bearing
fluorite in vacuum, and in another paper (1968a)
he gave full details on the extraction and analysis
procedures. The procedure consisted of inclusion
release by vacuum crushing, fractionation by freez-
ing and then vaporization at —195, —78, and +20°C
and by gas chromatograph followed by a pressure-
reduction system, and finally analysis by rapid
sweep mass spectrometry. This permitted identifica-
tion and quantitative or semiquantitative analysis
of many hydrocarbon, fluorine, and nitrogen com-
pounds, as well as the normal inorganic gases, in a
series of fluorite and feldspar samples.

Great care should be used in the interpretation of
these mass spectrometric analyses. In particular, it
is easy to let the extreme sensitivity blind one to the
gross inaccuracies that can creep into such results.
In the author’s opinion, the most serious limitation
on all such mass spectrometric gas analyses is that
of gas fractionation by absorption (and reaction)
on the various surfaces exposed. Such problems be-
come acute in the sample size range involved in in-
clusion studies.

Deuterium/hydrogen ratios have been measured
on water from many inclusion samples. Thus
Kokubu, Mayeda, and Urey (1961) measured the
water which filled amygdaloidal cavities in basalts,
and 15 inclusion samples, mainly from various ore
deposits, were measured by Roedder, Ingram, and
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Hall (1963), using the vacuum extraction method
described above. On crushing in vacuo, the evap-
orated water and CO. are condensed in a cold trap
at —196°C; the pressure of noncondensable gases
is measured ; the water is converted to hydrogen by
“reaction with hot uranium metal, and it is separated
from the CO, by another cold trap. After volume
measurement, the hydrogen is measured isotopic-
ally by mass spectrometry. Hall and Friedman
(1963) report 33 additional measurements, all on
Mississippi Valley-type deposits. Rye (1964, 1965)
reports D/H ratios for the inclusion waters in a
series of samples from Providencia, Mexico. He also
has examined the C!2/C!3 and O!6/0!8 ratios in vari-
ous generations of calcite from this deposit. Eventu-
ally, similar measurements on the carbon and oxygen
in the fluid inclusions in such samples also may be
made, but it is not known how seriously any original
isotopic fractionation will be affected by exchange
reactions after trapping.

There are several reports of other uses of mass
spectrometry on fluid inclusions. Damon and Kulp
(1958, p. 449), in discussing the sources for the ex-
cess helium and argon they found in beryl crystals
(that is, helium and argon in excess of that from
radioactive decay since crystallization), state that
at least some of it probably is present in the form of
fluid inclusions. Undoubtedly some is also present
in the relatively large channels in the structure,

along with very appreciable quantities of water (as.

much as 3 percent (Feklichev, 1963)). Lippolt and
Gentner (1963) found excess argon in hydrothermal
fluorite, presumably from fluid inclusions. Rama,
Hart, and Roedder (1965) report large amounts of
excess argon in the fluid inclusions of a metamor-
phic quartz vein, and they used isotope dilution
methods to determine the very low total potassium
content (sum of that in the inclusions and that in
the mineral structure) of the sample. The data pre-
sented would give a calculated potassium-argon “age”
for the formation of the vein that is too old by a factor
of 1,000 (roughly 250 billion years rather than 250
million years). Funkhouser, Naughton, and Barnes
(1965) and Funkhouser and Naughton (1968)
report similar excessive argon “ages” for ultramafic
xenoliths from Hawaii, which they believe result
from argon in the fluid inclusions that commonly
are present is such rocks (Roedder, 1965d). Zimmer-
mann (1966) presents a very interesting report on
the mass spectrometric analysis of the gases given
off of quartz samples, with and without inclusions,
on heating in vacuum to 200°, 400°, 600°, 800°,
1,000°, and 1,200°C. Touray and Lantelme (1966)
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report a somewhat similar series of mass spectro-
metric analyses of gases given off by samples of
quartz, fluorite, and dolomite from Tunis, after heat-
ing through 50-degree increments from 100° to
550°C. :

Gas chromatography is a potentially valuable
method for inclusion analysis, and it may be ap-
plicable even to relatively nonvolatile components
(Giddings and others, 1968). Although it has been
used successfully in the determination of <10—% cm?
(about 10—8 g) each of several gases from bubbles
in glass (Bryan and Neerman, 1962; Helzel, 1969),
and has been widely used in the analysis of a variety
of natural hydrocarbon gases, it has seldom been
used on inclusion gases. More recently Clarke and
Cable (1967), using two absorption columns (SiO.
gel and 5 A molecular sieve), report a minimum
detection range of 10—7 to 10—% cms3. Jeffery and
Kipping (1963) used gas chromatography to deter-
mine the gases released on fusion of rocks, with a
flux, in a stream of carrier gas. They determined
H, He, O, N, and Ar and found that the amount of
H obtained was less than that which would be
formed by reaction of evolved water with the
amounts of ferrous iron known to be present. Ap-
parently the first application of gas chromatography
to the study of actual inclusion gases was by Acker-
mann, Schrader, and Hoffman (1964), who studied
“popping salt” from the Werra river district in
East Germany.

The latest application of gas chromatography has
been to the organic gases evolved from fluid inclu-
sions in the alkalic rocks of the Ilimaussaq intru-
sion in Greenland (Petersil’e and Sgrensen, 1970).
In this work 300 to 350 g of rock was crushed in a
vacuum system and about 0.5 cm?® of evolved gas
was then analyzed by gas chromatography for up to
12 constituents (Prof. H. Sgrensen, written com-
mun., 1969). The method is powerful, and it should
be applied to many other types of inclusions.

EXTRACTION AND ANALYSIS OF LIQUIDS

Large inclusions present few problems, either on
extraction or on analysis. A hole can be drilled, and
the fluid pipetted out for analysis (Davy, 1822;
Sjogren, 1893).26 Maslova (1961, 1963) used a
piston micropipette on large inclusions. Holser

26 ““Synthetic” inclusions of large size can be made by drilling holes in
the seed crystals used in quartz crystal synthesis (Safronov, 1958).
Khetchikov, Balitskii, and Gasparyants (1966) have made chemical anal-
yses of such large ‘synthetic” inclusions (8 mm3), as well as the normal
small primary inclusions that form in synthetic quartz (using a crushing
and leaching technique), for comparison with the original fluid used in
the autoclave. The differences reported are probably assignable to the
errors inherent in the methods used for volume measurement and micro-
analysis.
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(1963) used a special filter-tipped micropipette to
exclude solid particles produced by drilling. Com-
monly the volume of the inclusion is obtained by
refilling the inclusion cavity with a measured amount
of mercury or other fluid. Even larger “fluid inclu-
sions,” in the form of vug fillings in mines, have
been found and occasionally parts have been set
aside for analysis (Ingerson, 1947, p. 378-379;
Noble, 1950, p. 285; Roedder, 1963b, p. 183; White,
Hem, and Waring, 1963). These large vugs are not
truly sealed, as they have polycrystalline walls, but
the fact that they sometimes have compositions
considerably alien to the current local ground or
mine waters in the area proves that the rate of
leakage has been low.

For the opening of larger numbers of small in-
clusions, simple crushing, followed by leaching with
water of other fluids, is the most common procedure,
and more data have been obtained by this method
than any other. The optimum procedure would dis-
solve all the materials from the opened inclusions,
including both easily soluble and relatively insoluble
daughter minerals, but would dissolve nothing from
the host mineral or contaminants. As there is no
such procedure, compromises are needed. Relatively
insoluble host minerals such as quartz may simply be
crushed and leached with water, particularly if the
volume of the inclusions extracted is large enough
to mask contamination. Sorby (1858) was one of the
first to use this method; large samples were crushed
in an agate mortar by Zakharchenko (1950) and
Skropyshev (1957). Maslova (1958) used a micro-
manipulator to aid in the crushing and leaching of
selected small grains. Kramer (1965) cracked open
small single inclusions in weighed samples of salt,
determined water by weight loss on evaporation
(see previous section), and then dissolved the entire
sample with a small amount of water. Corrections
were made for the host NaCl dissolved. Similar but
much smaller corrections can be applied to leaches
made of less soluble minerals such as fluorite (Roed-
der and others, 1963, p. 360-361; Hall and Fried-
man, 1963, p. 894; Zakharchenko and Moskalyuk,
1968), but it is difficult to make the crushing and
leaching procedure so uniform that the correction
for dissolved host mineral is reproducible. Feldspars
may release large quantities of alkalies (Govorov
and others, 1968). An additional problem is presented
by the inherent difference between the correction for
host mineral solution to be expected on first contact
of a freshly crushed mineral and subsequent leaches.
The first leach might be expected to show a higher
host mineral solubility due to the presence of very
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minute or strained particles and fresh surfaces of
high energy configuration (points, edges, surfaces
with nonrational indices, etc.).

Other workers have opened inclusions, prior to
leaching, by decrepitation in a gas stream (Roedder,
1958, p. 264); decrepitation in a vacuum system
(Wahler, 1956) ; crushing in vacuo (Roedder and
others, 1963 ; Hall and Friedman, 1963) ; and crush-
ing in a ball mill (Faber, 1941; Lamar and Shrode,
1953; Roedder, 1958; Goguel, 1963 and 1964; and
Kramer, 1965) .27 Numerous sources of contamina-
tion or loss in ball milling (and some other methods)
are discussed by Roedder (1958), Goguel (1963),
and Suscherskaya (1968). Adequate cleaning of the
sample prior to crushing, so that only materials
from sealed inclusions are obtained, is an important
but often neglected step. Lamar and Shrode (1953)
worked with limestones and dolomites in which
visible surface efflorescences indicated that some
salts were present in connected pores in the rocks,
open to the surface. These salts were not removed
prior to ball milling in that the purpose of their in-
vestigation was not to determine the composition of
the fluid inclusions. Such soluble salts are present
in fractures in most samples, however, and do con-
stitute a major source of contamination. Simple
washing will not suffice to remove them, but ex-
tended electrolytic cleaning apparently removes most
of them (Roedder, 1958).

One of the most important sources of contamina-
tion is the solution of ions from the broken surfaces
of the host mineral or even very minute amounts of
impurity minerals (Correns, 1940) ; absorption on
the large amount of mineral surface may cause a
major loss of ions from the inclusion fluids. The
quantities of salts involved are very small and the
volumes of solution are large, so that the amount of
contamination from even high grade analytical re-
agents and apparatus can become a serious problem;
ordinary laboratory deionized water is completely
inadequate for much of the work, and all contact
with glass should be eliminated (Roedder and others,
1963, p. 359-360). Unfortunately, many of the anal-
yses made of leachates, as reported in the literature,
do not give sufficient details on technique, such as
blank analyses of reagents and water, volumes of
leachate used, and analytical accuracy itself, to per-
mit evaluation of the results. Easily made measure-
ments of the electrical conductivity of leach solu-
tions, both before and after leaching, are of great

27 One commonly suggested method of opening inclusions—expansion on
freezing—has been found to be ineffective except in rare cases (Roedder,
1968, p. 243; 1962a, p. 1054; 1963b, p. 197).
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value in monitoring the inevitable contamination
during leaching, and they provide very useful data
for planning the analytical procedures and checking
the results obtained (Roedder and others, 1963).

Once the inclusion salts have.been dispersed or
dissolved in the leach fluid, the solution must be
separated from the crushed mineral. The validity of
this separation is a larger problem than it might at
first appear to be, and a variety of methods has been
used. If the crushing has been coarse, decantation
or simple but contamination-free?8 filtering is pos-
sible. When ball milling is used, the fine grain size
obtained requires special filters. Lisitsyn (1961)
used membrane filters (pore diameter 0.04 um), as
did Goguel (1963). Roedder (1958) used an electro-
dialysis cell to separate the ions from the slurry of
water and ground mineral. This is preferable to
filtering, in that inclusion ions “plated out” on the
rather large amount of mineral surfaces (~104
cm?/g) are also removed, and the anions and cations
are separated, but as is shown in that paper, several
additional problems are introduced. Kalyuzhnyi and
Pritula (1968) use pressure filtration.

Ermakov (1950a, p. 57, 61, 64, and elsewhere, in
translation) emphasizes that the composition of the
fluid obtained by leaching crushed samples is not
the same as that of the original fluid as trapped.
The difference lies in the additional but unknown
amount of host mineral that was in solution at the
conditions of trapping. To correct this, he repeatedly
recommends heating the inclusions to their homog-
enization temperature for a length of time adequate
to reach equilibrium with the walls, then overheat-
ing them so they decrepitate, before leaching the
residue. Lisitsyn (1961) and other Russian workers
have also used this procedure. The method gives no
assurance, however, that (1) any host mineral that
does go into solution upon heating (the amount is
generally very small) will necessarily be soluble in
the leach solution after decrepitation of the inclu-
sion and the resulting precipitation of solutes pres-
ent, or (2) the solution of the host mineral surface
by the much larger volume of leach solution will not
put far more host material into solution than the
original inclusion fluids precipitated upon cooling.
In addition, Roedder (1958, p. 265) found that de-
crepitation, followed by electrodialysis, gave a very
low yield of the normally highly soluble inclusion
solutes, presumably owing to chemical reactions and
diffusion into the solid sample upon heating.

28 Ordinary analytical filter papers may contribute very significant
quantities of chloride ion, so that special filters are needed (for example,
of asbestos (Roedder and others, 1963, p. 359)).
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Many of the techniques suitable for rock and
water analyses may be used on the leachates, but in
general the quantities of leachate and the concentra-
tions of the individual ions in them are both so
small that special semimicro- to ultramicromethods
are needed. Although the concentration of salts in
inclusions varies widely, if they are assumed to have
10 percent by weight of total salts, the extraction
of 10 inclusions, each 1 mm in size (a rather large
sample), will yield only 1 mg (milligram) of salts.
About half of this milligram will normally be com-
posed of Na and Cl], so that only about 500 micro-
grams (gammas) are left for all other constituents
combined. Larger samples yield more inclusions, but
at the cost of more ambiguity as to inclusion origin.
A quantitative analytical procedure using flame
photometry and several sensitive colorimetric meth-
ods particularly appropriate to the 1-mg range has
been developed by Blanche Ingram. (See Roedder
and others, 1963, p. 361-364.) Other micromethods
are described by Gryn’kiv and Kalyuzhnyi (1966)
and in a number of the papers listed in table 3.

Special methods such as polarography, quantita-
tive spectrography, and X-ray fluorescence may oc-
casionally be best for certain elements. Arnautov
and others (1965; also Bazarov, 1965a) report the
first analyses of inclusions made with a multi-
channel—photoelectric quantometer. Haffty and
Pinckney (1967) report a quantitative spectro-
graphic method in which only 0.2 ml of a fluid, con-
taining only 1 to 10 ppm each of Mg, Na, and Ca,
may be analysed for these other elements, with re-
sults that are in good agreement with atomic absorp-
tion spectrography. For sodium, this would corre-
spond to analyzing a single inclusion approximately
0.1 mm in diameter. Neutron activation has par-
ticular promise for some fluid inclusion analyses. It
is very sensitive for chlorine (5x10—2 g), although
ordinary wet chemical analyses for chloride usually
present few problems. It has actually been used for
analyses of inclusions for the heavy metals (Cu, Mn,
and Zn) in the 10-6 -g range (Czamanske and others,
1963). Ohmoto (1968b) has found atomic absorption
analysis to be suitable for Na, K, Ca, Mg, Fe, Zn,
and Cl in inclusions. Although none of these methods
is universally applicable and perfect, and many are
relatively low in precision, the major limitation in
the analysis of inclusions, and in the interpretation
of the results, still remains in the nature of the
samples and the extraction procedures used.

Eh.AND pH MEASUREMENTS

It would be very desirable to know the pH of the
fluids in inclusions at the time of trapping. If these
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values could be obtained at room temperature, to-
gether with inclusion composition, extrapolations
to the temperature and pressure of formation might
be possible, and these extrapolations certainly would
be valuable in solving problems of ore transport and
deposition (Barnes and Ernest, 1961; Wilson, 1961;
Barnes 1965). The pH may be obtained either by
calculation or measurement. One of the first attempts
at calculation was by Uchameyshvili and Khitarov
(1965), who used the analytical results on CO, and
HCO;;—I.

Although many measurements have been made of
the pH of fluid inclusions, few of them are at all
accurate. Most of the older measurements are
merely qualitative—large inclusions were opened
and litmus paper was applied. Thus Newhouse
(1932) found that the liquid inclusions in galena
from Leadville, Colo., and Joplin, Mo., were neutral
to litmus paper. Zakharchenko (1950) opened a 1.5
cm?® inclusion in quartz and found the liquid to be
alkaline to litmus (that is, pH between 4.5 and 8.3),
but he noted that the inclusion fluid boiled violently
on opening. The effects of such gas evolution on the
pH of the fluids will vary with the gas and could be
large. Kalyuzhnyi (1957, 1960, 1961) gives some re-
sults of microcolorimetric pH measurements of
large inclusions in which the pH increased as much
as one pH unit in the first few seconds after open-
ing. He found pH values as low as 4.3 in multiphase
inclusions in pegmatitic topaz. Maslova (1958) re-
ports a pH of 4 for the liquid of a large (0.03 ml) in-
clusion in fluorite from the vuggy pegmatites of the
Kermet-Tas deposit, which contained 69 volume per-
cent liquid and 31 percent gas. Unfortunately, she
does not state the method used to measure the pH.
Skropyshev (1957) tested the fluid from a large in-
clusion with three different indicators, and Prikaz-
chikov and others (1964) used a pH meter
on the fluid from very large (~400 cm3) inclusions.
Yushkin and Srebrodol’skii (1965) also used three
indicators, bromthymol blue, bromecresol purple, and
cresol red, which they introduced into large inclu-
sions in sulfur with a needle; the pH was estimated
to be 7 to 7.5. Petrichenko and Shaydetskaya (1968)
used three different methods on large inclusions in
recrystallized halite; their results ranged from pH
4.95 to 6.2.

Erickson (1965, p. 527, and written commun.,
1965) determined the pH of large inclusions in cal-
cite from the Upper Mississippi Valley lead-zinc de-
posits to be about 7.5, by letting the inclusion fluid
wet sensitive pH-indicating paper under a bino-
cular microscope. Although no effervescence was
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noted, the inclusion fluid escaped almost instantly
from the inclusion upon opening. Rather than rep-
resenting gas evolution from the liquid on pressure
release, it may signify merely the expansion of com-
pressed gas in the bubble. The author has noted
similar behavior for inclusions in the fluorite-zinc
deposits of southern Illinois; the bubbles are ex-
tremely soluble in kerosene, and hence they may well
be compressed methane or other organic gas.

Not infrequently, the pH of the dilute water
leaches is reported as though it were the pH of the
actual inclusion fluid (Grushkin and Prikhid’ko,
1952; Zakharchenko, 1955; Grushkin, 1958 ; Shchiri-
tsya, 1960; Sheshulin, 1961; Dekate, 1961; Poly-
kovskii, 1962a). Kostyleva and Sukhushina (1957)
have avoided the variations in pH due to variations
in dilution, grinding, ete., by establishing a strictly
empirical grinding and leaching procedure for pre-
paring the fluids for pH determination; they believe
that the pH of the resulting suspension is a specific
value, characteristic of the deposit, and reflects the
liquid (and solid) inclusions. L. A. Prikazchikov (as
quoted in Ivanova and Zakharchenko, 1963) believes
he has evidence that the pH of the leach solutions is
the pH of the inclusion fluids, and Skropyshev
(1957) states that he obtained similar values for the
pH of the actual inclusion fluid (pH, 7.0-7.5) and
the leachate (pH, 7.45). However, Khetchikov, Balit-
skii, and Gasparyants (1966) found that the pH of
the fluid in individal inclusions in synthetic quartz
corresponded to that of the orginal fluid charge in
the autoclave, but the pH of aqueous extractions
from the quartz did not. Khetchikov, Balitskii and
Dernov-Pegarev (1968) state that the pH of in-
dividual (large) inclusions is about the same as that
of the mother liquor, but the pH of aqueous extracts
has little relationship to that of the mother liquor,
even at high alkalinities.

There are several major fallacies in the assump-
tion that the pH of a leach solution is the same as
the pH of the inclusions themselves, in addition to
the common problem of loss of compressed gases
mentioned above. Trufanov (1967) calculates that
a thousandfold dilution will cause only minor “5 to
6 percent” changes in the pH of certain types of
inclusions. Even if the diluting fluid were pure water
at pH of 7.0 (the pH of the water used for leaching
is seldom stated), it is very unlikely that the inclu-
sion fluids are sufficiently buffered in composition
that they can be drastically diluted without serious
changes in pH, yet dilution factors (volume of leach/
volume of inclusion fluid) as high as 5,000 are im-
plicit in some of the pH data reported, and these
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factors are seldom as low as 1,000. In addition, there
may be large effects on the pH of a leach solution
just from contact with the host mineral and any
other solid phases. It has long been known that
mineral surfaces react with water, and this reaction
affects the pH to the extent of providing a diag-
nostic field test for certain minerals (Stevens and
Carrcn, 1948), yet the pH values for extracts from
a wide range of minerals such as calcite, fluorite,
spodumene, microcline, and quartz are frequently
assumed to be the pH values for the inclusion fluids
themselves, and to be sufficiently accurate that ge-
netic conclusions may be drawn from them—even
from small differences between individual samples.

Machairas (1963a, 1963b, 1963c) obtained a
measure of the pH and the free CO, content of inclu-
sions by a titration procedure, using the decoloration
of an alcoholic solution of phenophthalein at pH of
9.3-10. Chukhrov (1960) measured both the pH of
leach solutions and the pH of the water condensate
obtained during decrepitation of the inclusions. The
latter fluid was considerably more acid, as might be
expected from the distillation of HC] fromed by high
temperature equilibrium between SiO,, H.O, and
NaCl. If the host mineral is quartz, its effects on the
PH will be small. Zakharchenko (1955) found that
the pH of a leachate from quartz rich in multiphase
inclusions was 8.6 measured electrically. Although
this pH cannot result from reaction with the quartz
surfaces, very appreciable quantities of carbonates
are present as daughter minerals in these inclusions
and might act as a buffer in the pH determination.
However, considerable liquid CO, and some H,S
were lost before leaching.

The writer knows of only one report of the deter-
mination of the oxidation potential (Eh) of the
fluids in inclusion (Petrichenko and Shaydetskaya,
1968). In this work a pair of electrodes (platinum
and calomel, using Zobell’s procedure) were inserted
in 0.8- to 1-mm holes drilled into large fluid inclu-
sions in water-clear recrystallized halite from the
Artemousk rock salt deposit in the Donbass. At-
mospheric air was excluded, and a correction of
-+245 mv (millivolts) was made, following Garrels.
The results on 27 single-phase liquid inclusions
ranged from —10 to —130 mv, and averaged —70
mv. Two-phase inclusions gave higher Eh readings,
from 0 to +150 mv, indicating that-their bubbles
represented infiltrated air. The acid reducing con-
ditions during halite recrystallization are corrobo-
rated by the common occurrence of pyrite in such
salt, and contrast with the weakly oxidizing environ-
ment of salt basins.

DATA OF GEOCHEMISTRY

Any large inclusions could be measured with
existing equipment, as miniature and subminiature
Eh electrodes are available, but the problems of
extraction of the fluid precludes most such measure-
ments; in addition, the other problems of pH meas-
urement generally are applicable here as well.

It should be possible to calculate the Eh from
detailed studies of the composition of the inclusions.
Thus any multivalence state component or group
theoretically could be used—Fe+t2/Fe+3, CO/CO,, or
HS-1/8S0,—2—together with pH measurements, but
it is probable that neither the original high tempera-
ture equilibrium will be quenched in, nor that true
room temperature equilibrium will be obtained.
Miyashiro (1964) has shown that most subsurface
waters are low in oxygen, which he attributes to re-
action with graphite in sedimentary and metamor-
phic rocks. Chinner (1960) has pointed out that the
oxidizing or reducing capacity of the fluid phase
compared to that of the surrounding rocks is very
important in regional metamorphism, where the
system is closed to oxygen, but rocks which form
thermal metamorphic aureoles were open with re-
spect to oxygen at the time of metamorphism, as a
result of greater movement of water.

Sometimes, daughter minerals may be useful in
estimating the state of oxidation. For example, tiny
crystals identified as hematite from their optical
properties are not uncommon in the fluid inclusions
in some porphyry copper deposits (Lindgren, 1905;
Butler and others, 1920; Roedder and Creel, 1966).
It would be valuable to know the sulfur species
present, particularly sulfide versus sulfate sulfur,
but there are no known analyses of inclusions that
list both. Usually only sulfate sulfur is determined,
and not infrequently this is actually total sulfur as
sulfate. Except in rather rare instances, the con-
centration of sulfide sulfur is very low in the ore
deposit samples that have been studied, at least as
determined by the evolution of H,S on opening or
by calculation from the high contents of heavy
metals (Czamanske and others, 1963). Daughter
minerals found in inclusions in various Brazilian
quartz crystals include sulfides such as pyrite (Roed-
der and others, 1963, p. 367) and sulfates such as
gypsum (Bergman and Blankenburg, 1964). Simul-
taneous occurrence of sulfates and sulfides in the
same inclusions would help to place definite limits
on the state of oxidation of the fluids (Barton, 1957).
Laz’ko (1958) has shown that both hematite and
pyrite are found as primary solid inclusions in
quartz crystal deposits in the U.S.S.R., nucleating
on and growing contemporaneously with the quartz,
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but never both in the same crystal. Such data should
be correlated with the analyses of fluid inclusions
that have been made on these same deposits.
Unfortunately, the Eh of an inclusion fluid would
be strongly affected by any loss of hydrogen or H,S
from the system. Although the evidence against
gross leakage of major constituents from inclusions
is commanding (Roedder and Skinner, 1968), there
is no proof that small amounts of hydrogen cannot
leak out and increase the oxidation state of the re-
maining fluids. One of the major difficulties in call-
ing on this mechanism to explain the presence of
hematite flakes in inclusions?? is that maintaining an
adequate ‘“hydrogen sink” outside the inclusion to

drive the diffusion process. As many ore-forming

processes apparently take place at low oxidation
states, that is, high partial pressures of hydrogen,
the most expectable change in the state of the fluid
bathing the exterior of the crystal would be toward
more oxidizing conditions, particularly as the ero-
sion surface approaches the deposit and oxygenated
surface waters are involved. Even this should have
only a small effect, however, because diffusion rates
are greatly reduced at surface temperatures, and
because ground waters penetrating ore deposits are
rather effectively buffered with respect to oxygen
by reaction with sulfides.

ANALYTICAL DATA

The literature providing data on the composition
of fluid inclusions has been tabulated with annota-
tions in tables 1, 3, and 8, and some representative
quantitative analyses from this literature are given
in tables 2, 4, 5, and 6. Most of the data have been
recalculated for ease of tabulation and comparison,
as indicated in the footnotes to the tables. In all the
tables, only very brief details of localities are given;
in many but unfortunately not all of the references
cited, complete descriptions will be found. The anal-
yses given are usually only a part of those given in
the original reference and were selected to show the
range or general nature.of the work. The extent of
the original work (and of many other works, par-
ticularly the most recent ones, that are not rep-
resented in the analyses of tables 2, 4, 5, and 6) can
be found by referring to table 3, “Summary of
quantitative and semiquantitative chemical and iso-
topic analyses of fluid inclusions.”

Not uncommonly the statements of analytical data,
as presented in the literature, are somewhat am-
biguous. The most common source of ambiguity is

28 It has frequently been noted that small flakes of hematite in some
inclusions fail to dissolve during homogenization runs.
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the failure to distinguish between constituents that
were looked for but were not detected (“n.d.” in the
tables), and those that were not determined. Other
such sources of ambiguity are given in the text and
the footnotes to the tables. In particular, the methods
used vary so widely that many of these results are
not strictly comparable. In addition, the methods
used for both extraction and analysis are frequently
unstated or stated so inadequately that true evalua-
tion is impossible.

In making use of these analyses a general word
of caution is needed. In addition to the problems
of selection of methods for extraction and analysis
detailed in the preceding sections, the importance of
the nature of the samples used cannot be over-
emphasized. It is the prime consideration in the
selection of suitable methods of study, and in eval-
uating the precision, the accuracy, and most impor-
tant, the significance of any measurements obtained.
All of the many analyses of fluid inclusions that have
been made—the author’s included—are subject to
serious limitations. The chemical manipulations may
be reasonably straightforward, but the small sample
size and wide variation in composition of both the
inclusions and the host mineral make the analyses
far from routine and impose large analytical uncer-
tainties. Much more seriou