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d)

b)
FIGURE 8.15 Gold-bearing base-metal sulfide ores of the Mashan District of Anhui Province, China:
(@) cataclastically deformed pyrite and arsenopyrite (width of field = 1,200 pm): (b) colloform banding of
the gel pyrite consists of layers of pyrite, marcasite, and quartz (width of field = 1,200 um); (¢) scattered
grains of altaite (PbTe, white) and hessite (Ag,Te, gray) occur within galena (width of field = 600 um); (d)
crosscutting veinlets where late fluids have recrystallized gel pyrite into pyrite and marcasite and have
deposited small grains of gold (left center) width of field = 1,200 pm).
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FIGURE 8.16 Late hydrothermal fluids have altered sphalerite in a narrow zone be-
tween unaltered iron-rich (7 wt % Fe) sphalerite on the left and pyrite on the right. The
oxidizing fluids resulted in raising the activity of sulfur such that iron was removed
from the sphalerite, leaving it iron-poor (0.5 wt % Fe) and precipitating the iron as thin
veinlets of pyrite and marcasite, Mashan, China (width of field = 1,200 um).

veinlets that crosscut the earlier stages of mineralization. The mineralizing
fluids precipitated small grains of gold (Figure 8.15d) in, and adjacent to, the
veinlets and caused recrystallization of the gel pyrite and pyrrhotite to form
pyrite and marcasite. The fluids also locally altered the sphalerite by raising
the sulfur activity, thus forcing the iron out of the structure as delicate veinlets
of pyrite and marcasite (Figure 8.16).

8.4 ORE FORMATION CONDITIONS AND THE APPLICATION OF
PHASE EQUILIBRIA DATA

Reference to relevant phase diagrams can help in (1) anticipation and recog-
nition of phases; (2) recognition of trends in ore chemistry (i.e., the character of
the ore fluid and its variation in time or space); (3) understanding of reactions
and some textural features (e.g., exsolution); (4) understanding of the correla-
tion or antipathetic relationships between phases: (5) recognition of equilib-
rium or disequilibrium mineral assemblages: (6) interpretation of the nature
of the ore-forming fluid and the mechanisms that were operable during
mineralization; and (6) estimation of the temperature and pressure during ore
formation or subsequent metamorphism.

It is impossible to present more than a few of the many relevant phase

diagrams, but the following systems are discussed, at least in part, in this
book:

Fe-S Figure 8.18
Cu-S Figure 10.8
Cu-Fe-S Figure 7.14 and 8.17
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Fe-Ni-S Figures 9.6 and 9.7
Fe-Zn-S Figure 10.28
Fe-As-S Figure 8.19
FeO-Fe,05-TiO, Figures 9.12 and 9.13
Cr,05-(Mg,Fe)O-SiO, Figure 9.4
Au-Ag-Te Figure 9.25
Ca-Fe-Si-C-O Figure 10.31
Cu-0-H-5-Cl Figure 10.11
U-0,-CO,-H,0 Figure 10.9
NaCl-KCI-H,O Figure 8.24
H,O(P-T) Figure 8.25

Iron Minerals (Eh-pH) Figure 10.3

For additional information on these and other systems, the reader is referred
to Mineral Chemistry of Metal Sulfides (Vaughan and Craig, 1978), “Sulfide
Phase Equilibria™ (Barton and Skinner) in Geachemistry of Hvdrothermal Ore
Deposits (1979), Sulphide Minerals: Crystal Chemistry Paragenesis and Systematics
(Kostov and Mincheeva-Stefanova, 1981), Sulfide Minerals (Ribbe, 1974), and
Oxide Minerals (Rumble, 1976; Lindsley, 1991). Most diagrams in the literature
are “equilibrium™ diagrams and may be cautiously applied to the natural ores,
which also represent. at least locally, conditions of equilibrium. For example,
in Cu-Fe-sulfide ores. assemblages such as pyrite-pyrrhotite-chalcopyrite,
pyrite-chalcopyrite-bornite. or even pyrite-digenite-bornite are common. be-
cause they are stable (see Figure 8.17), whereas pyrrhotite-covellite or cuba-
nite-chalcocite assemblages are unknown and are not expected. because they
are not stable. It is important to note that. although most ore mineral assem-
blages do represent equilibrium. disequilibrium assemblages are not uncom-
mon. This is especially true in weathering zones in which reaction kinetics are
slow because of the low temperatures involved.

Phase diagrams are important in providing geothermometric and geo-
barometric data. The geothermometers are of two types—sliding scale and fixed
point. The sliding-scale type is based on the temperature dependence of the
composition of a mineral or a pair of minerals when it is part of a specified
assemblage (e.g.. the composition of pyrrhotite in equilibrium with pyrite in
Figure 8.18a). Ideally. determination of the composition of pyrrhotite coexist-
ing with pyrite would uniquely define the temperature of equilibration: in
practice, however, it has been found that nearly all pyrrhotites have re-
equilibrated during cooling, some to near room temperature conditions (see
Figure 8.18b). Unfortunately, the rapid rates of sulfide re-equilibration proc-
cesses have limited the usefulness of many sliding-scale geothermometers.
Two notable exceptions involve refractory minerals that retain their high-
temperature compositions during cooling and thus are applicable as sliding-
scale geothermometers, namely,

1. Arsenopyrite when equilibrated with pyrite and pyrrhotite (and some
other less common assemblages), as shown in Figure 8.19.



190 FLUID INCLUSION GEOTHERMOMETRY OF ORES

2. Coexisting magnetite-ulvospinel and ilmenite-hematite. The com-
positions of these minerals. if equilibrated together, uniquely define
both the temperature and the oxygen activity of equilibration, as shown
in Figure 9.13.

Fixed-point geothermometers are minerals or mineral assemblages that
undergo a reaction (e.g.. melting, inversion, reaction to form a different assem-
blage) at a defined temperature. For example, crystals of stibnite must have
formed below its melting point (556°C). and the mineral pair pyrite plus
arsenopyrite must have formed below 491°C. The fixed points thus do not

Atomic percent
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(b)
FIGURE 8.17 Phase relations in the central portion of the Cu-Fe-S system: (a)
schematicrelations at 300°C; (b) possible phase relations at 25°C. Abbreviations are as
follows: cc, chalcocite; dj, djurleite; di, digenite; al, anilite; cv, covellite; bn, bornite; id,
idaite; cp, chalcopyrite: tal, talnakhite; mh, mooihoekite: hc, haycockite; cb, cubanite;
mpo, monoclinic pyrrhotite; hpo, hexagonal pyrrhotite; tr, troilite; py, pyrite; iss, inter-
mediate solid solution. (From Vaughan and Craig, 1978; used with permission.)
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FIGURE8.18 Phaserelations among condensed phases in the Fe-S system: (a) above
400°C:; (b) in the central portion of the system below 350°C. The notations 2C, 1C. 6C,
4C, 11C, and mC refer to c-axis superstructure dimensions, and nA to a-axis super-
structure dimensions in pyrrhotites. (From Vaughan and Craig, 1978; used with per-
mission.)
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FIGURE 8.19 Pseudobinary temperature—composition plot showing arsenopyrite
composition as a function of temperature and equilibrium mineral assemblage. The
assemblages numbered 1-8 in the Fe-As-S phase diagrams on the right correspond to
the labeled curves in the diagram on the left. Abbreviations are as follows: asp,
arsenopyrite; py, pyrite; po, pyrrhotite; 16, 16llingite; L, liquid. (After U. Kretschmar
and S. D. Scott, Can. Mineral. 14, 366-372, 1976; used with permission.)

sharply define the temperature of equilibration but rather set upper and lower
limits. Barton and Skinner (1979) and Vaughan and Craig (1978) have pre-
pared extensive lists of reaction points that serve as potentially useful fixed-
point geothermometers. Most fixed points are known only for very low
pressures; those whose pressure dependence has been determined generally
rise at a rate of about 10°C kbar.

Phase equilibria studies have revealed that the iron content of sphalerite
equilibrated with pyrite and pyrrhotite, although temperature independent
between about 300° and 550°, is pressure dependent. This relationship has
been defined (Scott and Barnes, 1971; Scott, 1973; Lusk and Ford, 1978) and
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thus allows the sphalerite composition in this assemblage to serve as a geo-
barometer (Figure 10.28). The following equation relates iron content (as FeS)
to the pressure of equilibration (Hutchison and Scott, 1981):

P bar = 42.30—-32.10 log mole % FeS

Although sphalerite is among the most refractory of ore minerals and thus
may preserve a composition indicative of the original pressure of equilibra-
tion with pyrite and pyrrhotite, sphalerite often undergoes at least partial re-
equilibration (Barton and Skinner, 1979). Such re-equilibration, which is
most evident where the sphalerite is in contact with pyrrhotite or chalcopyrite,
results in a decrease in the FeS content of the sphalerite. Consequently,
Hutchison and Scott (1979) and Brooker, Craig, and Rimstidt (1987) found
that sphalerite inclusions that equilibrated with pyrite and pyrrhotite in
metamorphosed ores and that were trapped within recrystallizing pyrite
seemed to preserve compositions that best reflected the metamorphic pres-
sures. When partial re-equilibration of sphalerite has occurred, those with
highest FeS contents are probably most indicative of the pressures of original
equilibration, because lower-temperature re-equilibration reduces the FeS
content.

8.5 FLUID INCLUSION STUDIES

The study of fluid inclusions, although commonly carried out on nonopaque
minerals using a transmitted-light microscope, has become a major and
important field of investigation that is commonly carried out simultaneously
with conventional ore microscopy to provide vital information about the
fluids associated with ore formation. In particular, it provides valuable data
on the temperatures and pressures of ore formation or subsequent meta-
morphism and on the chemistry of the ore fluids. Fluid inclusions are abun-
dant in many common ore and gangue minerals and can be observed with a
standard petrographic microscope. Accordingly, a brief discussion of the
nature and significance of fluid inclusions and the means of preparing sam-
ples for their study is presented in the following subsections for more detailed
descriptions, the reader is referred to Cunningham-(1976), Roedder (1979,
1984), and Shepherd, Rankin and Alderton (1985) and the other references
presented at the end of this chapter.

8.5.1 The Nature and Location of Fluid Inclusions

Fluid inclusions are small amounts of fluid that are trapped within crystals
during initial growth from solution or during total recrystallization (primary
inclusions) or during localized recrystallization along fractures at some later
time (secondary inclusions). Fluid inclusions are very abundant in common ore
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and gangue minerals. sometimes occurring in quantities of a billion or more
per cubic centimeter. Their volumes are often less than 10 um? but may reach
as much as a cubic millimeter or more. However. despite their widespread
occurrence and abundance. fluid inclusions are seldom recognized in con-
ventional polished sections. because so little light actually enters most ore
minerals: even among the most transparent of ore minerals, inclusions are
rarely recognized as anything except internal reflections. However. when
transparent ore and gangue minerals are properly prepared and observed in
transmitted light. as described later. they are often found to contain abundant
tiny inclusions. commonly oriented along well-defined crystallographic
planes (Figure 8.20) and having a wide variety of shapes. Some inclusions
(Figure 8.21) may contain visible bubbles or mineral grains that precipitated
at the time of trapping or that precipitated from the fluid after trapping
(daughter minerals).

Primary inclusions, those trapped during growth of the host mineral. may
be samples of the ore-forming fluid and may reveal important information
regarding the conditions of ore transport and deposition. Bodnar and Sterner
(1987). as well as several subsequent studies. have demonstrated through the
development of synthetic fluid inclusions that the fluids do, in fact. reveal
accurate information on entrapment conditions. Roedder (pers. commun..
1980). however. has pointed out that there has been alternation of ore and
gangue mineral deposition in many ores without simultaneous deposition. If
this has occurred, fluid inclusions in gangue minerals may not represent the
fluids from which the ore minerals formed.

Secondary inclusions must be used with care. because they represent fluids
passing through the rocks after the crystallization of the minerals in which
these inclusions are found. Accordingly. they may contain fluids from a later
stage of ore formation. a postore fluid related to the ore-forming episode. a
metamorphic fluid, or even a late deuteric alteration or weathering fluid. If
their position in the paragenesis can be established. they may still provide
valuable information on the ore-forming process. Unfortunately. the distinc-
tion between primary and secondary inclusions is often not unequivocal.
Roedder (1984) has offered the empirical criteria listed in Table 8.1 to help in
interpretation: clearly, understanding the paragenesis of an ore. as discussed
in the beginning of this chapter, helps in the interpretation of fluid inclusions,
and vice versa. The reader is directed to Roedder’s book for additional dis-
cussion.

Commonly. the fluids trapped along growing crystal faces are homo-
geneous; however, sometimes two or more immiscible liquids (i.e.. water and
oil or water and CO»), liquids and gases (i.e.. boiling water and steam), or
liquids plus solids (i.e., water plus salts or other minerals) may be trapped
together. Such inclusions (termed multiphase inclusions) are difficult to inter-
pret geothermometrically but may provide considerable data on the nature of
the ore-forming fluid. Typical host minerals in which fluid inclusions are
observed include sphalerite, cassiterite, quartz, calcite, dolomite, fluorite, and
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FIGURE 8.20 Fluid inclusions in cassiterite, Oruro District, Bolivia. (@) Inclusions
lying along a healed cleavage plane. The gas phase fills the inclusions at 424-434°C. (b)
Needle-like inclusions, some with double bubbles due to constriction of the chamber.
(Reproduced from W. C. Kelly and F. S. Turneaure, Econ. Geol. 65, 649, 1970, with per-
mission of the authors and the publisher.)

195



(b) —

FIGURE 8.21 Fluid inclusions that contain daughter inclusions. (a) Inclusion in
quartz, with a large halite cube and unidentified daughter salts at @ and b. The total
salinity is approximately 47%, and the fluid fills the inclusion at430°C: Gigante Chica,
Laramcota Mine, Bolivia. (b) Inclusion in apatite having an irregular form suggestive
of necking down. A grain of an opaque inclusion at s lies in front of a small halite cube.
The inclusion fills with liquid at 350°C; Lallaqua Mine, Bolivia. (Reproduced from W.
C. Kelly and F. C. Turneaure, Econ. Geol. 65, 651, 1970, with permission of the authors

and the publisher.)
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TABLE 8.1 Criteria for Recognition of the Origin of Fluid Inclusions
(revised from Roedder 1976, 1979)

Criteria for Primary Origin

Single crystals with or without evidence of direction of growth or growth zonation.

Occurrence as a single inclusion (or isolated group) in an otherwise inclusion-
free crystal

Large size of inclusion(s) relative to enclosing crystal (e.g., 1/10 of crystal) and of
equant shape

Isolated occurrence of inclusion away from other inclusions (e.g., > inclusion
diameters)

Random three-dimensional occurrence of inclusions in crystal

Occurrence of daughter minerals of the same type as occur as solid inclusions in the
host crystal or contemporaneous phases

Single Crystals Showing Evidence of Directional Growth

Occurrence of inclusion along boundary between two different stages of growth (e.g.
contact between zone of inimpeded growth and zone containing extraneous
solid inclusions)

Occurrence of inclusion in a growth zone beyond a visibly healed crack in earlier
growth stages

Occurrence of inclusion at boundary between subparallel growth zones

Occurrence of inclusion at intersection of growth spirals

Occurrence of relatively large flat inclusions in the core or parallel to external
crystal faces

Occurrence of inclusion(s) at the intersection of two crystal faces

Single Crystals Showing Evidence of Growth Zonation
(on the Basis of Color, Solid Inclusions, Clarity, etc.)

Occurrence of different frequencies or morphologies of fluid inclusions in adjacent

growth zones
Occurrence of planar arrays outlining growth zones (unless parallel to cleavage

directions)

Crystals Evidencing Growth from Heterogeneous (i.e., Two-Phase) or Changing Fluid

Occurrence of inclusions with differing contents in adjacent growth layers (e.g., gas
inclusions in one layer, liquid in another layer, or oil and water in another layer,
etc.)

Occurrence of inclusions containing some growth medium at points where host crystal
has overgrown and surrounded adhering globules of an immiscible phase (e.g.,
oil droplets)

Occurrence of primary-appearing inclusions with “unlikely” growth medium (e.g.,
mercury in calcite, oil in fluorite or calcite, etc.)

Hosts Other Than Single Crystals

Occurrence of inclusions at growth surfaces of nonparallel crystals (these have often
leaked and could be secondary)

197
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TABLE 8.1 (Continued)

Occurrence of inclusions in polycrystalline hosts (e.g., vesicles in basalt, fine-grained
dolomite. vugs in pegmatites—these have usually leaked)
Occurrence in noncrystalline hosts (e.g.. bubbles in amber, vesicles in pumice)

Criteria for Secondary Origin

Occurrence of inclusions in planar groups along planes that crosscut crystals or that
parallel cleavages

Occurrence of very thin, flat, or obviously “necking-down" inclusions

Occurrence of primary inclusions with filling representative of secondary conditions

Occurrence of inclusions along a healed fracture

Occurrence of empty inclusions in portions of crystals where all other inclusions
are filled

Occurrence of inclusions that exhibit much lower (or, more rarely, higher) filling tem-
peratures than adjacent inclusions

Criteria for Pseudosecondary Origin

Occurrence of secondary-like inclusions with a fracture visibly terminating within
a crystal

Occurrence of equant and negative crystal-shaped inclusions

Occurrence of inclusions in etch pits crosscutting growth zones

barite, but nearly any transparent mineral may contain visible inclusions.
Roedder (1979) even notes that some granite feldspars contain so many fluid
inclusions with daughter NaCl crystals that NaCl diffraction lines appear in
single-crystal X-ray photographs of the feldspars. The opaque ore minerals
such as galena and pyrite contain inclusions, the forms of which may be seen
on some fractured or cleaved surfaces, but present techniques do not permit
their undisturbed in situ observation. There has been some successful ap-
plication of light sources employing light of wavelengths outside the visible
spectrum to examine inclusions in opaque materials, and such techniques
will probably prove to be useful in the future.

8.5.2 Changes in Fluid Inclusions Since Trapping

Most fluid inclusions were trapped as a homogeneous fluid at elevated tem-
peratures and pressures. During the subsequent cooling, the fluid may have
separated into liquid and vapor, because the fluid contracts much more than
the solid host mineral. Immiscible fluids may separate on cooling, and
daughter crystals, usually halite or sylvite, may precipitate as saturation of the
fluid occurs. Many inclusions do not now have the shape they originally
possessed because of solution and deposition in different parts of the inclu-
sion cavity. In general, inclusions will tend, by solution and redeposition, to
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reduce surface area and to become more equant. Through this process, elon-
gate inclusions may separate into several more equant inclusions as a result of
“necking down,” as shown in Figure 8.22. If the necking down occurs after
phase separation, the process may isolate the vapor bubble in one of the new
inclusions while leaving another new inclusion completely fluid filled. As a
result, neither inclusion would be representative of the originally trapped
fluid, and the information that could be derived would be limited. Larger flat
primary inclusions or secondary cracks may also undergo considerable re-
crystallization (Figure 8.23), in which one large inclusion is reduced to many
small ones occupying the same region within the crystal. Roedder (1977) has
cautioned the student of fluid inclusions as follows: “Itisimportant to remem-
ber always that the fluid inclusions in a mineral provide information only on
the fluids present at the time of sealing of the inclusion, whether that be during
the growth of the host crystal or during rehealing of a later fracture.”
Leakage, the movement of material into or out of the original inclusion, can
occurbutis notcommon; one exception may be high-grade metamorphismin
which re-equilibration can markedly alter inclusions. It is evident, however,
when one observes planes containing large numbers of inclusions, all of
which are empty. In general, quartz, fluorite, calcite, and sphalerite are free
from leakage problems; barite and gypsum are more prone to such problems.
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FIGURE 8.22 Necking down of a long tubular inclusion. The original inclusion,
trapped at temperature Ts, breaks up during slow cooling to form three separate
inclusions, a, b, and ¢. Upon reheating in the laboratory, inclusion @ would homogen-
ize above the true trapping temperature T, inclusion b would homogenize above T,
and inclusion ¢ would homogenize between T; and T5. (Reproduced from E. Roedder,
in Geochemistry of Hydrothermal Ore Deposits, 2nd ed., copyright © 1979, Wiley Inter-
science, New York p. 903, with permission of the publisher.)



200 FLUID INCLUSION GEOTHERMOMETRY OF ORES

P eco
™ :.0.@
- e
'oo'.a“
sl
0 Bl e
(o e
L < %

N

fa) (b) (c) (d)

FIGURE 8.23 Healing of a crack in a quartz crystal, resulting in secondary in-
clusions. Solution of some of the curved surfaces having nonrational indices and
redeposition as dendrite crystal growth on others eventually result in the formation of
sharpy faceted negative crystal inclusions. If this process occurs with falling tempera-
ture, the individual inclusions will have a variety of gas-liquid ratios. (Reproduced
from E. Roedder in Ceochemistry of Hydrothermal Ore Deposits, 2nd ed., copyright ©
1979, Wiley Interscience, New York p. 702, with permission of the publisher.)

8.5.3 The Preparation of Samples and the Observation of
Fluid Inclusions

Fluid inclusions commonly go unnoticed, both because the observer is not
looking for'them and because conventional polished sections and thin sec-
tions are poorly suited for their observation. Fluid inclusions are best seen and
studied in small single crystals, cleavage fragments, or cut mineral plates that
are thick enough to contain the undamaged inclusion but thin enough to
readily transmit light, and that are doubly polished to minimize the inter-
ferences of surface imperfections and excessive diffuse light scattering; details
are described in Brumby and Shepherd (1978) and Roedder (1984) and a flow
chart of preparation steps is given in Figure 2.8. The ideal sample thickness
varies from one specimen to another, depending on the transparency, the
grain size, and the size of the inclusions; for most samples, 0.5-1.0 mm is quite
satisfactory. Some crystals or granular aggregates can be cut directly, but
many need support and are best cut after having been castin a polyester resin.
The polyester is readily dissolved in chloroform; thus, the sample plate can be
removed after cutting and polishing have been completed. The polyester
block with enclosed sample is cut into one or more 1.0-1.5 mm thick plates.
High-speed diamond saws may induce considerable fracturing in specimens
and should not be used to cut samples for fluid inclusion studies; slow-speed,
thin-blade diamond saws give clean cuts with minimal sample damage.
Polishing of the plates is often facilitated by bonding them to a supporting
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aluminum, brass, or glass disk with a low melting-point resin (such as Lakeside
Type 30C), or a soluble glue (such as super glue, soluble in acetone). After one
side is polished, the plate is released from the supporting metal disk, turned
over, and readhered so that the other side may be similarly polished. When
polishing is completed, the plate is released from the support disk, the polyes-
ter is removed, and the plate is ready for examination. It is important to
remember that these adhesives and their solvents may contain chemicals that
are flammable and that are harmful if inhaled. Hence, they should be used
with care and in a fume hood.

Fluid inclusions range in size from rare megascopically visible examples
that are greater than 1 cm in length to submicroscopic examples; most work
has, however, been carried out on those that range upward from 10 pm.
Inclusions of 10 um or larger are readily observed within small crystals,
cleavage fragments, or polished plates by examination using a standard mic-
roscope. Such specimens may be placed on a glass microscope slide and
viewed with transmitted light. Care must be taken, however, not to allow high-
magnification lenses, which have short free-working distances, to strike the
specimen. Since the depth of field is very limited on such lenses, it is easy for
the observer to strike the lens on the sample when adjusting focus to follow a
plane of inclusions into the sample. Lenses with long free-working distances,
such as those designed for use with the universal stage, are very useful and are
necessary when using heating and cooling stages. Because bubbles frequently
seem to be located in the least visible corner of an inclusion, auxiliary oblique
lighting systems are useful. In addition, a colored filter or a monochromatic
light source may prove to be useful in seeing the inclusions and daughter
phases.

Itis obviously important to study inclusions in samples that have been well
documented in terms of their mineralogy, location, and paragenesis; mea-
surements of freezing point depression and inclusion homogenization on
heating should be made on the same inclusions.

8.5.4 The Compositions of Fluid Inclusions

Fluid inclusions are extremely important in the study of ore deposits, because
they often represent unaltered, or at least minimally altered, samples of the
ore-forming fluid (see Roedder, 1990 for a review of techniques for fluid inclu-
sion analysis). Most workers do not have facilities to determine the actual
chemical composition of the inclusions that they observe, but they can deter-
mine the salinity of the trapped solution by measuring the freezing tempera-
ture, as described in Section 8.5.5.

The most comprehensive listing of compositional data for fluid inclusions
is that by Roedder (1972), but there now exist thousands of papers that contain
useful comparative data. By far the most abundant type of inclusion is that
which contains a low-viscosity liquid and a smaller-volume gas or vapor bub-
ble. The liquid is generally aqueous, has a pH within one unit of neutral. and
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contains a total salt concentration between 0 and 40 wt %. The salts consist of
major amounts of Na*, K*, Ca?*, Mg?*, Cl~, and SO42~, with minor amounts
of Li*, Al**, BO33~, HsSi04, HCO;_, and CO;2~. Na* and Cl~ are usually
dominant; carbon dioxide, in both liquid and gas form, and liquid hydrocar-
bons, are fairly common. Liquid hydrogen sulfide has also been observed, but
it is rare. Fluid carbon dioxide will never be observed above 31°C, its critical
point; hence, the fluid inclusion observer must be careful of sample heating by
thelightsource and even of working in a hot room. Daughter minerals, usually
cubes of halite (NaCl) or sylvite (KCl), form when nearly saturated fluids cool
from the initial temperature of entrapment. The presence of such crystals
obviously indicates that the fluid is salt saturated. Other crystals that are
observed in fluid inclusions but that are not simple precipitates of a super-
saturated solution include sulfides, quartz, anhydrite, calcite, hematite, and
gypsum. Such crystals probably either formed before the inclusion was finally
sealed, as a result of secondarily introduced fluids, or even through oxidation
resulting from hydrogen diffusion. For example, 2Fe2* (soln.) 3H,0 = Fe;0;
(hematite) + 4H* + H; (lost through diffusion).

The total NaCl-equivalent salinity of fluid inclusions can be determined by
the freezing-point depression method. In practice, this is achieved by freezing
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FIGURE 8.24 Isotherms along the vapor-saturated solubility surface within the ice-
stable region of the NaCl-KCI1-H,O system. The larger diagram, expressed in weight
percent NaCl and KCl, is an enlargement of the shaded portion of the smaller dia-
gram. Salinities measured by observation of ice melting are expressed as NaCl-
equivalent, and it is apparent that the presence of small amounts of KCI do not have
much effect on the NaCl-H,0 relationships. (Reproduced from Hall et al., 1988,
Econ. Geol. 83, 197 with permission.)
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the sample, then observing it through the microscope as it is warmed and
measuring the temperature at which the last ice melts. This temperature is
then used to read off the solution composition from a curve on adiagram, such
as Figure 8.24, or calculated from equations such as those prepared by Potter,
Clynne, and Brown (1978). The curves represent the freezing-point depression
of water as a function of salt content.

Fluid inclusions are cooled or heated by means of stages that mount on a
conventional microscope. Commercial designs such as the U.S.G.S. gas flow
stage, the Leitz 350, the R. Chaix M.E.C.A. orthe Linkham are in common use,
as are a wide variety of “homemade™ models. In all such fluid inclusion stages,
the samples are held and heated or cooled within a chamber that is equipped
with a viewing window. Roedder (1976) has pointed out that “the operation of
any heating stage must be done with care and constant consideration of the
possible sources of error, as it is surprisingly easy to get beautifully consistent,
reproducible, but incorrect numbers.” Accordingly, prior to use, the stage
should be carefully tested forthermal gradients and calibrated with standards.
The problems are especially acute in freezing-point determinations, because
an error of 1°C is equivalent to an error of about 1 wt % NaCl equivalent.

8.5.5 Fluid Inclusion Geothermometry

Fluid inclusion geothermometry, now recognized as one of the most accurate
and widely applicable techniques for determining the temperatures at which a
crystal formed or recrystallized, consists of determining the temperature at
which a heterogeneous fluid inclusion homogenizes. In practice, a sample is
heated while being viewed on a microscope stage until theliquid and a coexist-
ingbubble that occupy the inclusion at room temperature homogenize and fill
the inclusion as a single fluid. Filling is usually accomplished by disap-
pearance of the bubble, butit may also occur by conversion of the liquid phase
to vapor. The actual filling temperature is, in practice, often reproducible to
~1°C, but it represents a minimum value for the temperature of formation,
because, in general, an appropriate pressure correction is necessary. In low-
temperature deposits formed from dense, high-salinity fluids at shallow
depths (e.g, many Pb-Zn ores in carbonate rocks), corrections are usually
<25°C, but, in high-temperature ores formed from low-salinity fluids at
depths >10 km, corrections may exceed 300°C. The correction procedure is
illustrated in the temperature density diagram for H,O shown in Figure 8.25.
The heavy curve extending from G (gas) to L (liquid) represents the boundary
of the two-phase field for pure H,O and thus defines the filling temperatures
for H,O inclusions of various densities. Thus, an inclusion with a 70% fluid-
filling (density = 0.7 if pure H,0) would homogenize at 300°C (Ty, Py). If,
however, independent geologic information indicated that the actual pressure
at the time of trapping (P) was 1,600 bars, then the true trapping temperature
(T+t) was actually 470°C (i.e., the temperature at which the 0.7 density coor-
dinate cuts the 1,600 isobar). If the inclusion were found to contain a 20% NacCl
solution (density + 1.15 at 20°C) by a freezing-point determination, the pres-
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FIGURE 8.25 Temperature-density diagram for the system H,O, illustrating the
method of applying pressure corrections in fluid inclusion studies. The heavy solid line
is the boundary of the two-phase field for pure H,O and represents the homogeni-
zation temperature for inclusions filled with water. The light solid lines are isobars for
pure H,O. The heavy dashed line L illustrates the position of the two-phase field for
H,O with 20 wt % NaCl. and the dashed line labeled 1600’ represents the 1,600 atm
isobar for a 20 wt % NaCl solution. The pressure correction procedure is described in
the text.

sure correction would have to be made from another family of curves (exam-
ples of which are shown in the heavy dashed curves in Figure 8.25) rep-
resenting the two-phase boundary and isobars for a 20% NaCl solution. The
two-phase boundary for this liquid is shown by the heavy dashed curve (L").
The isobars for salt solutions are not well known, but the 1,600 isobar for a 20%
NaCl solution is shown schematically as the heavy dashed 1,600" curve.
Accordingly, the corrected trapping temperature (T't, P'r) of an inclusion that
homogenized at 300°C (T'y, P'y) and that contains a 20% NaCl solution is
450°C.

The data employed in making pressure corrections were originally derived
by Lemmlein and Klevstov (1961) and later summarized by Potter (1977).
Since halite solubility in water is temperature dependent, determination of the
temperature at which any daughter halite crystals dissolve establishes a mini-
mum for the initial temperature of trapping.

8.5.6 Applications of Fluid Inclusion Studies

Fluid inclusion geothermometry has been extensively employed in determin-
ing the temperatures of ore mineral formation. However, Roedder (1977, 1979,
1984) has pointed out that there are several other uses for fluid inclusion
studies, including mineral exploration and even the determination of geologic
age relations. For additional information on the examples noted in the follow-
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ing discussion, the reader is directed to Roedder’s papers and the references at
the end of this chapter.

The two most obvious applications of fluid inclusion studies are the deter-
mination of the temperature of ore formation or recrystallization and the
determination of the salinity of the fluid entrapped. The study of fluid in-
clusions in epigenetic ores often has revealed that the temperatures at which
the ores were emplaced were different from the temperatures recorded in fluid
inclusions in the enclosing host rocks. Furthermore, temperature variations
both temporal and spatial in origin have been observed within single ore
deposits (e.g., Creede, Colorado; Panasqueira, Portugal; Casapalca, Peru) and
even within different growth zones of single crystals. In such cases, the tem-
perature differences observed may be employed either to locate “blind” ore
bodies or to extend known ones. Variations within a mineralized zone may
also serve to define directions of ore fluid movement, to aid in the interpreta-
tion of paragenesis, and as records of the changing nature of the ore fluid as a
function of time. Since ore-forming brines are often more concentrated than
fluids not associated with ores, trends in salinity obtained from freezing-point
measurements may supplement temperature data in the exploration or exten-
sion of ore deposits.

In some districts, veins formed only during one episode, or of only one
affinity, carry mineralization, whereas other veins of identical gangue min-
eralogy are barren. In some instances (e.g., Sadonsk, Soviet Union; Cobalt,
Ontario), the fluid inclusion data are significantly different for the two types of
veins and thus can be used to aid in exploration. In structurally complex areas
cut by several generations of veins of similar mineralogy, fluid inclusion data
may help identify segments of individual veins and may aid in clarifying the
chronological relationships between veins. Similarly, the chronology of cross-
cutting veins of similar mineralogy may be clarified, because natural de-
crepitation (i.e., bursting due to heating) or halo effects may be observed in the
fluid inclusions of the older vein. In structurally complex areas, detailed sam-
pling may yield information that places constraints on the metamorphism
and even the history of uplift (Hall, Bodnar, and Craig (1991).

During weathering and erosion of ore deposits, resistant gangue minerals
such as quartz are preserved with fluid inclusions intact in the gossan, the
residual soils, in placer gold grains, and in other stream sediments derived
during erosion. The fluid inclusions in such quartz may be used as an aid in
deciphering the nature of the original deposit and even its location.

Clearly, the many potential uses of fluid inclusion studies will resultin their
increasing application to the study of ore deposits.
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