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ABSTRACT

The hydrothermal diamond-anvil cell (HDAC) was employed as a pressurized fluid
inclusion heating stage to determine temperatures of phase transitions in synthetic fluid
inclusions in quartz. Using this technique, the common problem of decrepitation or stretch-
ing of inclusions having high internal pressures was eliminated.

Homogenization temperatures of pure H,O synthetic inclusions determined in the HDAC
are inversely related to the confining pressure exerted on the sample, suggesting a decrease
in inclusion volume with increasing confining pressure. The very good reproducibility and
reversibility of these experiments indicate that volume changes during heating under con-
fining pressure in the HDAC are elastic in nature. However, results of microthermometric
experiments in the HDAC indicate that the change in homogenization temperature is sig-
nificantly larger than would be predicted by the equations of state for quartz and water.
This difference reflects an additional component of volume change related to stress within
the quartz host, causing displacement of the inclusion walls into the inclusion cavity, as
predicted by theoretical models describing the behavior of inclusions in minerals.

Liquid-vapor homogenization temperatures [Th(L-V)] and halite dissolution tempera-
tures (Tm halite) were determined for synthetic fluid inclusions in the ternary H,O-NaCl-
CO,. The measured homogenization temperatures were regressed as a function of confining
pressure at Th(L-V). The intersection of the Th(L-V)-confining pressure curve with an
independently obtained P-T curve for the solvus of the same ternary composition provides
the “correct” homogenization temperature, that is, the homogenization temperature cor-
responding to a confining pressure equal to the pressure on the solvus at that same tem-
perature. This method for determining corrected Th(L-V) is based on the assumption that
the effect of elastic stress on Th(L-V) approaches zero as the confining pressure approaches
the internal pressure in the inclusion at homogenization. The Th(L-V) values at these
intersection points were used to calculate lines of constant homogenization temperature
(iso-Th lines). For a composition of H,O + 40 wt% NaCl + 10 mol% CO,, the iso-Th
slopes decrease from about 53 bar/°C at Th(L-V) = 500 °C to 8.5 bar/°C for Th(L-V) =
650 °C. The halite dissolution temperature (in the presence of liquid and vapor) averages
342 °C (range *6 °C) without recognizable pressure dependence. The slopes of iso-Th
lines for a composition of H,O + 20 wt% NaCl + 20 mol% CO, decrease from approx-
imately 23 bar/°C at Th(L-V) = 475 °C to 6 bar/°C for Th(L-V) = 600 °C.

Using the HDAC technique, the high-pressure portion of the halite liquidus was redeter-
mined for an H,0-NaCl solution containing 40 wt% NaCl. These new measurements confirm
the data of Bodnar (1994), which were obtained using a gas-flow heating stage at 1 atm
confining pressure. This indicates that Bodnar’s (1994) observation of an essentially pressure
independent liquidus at pressures =2 kbar is real and not a result of inclusion stretching.

INTRODUCTION ing pressure. For inclusions that have relatively low in-

Typically, fluid inclusion homogenization temperatures ~ ternal pressures at homogenization, homogenization tem-
are measured in a heating-cooling stage at 1 atm confin- peratures obtained in this manner are accurate and
reproducible and can be used to determine fluid inclusion

" * E-mail: bubbles@vt.edu isochores and, consequently, the conditions of trapping
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(Roedder 1984). However, if the fluid inclusion generates
a high internal pressure during heating to homogeniza-
tion, measured homogenization temperatures may be in-
correct because of both inelastic and elastic volume
changes during heating. For most natural inclusions, er-
rors in isochore location resulting from elastic volume
changes are small compared to errors resulting from in-
completely known inclusion compositions and can be ig-
nored. For synthetic fluid inclusion studies in which com-
position and trapping conditions are well known, errors
in isochore locations resulting from elastic volume
changes can be minimized by using equations of state for
the host phase to correct for these volume changes (cf.
Bodnar and Sterner 1985; Sterner and Bodnar 1991). In-
elastic volume changes, on the other hand, can be very
large and lead to significant errors in interpretation of
microthermometric data (cf. Larson et al. 1973). In some
cases, the inclusion may stretch, leak, or decrepitate be-
fore the homogenization temperature is reached. Irrevers-
ible volume changes have long been recognized as one
of the main problems in microthermometry and have
been studied experimentally by numerous workers (e.g.,
Tugarinov and Naumov 1970; Bodnar and Bethke 1984,
Bodnar et al. 1989; Sterner and Bodnar 1989). Bodnar
and Bethke (1984) define the various terms used to de-
scribe both elastic and non-elastic inclusion volume
changes. They defined stretching as a non-elastic volume
change that does not include loss of any contents from
the inclusions and is accommodated by plastic deforma-
tion of the host surrounding the inclusion. More recently,
Vityk and Bodnar (1997) have modified this definition
based on TEM studies of quartz surrounding stretched
inclusions. The modified definition acknowledges the fact
that small, undetectable amounts of water are lost from
the inclusion by diffusion along dislocations during
stretching, and this water in turn promotes plastic defor-
mation of the surrounding quartz. Decrepitation describes
the process whereby fluid inclusions lose all fluid instan-
taneously along fractures in the surrounding host. Leak-
age is a form of re-equilibration in which small but mea-
surable amounts of the inclusion contents are lost (e.g.,
by diffusion or by fracturing of the inclusion walls).
Internal pressures sufficiently high to cause stretching,
leakage, or decrepitation of fluid inclusions can be gen-
erated in various ways. High internal pressures are most
commonly a problem in volatile-rich aqueous inclusions,
particularly those that also have moderate to high salini-
ties and high densities. This is due to (1) the steep iso-
choric P-T path that the inclusions follow as they are
heated through the liquid + vapor = solid region from
ambient temperatures and (2) the high solvus (vapor)
pressures for these compositions and densities. However,
high internal pressures also can be generated by volatile-
free inclusions if they are overheated or if the homoge-
nization temperatures are sufficiently high. For example,
a pure H,0-NaCl inclusion containing 50 wt% NaCl that
homogenizes at 700 °C would have an internal pressure
of about 1 kbar at homogenization (Bodnar et al. 1985).
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It should be noted at this point that use of the units weight
percent (wt%) and mole percent (mol%) in this study al-
ways refers to the concentration of a component relative
to water, e.g., SO wt% NaCl = [(50 g NaCl)/(50 g NaCl
+ 50 g water)]-100. Thus, compositions given for ternary
mixtures of H,O-NaCl-CO, described below do not refer
to the NaCl or CO, bulk concentration.

As a result of irreversible volume changes that occur
in response to high internal pressures generated during
heating, studies of natural fluid inclusions from many hy-
drothermal, igneous, and medium- to high-grade meta-
morphic environments have been hampered (Vityk and
Bodnar 1995; Vityk et al. 1994, 1995). Similarly, deter-
minations of isochores and phase equilibria using syn-
thetic fluid inclusions in quartz are generally limited to
densities and compositions where the vapor pressure at
homogenization is <2 kbar. This pressure is approxi-
mately the internal pressure required to initiate non-elas-
tic deformation of aqueous inclusions 5 pm in diameter
in quartz during heating at 1 atm confining pressure (Bod-
nar et al. 1989). Smaller inclusions can withstand signif-
icantly larger internal pressures, but visual observation of
phase transitions in such small inclusions is often difficult
or impossible. Additionally, interpretations of phase tran-
sitions observed in small inclusions with high internal
pressures may have large uncertainties if the phase tran-
sition has a large pressure dependence (Sterner and Bod-
nar 1991; Bodnar 1994).

Poland (1982) reported that when fluorite was over-
heated under a confining pressure in a cold-seal pressure
vessel, initiation of stretching of fluid inclusions occurred
at higher temperatures (compared to overheating at 1
atm). Later, Dahan et al. (1986) described a pressurized
heating stage that permitted microscopic determination of
phase transition temperatures at confining pressures up to
1 kbar. They reported that when natural fluid inclusions
in fluorite were overheated under different confining pres-
sures, the amount of overheating required to initiate
stretching increased as the confining pressure increased.
Furthermore, these workers noted a slight inverse corre-
lation between homogenization temperature and confining
pressure for unstretched aqueous inclusions in fluorite,
although the magnitude of this effect was very close to
the experimental error of the temperature measurements.
These workers were unable to interpret these observations
in terms of the relationship between confining pressure
and density (or volume) change because they did not
know the composition of the inclusions and, thus, did not
know the P-V-T behavior of the inclusion fluid.

The results of these early studies suggested that if a
high hydrostatic confining pressure could be applied to
the sample during heating, stretching, or decrepitation of
inclusions with high internal pressures could be elimi-
nated or at least minimized. Recently, Bassett et al.
(1993) described a hydrothermal diamond-anvil cell
(HDAC), which could be used to generate hydrostatic
pressures up to 25 kbar. This cell was designed to be used
on a petrographic microscope so that the pressurized sam-
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ple chamber could be observed at high magnification dur-
ing heating. The feasibility of using the HDAC in fluid
inclusion research was first evaluated by measuring ha-
lite-dissolution temperatures of 40 wt% NaCl synthetic
fluid inclusions in quartz (J. Mavrogenes, R. Bodnar, and
I-Ming Chou, 1993, unpublished data), and the method-
ology was described by Chou et al. (1994). In this paper,
we present the results of the first successful application
of the HDAC to obtain accurate microthermometric data
from fluid inclusions that develop high internal pressures
during heating to homogenization. Furthermore, we quan-
titatively evaluate the effect of elastic volume changes
that occur during measurements at high confining
pressures.

METHODS
Fluid inclusion synthesis

All fluid inclusions examined in this study were syn-
thetic inclusions in natural quartz. Fluid inclusion synthe-
sis followed the procedure described in detail by Bodnar
and Sterner (1987) and Sterner and Bodnar (1991). Syn-
thetic fluid inclusions selected for this study consisted of
the following compositions within the ternary system wa-
ter-sodium chloride-carbon dioxide:
¢} X(HZO) =1
(2) Xy = 0.8295, X ey = 0.1705

(40 wt% NaCl relative to water);

3) Xy = 07595, X ey = 0.1561,
Xco, = 0.0844
(40 wt% NaCl and 10 mol% CO,, both relative
to water);
4) Xy = 0.7535, X ey = 0.0581,
Xco, = 0.1884

(20 wt% NaCl and 20 mol% CQO,, both relative
to water).

Samples containing pure water and H,0-NaCl-CO, in-
clusions (compositions 1, 3, and 4) were synthesized as
part of a more extensive study of phase equilibria and
volumetric properties in this ternary system (Schmidt et
al. 1995; Schmidt 1997). Fluid inclusions of composition
2 were synthesized for an earlier study of the halite li-
quidus and isochores of H,O + 40 wt% NaCl (Bodnar
1994).

Platinum capsules were loaded with a prefractured
quartz core, along with H,O, silver oxalate (as a source
of CO,), and halite or an aqueous sodium chloride stan-
dard solution, to give the desired fluid composition. The
sealed capsules were placed in cold-seal pressure vessels
and run for a few days to four weeks at the P and T of
interest (2—-6 kbar and 400-700 °C). During that time,
fluid inclusions were trapped by healing fractures in the
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quartz or by precipitating quartz as an overgrowth on the
core. After experiment completion, the pressure vessels
were cooled approximately isochorically. The quartz
cores were then removed from the capsules and cut into
disks =1 mm thick, which were polished on both sides
and examined petrographically.

Microthermometric measurements

One part of each sample was used for conventional
microthermometry on a Fluid Inc. adapted USGS gas-
flow heating-freezing stage (Werre et al. 1979), where the
sample is at atmospheric confining pressure. The ther-
mocouple of that stage was calibrated against the CO,
triple point (—56.6 °C), and the triple point (0.0 °C) and
critical point of water (374.1 °C) using synthetic fluid
inclusion standards (Sterner and Bodnar 1984). The ac-
curacy of these temperature measurements ranges from
about +0.2 °C at —60 °C, to approximately =0.1 °C for
temperatures between —20 and +30 °C, to better than =2
°C for temperatures between 100 and 400 °C. The 1 atm
microthermometric analyses were undertaken to verify
the inclusion composition and to test for homogeneity of
the samples, based on the consistency of appropriate
phase changes, using criteria described by Sterner and
Bodnar (1984), Bodnar et al. (1985), Bodnar and Sterner
(1987), and Schmidt (1997). Measurements using the gas-
flow stage also provided an approximation of the maxi-
mum temperature that fluid inclusions of a given com-
position, density, and size could be heated to 1 atm before
they began to stretch or decrepitate.

Some of the remaining fluid inclusion disks were
thinned to =100-200 wum, placed under a drop of water
or alcohol, and broken into small pieces using a diamond-
tip cutter. Fragments having diameters =450 um (or
=700 pm, depending on which gasket size was used in
the HDAC), which contained fluid inclusions of at least
20 wm with optically discernible phases inside them, were
selected for HDAC analyses. The minimum inclusion size
was constrained by the fact that the highest magnification
objective that could be used with the HDAC in this study
was 32X, and phase transitions in inclusions smaller than
about 20 wm could not be determined with sufficient ac-
curacy at this magnification.

A HDAC, designed and constructed by Bassett et al.
(1993), was used for all heating experiments above 1 atm
confining pressure. Figure 1 shows a schematic diagram
of the sample chamber and heating elements of the
HDAC. The core of the cell consists of upper and lower
diamond anvils mounted on tungsten carbide seats, mo-
lybdenum heating coils wrapped around the tungsten car-
bide seats, and individual chromel-alumel thermocouples
in contact with both the upper and lower diamonds. The
heater wires are embedded in ceramic cement that is also
used to mount the diamond anvils on the tungsten carbide
seats. The thermocouples were calibrated against the 1
atm melting points of azobenzene (68 °C), sodium nitrate
(306.8 °C), and sodium chloride (801 °C). A potentiom-
eter is used to control the power supplied to the heating
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Ficure 1. Schematic diagram showing the hydrothermal di-
amond-anvil cell design of Bassett et al. (1993). Adapted from
Chou et al. (1994).

coils so that upper and lower thermocouples read the
same temperature, thus minimizing vertical thermal gra-
dients. Due to the very small diameter of the sample
chamber (=0.5 mm) and the high heat conductivity of
diamond, horizontal temperature gradients are low even
at high temperatures. A difference of only one degree was
measured for the melting point of halite (801 °C) from
the margin to the center of the chamber. The agreement
between homogenization temperatures of pure H,O fluid
inclusion standards measured at 1 atm in the HDAC and
in a gas-flow heating stage was generally within +1 °C.
Based on the estimate of Shen et al. (1993), temperatures
in the HDAC are accurate to =2 °C.

The anvils, gasket, seats, thermocouples, and molyb-
denum heating wires of the HDAC (shown in Fig. 1) are
enclosed in a stainless steel cylinder. During heating ex-
periments, flow of an argon-1% hydrogen mixture into
the cylinder enclosing the cell prevents oxidation of di-
amonds and metallic parts. The tungsten carbide seats,
along with ceramic heat barriers and mechanisms for an-
vil alignment, are mounted on an upper and a lower plat-
en that are connected by three posts. Pressure can be ap-
plied to the anvils by tightening nuts on the threaded parts
of the posts.

The diamond-anvil faces are separated by a rhenium
or steel gasket. The sample chamber consists of a circular
hole (diameter 500—800 pm) in the gasket that has an
uncompressed thickness between 125 and 380 um (250
pum for most experiments). A seal is produced by com-
pressing the gasket between the two diamond-anvil faces.
Steel gaskets were used for experiments at lower pres-
sures and temperatures ( <5 kbar and 500 °C). Rhenium
was the preferred gasket material for higher pressure ex-
periments because of its better mechanical strength. Ini-
tial experiments were conducted using a HDAC having
anvil faces of =1 mm in diameter, which limited the di-
ameter of the sample chamber to <500 pm. This neces-
sitated the use of quartz platelets <300-400 pm in lon-
gest dimension, and preparation and loading of such small
samples proved to be tedious and time consuming. To

SCHMIDT ET AL.: FLUID INCLUSIONS IN THE DIAMOND-ANVIL CELL

Figure 2. Plan view of the sample chamber viewed through
the hole in the rhenium gasket at room temperature. The chamber
contains water, an air bubble (A), and a doubly polished quartz
platelet (B) containing HO + 40 wt% NaCl + 10 mol% CO,
synthetic inclusions (C). The inset in the lower left shows the
sample chamber at lower magnification. The sample chamber
diameter is =500 pm. (D) rhenium gasket.

facilitate the sample loading process, diamonds with a
larger anvil face diameter (1.6 mm) were used in a later
version of the cell, which increased the sample chamber
diameter to =800 wm. Experiments using the HDAC with
larger anvil faces were successful, but resulted in a higher
pressure on the back side of the anvils. This caused in-
creased wear on the tungsten carbide seats and frequent
brittle failure of the ceramic heat barriers, which are lo-
cated on the back side of the tungsten carbide seats. The
hydrothermal diamond-anvil cell was mounted on a mi-
croscope stage equipped with video equipment to record
phase transitions observed in the sample chamber.

In this study, the chamber of the HDAC was first load-
ed with a polished 100-200 pm thick quartz chip con-
taining fluid inclusions (Fig. 2). Transfer of the quartz
chip into the chamber was achieved by sticking a sharp-
ened needle into “Playdough” and wiping the excess
from the needle. The needle was then touched to the chip,
which would adhere to the needle, and the chip was trans-
ferred into the chamber. A small amount of H,O that
served as the pressure medium was then loaded using a
5 pL syringe. The amount of H,O added was less than
that needed to fill the chamber, resulting in an air bubble
in the chamber when it was first sealed at room temper-
ature (Fig. 2).

During microthermometric analysis of fluid inclusions
in the HDAGC, it is necessary to control the external (con-
fining) pressure in the cell and to know the pressure at
any point along the heating path. The pressure must be
known because the measured homogenization tempera-
ture of a fluid inclusion in the HDAC is dependent on the
confining pressure, as described below. Additionally, pre-
vious studies have shown that the internal overpressure
required to initiate non-elastic deformation of an inclu-
sion depends on the inclusion size (Bodnar et al. 1989).
Therefore, care was taken at all times to maintain the
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pressure in the sample chamber such that the internal
pressure in the inclusion never exceeded the confining
pressure in the sample chamber by more than the amount
needed to initiate non-elastic deformation. This pressure
difference was estimated from the inclusion size using
Equation 2 from Bodnar et al. (1989). All of the inclu-
sions studied here were smaller than 100 pm in longest
dimension (average ~30 pm). The inclusion overpressure
needed to stretch or decrepitate inclusions 100 pm in di-
ameter is =600 bars, and is =1 kbar for an inclusion 30
pm in diameter (Bodnar et al. 1989). The pressure in the
cell is determined from the density (isochore) of the pres-
sure medium (H,O), and this value in turn can be con-
trolled by adjusting the degree of fill (water/air bubble
ratio) of the sample chamber at room temperature.

Figure 3 shows a schematic P-T path followed by an
H,0-NaCl-CO, inclusion during heating from room tem-
perature to some temperature above the temperature of
homogenization of the fluid inclusion. Assuming a con-
stant inclusion volume as a first approximation, this path
is defined by the isochore corresponding to the inclusion
bulk density. The inclusion homogenizes when this is-
ochore intersects the solvus (heavy solid line; Fig. 3). At
the inclusion homogenization temperature [Th(L-V) H,O-
NaCl-CO,; Fig. 3], the pressure in the inclusion is equal
to the pressure on the H,0-NaCl-CO, solvus. With con-
tinued heating, the inclusion will follow the isochore into
the one-phase field and through the formation conditions
(Tf = formation temperature; Pf = formation pressure)
of the inclusion. It should be kept in mind that the actual
P-T path of the inclusion is slightly nonisochoric. This is
due to the compressibility and thermal expansion of the
host material, the finite and variable solubility of the
quartz host in the inclusion fluid, and elastic volume
changes related to the anisotropic behavior of quartz un-
der stress (Zhang 1997, 1998).

The P-T path of the pressure medium (H,O) in the
HDAC is determined by the liquid-vapor curve of pure
H,O (heavy dashed line; Fig. 3) as it is heated from room
temperature to the temperature at which the vapor (“air’)
bubble in the sample chamber dissolves. By adjusting the
air/water ratio in the cell at room temperature, the tem-
perature at which the water completely fills the cell
[Th(L-V) H,0; Fig. 3] can be controlled. With continued
heating above that temperature, the P-T path of the pres-
sure medium follows the isochore (thin dashed line; Fig.
3) corresponding to the H,O liquid-vapor homogenization
temperature [Th(L-V) H,O]. Thus, the confining pressure
on the sample at any temperature of interest can be cal-
culated from the P-V-T properties of H,O. However, is-
ochoric behavior of the pressure medium can be assumed
only if the volume of the sample chamber remains con-
stant and the solubilities of gasket material and inclusion
host mineral in water are insignificant.

In this study, the sample chamber pressure was deter-
mined by measuring the homogenization temperature of
the water in the HDAC (that is, the temperature at which
the ““air” bubble disappeared) both before and after the
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FiGure 3. Schematic pressure-temperature diagram showing
the P-T paths followed by the water pressure medium and by an
H,0-NaCl-CO, synthetic fluid inclusion in the HDAC. Thin solid
line = P-T path (isochore) of the inclusion; Th(L-V)y o ncico, =
homogenization temperature of the inclusion; heavy solid line =
H,0-NaCl-CQ, solvus corresponding to the inclusion composi-
tion; Ly, = liquid water; Vi, = water vapor; L+V, g cico, =
coexisting liquid and vapor in the H,0-NaCl-CO, ternary;
Lo nacico, = homogeneous liquid in the H,O-NaCl-CO, ternary;
Tf = inclusion formation temperature; Pf = inclusion formation
pressure; heavy dashed line = liquid-vapor curve of pure waler;
Th(L-V) H,0 = water liquid-vapor homogenization temperature
= disappearance temperature of the air bubble in the sample
chamber); thin dashed line = the P-T path of the pressure me-
dium (isochore corresponding to Th(L-V) H,0); AP(c-i) = dif-
ference between confining pressure on the sample and internal
pressure in the inclusion. See text for details.

heating experiment. Owing to the high pressures and tem-
peratures generated during the experiments, stretching
and expansion of the gasket sometimes occurred, produc-
ing a substantial change in sample chamber volume. This
problem was particularly evident when steel gaskets were
used. When these gaskets are heated to temperatures
=500 °C, the gasket was observed to creep inward during
heating, resulting in a noticeably smaller sample chamber
diameter at high temperature compared to room temper-
ature. Upon cooling, the diameter appeared to remain the
same as it was at high temperature. This is consistent with
the results of a laser interferometric study of the a-B
quartz transition up to 850 °C and 11 kbar in a diamond-
anvil cell, using somewhat smaller rhenijum gaskets than
those utilized here (Shen et al. 1993). Only a very small
change in pressure medium density occurred upon cool-
ing from the quartz transition temperature to room tem-
perature in that study. In the present study, if the homog-
enization temperature of the pressure medium in the cell
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was the same after heating to high temperatures as it was
before being heated, an isochoric heating path was as-
sumed and the external pressure at the phase transition
temperature of the fluid inclusion was calculated using
the equation of state for pure H,O from Haar et al. (1984).
If the P-T path of the pressure medium drifted signifi-
cantly toward another isochore during heating, the heat-
ing experiment was repeated several times at a lower H,0O
density until no change in the homogenization tempera-
ture was observed. A lower H,O density was achieved by
cooling the HDAC to ambient temperature, loosening the
nuts that push the diamond anvils together, and slowly
leaking some H,O out of the chamber.

By selecting the appropriate filling temperature, the
H,O P-T path will pass through the P and T of homog-
enization of the inclusion being measured. Thus, the con-
fining pressure in the cell at the fluid inclusion homoge-
nization temperature will be identical to the pressure in
the inclusion at that temperature. The significance of this
experimental condition will be discussed in a following
section of this paper. In practice, it is too tedious and time
consuming to adjust the pressure medium density accu-
rately to a particular value. A less time-consuming pro-
cedure is to measure Th(L-V) of the inclusion at several
different confining pressures and then to calculate which
Th(L-V) corresponds to the solvus pressure, as described
below.

RESULTS AND DISCUSSION

Synthetic fluid inclusions having four different bulk
compositions were studied: (1) Pure water inclusions
were used to obtain information on the effect of confining
pressure on measured inclusion phase transition temper-
atures. (2) H,O + 40 wt% NaCl + 10 mol% CO, and
H,0 + 20 wt% NaCl + 20 mol% CO, inclusions were
examined as part of a more extensive study of phase equi-
libria and volumetric properties in this ternary system
(Schmidt et al. 1995; Schmidt and Bodnar, in prepara-
tion). (3) H,O + 40 wt% NaCl inclusions were examined
to determine halite liquidus temperatures at high pres-
sures. These experiments were carried out to test the hy-
pothesis that the apparent curvature of the liquidus at
pressures above =2 kbar observed in an earlier study was
due to stretching of the inclusions.

Pure H,O inclusions

The first issue that we had to address was the effect of
confining pressure on the measured homogenization tem-
perature of a fluid inclusion. This was accomplished by
selecting a pure H,O synthetic fluid inclusion with a
known homogenization temperature in a 1 atm stage. The
homogenization temperature of this same inclusion was
then measured in the HDAC at different confining pres-
sures. A pure H,O inclusion in quartz is ideal for this test
because the P-V-T properties of H,O and quartz, and the
solubility of quartz in H,O, are well known over the P-T
range of the experiment. This allowed us to interpret the
changing homogenization temperature in terms of a vol-
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ume change of the fluid inclusion as a function of con-
fining pressure.

The sample containing pure H,O inclusions was syn-
thesized at 500 °C and 4 kbar. The molar volume of pure
H,O at the formation conditions is 21.693 cm*/mol. If the
inclusion path from formation conditions to homogeni-
zation conditions (and vice versa) is completely isochoric,
an inclusion formed at 500 °C and 4 kbar would homog-
enize on the liquid-vapor curve at 227.6 °C and have an
internal pressure of 26.8 bars (Haar et al. 1984). However,
the average measured homogenization temperature of the
inclusions formed at 500 °C and 4 kbar was 222 + 1 °C
(obtained using a gas-flow heating stage at 1 atm confin-
ing pressure). At that temperature and the corresponding
liquid-vapor curve pressure of 24.1 bar, the molar volume
of H,0 is 21.504 cm*mol (Haar et al. 1984). The differ-
ence between the observed and measured homogenization
temperatures can be accounted for by considering the
change in the volume of the quartz host during heating
and cooling. The molar volume of the host mineral quartz
decreases by 0.233% over the P-T range from 500 °C and
4 kbar to 222 °C, 24.1 bar. The molar volume of H,O,
corrected to account for this combined volume change of
quartz from thermal expansion and compressibility, is
21.554 em/mol, which corresponds to a temperature on
the H,O liquid-vapor curve of 223.5 °C (Haar et al. 1984).
This value is in good agreement with the measured ho-
mogenization temperature of 222 * 1 °C and suggests
that most of the difference between the predicted (com-
pletely) isochoric homogenization temperature and the
observed homogenization temperature is accounted for by
thermal expansion and compressibility of quartz. The
H,O isochore corresponding to this corrected homogeni-
zation temperature (223.5 °C) intersects the formation
temperature (500 °C) at 4048 bars, and intersects the for-
mation pressure (4 kbar) at 497 °C. That is, if the for-
mation temperature has no error, the observed difference
is accounted for by a pressure error of 48 bars. Similarly,
if the formation pressure has no error, the observed dif-
ference is accounted for by a formation temperature error
of —3 °C. These small deviations are well within the
range of experimental errors in formation temperatures
and pressures for experiments conducted in cold-seal
pressure vessels (typically +5 °C and *50 bars). This
observation is also consistent with previous synthetic flu-
id inclusion studies (Bodnar and Sterner 1985; Sterner
and Bodnar 1991), which indicate that the effect of quartz
solubility (Fournier and Potter 1982) on H,O isochores is
small at P-T conditions ranging from 1-6 kbar and 300—
700 °C, and can be ignored when correcting synthetic
fluid inclusion volumes or densities.

As expected, the homogenization temperature was
found to be inversely related to the pressure exerted on
the quartz platelet hosting the inclusion (Fig. 4), owing
to the compression of the quartz host and the concomitant
decrease in the inclusion volume. The magnitude of the
homogenization temperature shift of the pure H,O fluid
inclusion shown in Figure 4 is much larger than the un-
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Ficure 4. Homogenization temperature [Th(L-V—L)] of the
same pure H,O inclusion as a function of external hydrostatic
pressure on the host. The solid line was obtained by linear re-
gression of the data measured using a hydrothermal diamond-
anvil cell (filled circles). Error bars along the x axis express the
uncertainty in measuring the homogenization temperature of the
inclusion. The error in external pressure was calculated from the
uncertainty and observed range of pressure medium homogeni-
zation temperatures. The dashed line shows the calculated shift
in Th(L-V—L) assuming that the change in fluid inclusion vol-
ume is only related to the change in molar volume of the quartz
with pressure and temperature. The equations of state for quartz
(Hosieni et al. 1985) and for H,O (Haar et al. 1984) were used
to calculate the location of the dashed line. The homogenization
temperature measured using a conventional gas-flow heating
stage (open square) is in very good agreement with the HDAC
datum point at 1 atm confining pressure (solid circle at P = 0).

certainty of the temperature measurements (+1.5 °C) and
therefore cannot be attributed to temperature measure-
ment errors. Likewise, other possible contributions to the
observed Th(L-V) shift, such as H,O diffusion into quartz
or dissolution and precipitation of host material in the
fluid inclusion H,O, are insignificant at these relatively
low temperatures. For example, the difference in quartz
solubility in H,O along the three phase curve H,O (va-
por)-H,O (liquid)-quartz is only about 46 ppm SiO, be-
tween 223 and 210 °C (Rimstidt 1997), and cannot be the
cause of the observed Th(L-V) shift.

The shift in Th(L-V—L) with confining pressure is re-
versible and reproducible. Experiments at various confin-
ing pressures were repeated three times using the same
inclusion. In every case, the homogenization tempera-
tures (at about the same confining pressures) showed no
deviation in excess of the experimental error of the tem-
perature measurements (Fig. 4). The 1 atm homogeniza-
tion temperature of the pure H,O inclusion was deter-
mined in the HDAC (using an air-filled gasket) before
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and after the heating experiments at higher confining
pressures to check the reproducibility of our data. The
sample containing the inclusion was subjected to confin-
ing pressures up to about 3 kbar and temperatures of ap-
proximately 220 °C for 2-3 hours. No change in the 1
atm homogenization temperature of the pure H,O inclu-
sion was detected after completion of the expertments at
elevated pressures in the HDAC, suggesting that non-
elastic volume changes are not associated with the ob-
served homogenization temperature changes.

The homogenization temperature of an inclusion con-
taining pure H,O is very sensitive to small changes in
molar volume. At the temperatures of these experiments,
the change in the molar volume of H,O along the liquid-
vapor curve is about 0.03 cm*mol-°C (Haar et al. 1984).
Thus, even a small amount of plastic deformation without
optically noticeable movement of the inclusion walls or
change in vapor bubble diameter should be reflected by
a recognizable difference in measured Th(L-V—L). For
example, a volume decrease of only 0.7% at 223 °C
would change the homogenization temperature to 218 °C.
Non-elastic volume changes, as might be manifest as
measurable homogenization temperature changes, were
not observed. This lack of a temperature change is prob-
ably due to the relatively low temperatures of the exper-
iments and the duration of loading (less than a few hours),
which was too short to trigger movement along disloca-
tions on inclusion walls (Poirier 1985; Vityk et al. 1994).
The small difference of about 1 °C between the 1 atm
homogenization temperature measured in a gas-flow stage
and that measured in the HDAC is within the attainable
accuracy of temperature measurements using these heat-
ing stages and should not be attributed to stretching.
Based on the reproducibility of the measured Th(L-
VL), there is no evidence for non-elastic volume
changes, and our interpretation of the homogenization
temperature data assumes only elastic behavior of the in-
clusion-host system during analysis in the HDAC.

The results of experiments on synthetic pure H,O in-
clusions in the HDAC indicate that the inclusion density
changes by an amount greater than would be predicted
by the volume change of the quartz host resulting from
thermal expansion and compressibility alone. The dashed
and solid lines in Figure 4 compare the predicted and
observed inclusion density, expressed as the shift in
Th(L-V) with external pressure. Assuming hydrostatic
pressure on the quartz platelet, the volume change of
quartz over the range from 222.9 °C, 1 bar to 210 °C,
2535 bars is —0.8% (Hosieni et al. 1985). The pressure
of 2535 bars represents the confining pressure on the
sample at 210 °C based on a linear regression of the ex-
perimental data plotted in Figure 4.

The volume change of the inclusion with confining
pressure is easily calculated from the measured homog-
enization temperature and P-V-T properties of H,O. The
internal pressure and the molar volume of the inclusion
at homogenization are fixed for a given temperature on
the liquid-vapor curve of H,0. Based on the equation of
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Haar et al. (1984), the pressure in the inclusion decreases
from 24.5 bar for Th(L-V) = 2229 °C to 19.1 bar at
Th(L-V) = 210 °C. Over that P-T interval, the molar
volume of the inclusion decreases by 1.9%, which is more
than twice the volume change predicted over the same P-
T interval from the equation of state of quartz. The con-
siderable anisotropy of quartz compressibility (Angel et
al. 1997) and thermal expansion cannot explain why the
observed shift in inclusion density with confining pres-
sure is greater than predicted. This is because the change
in inclusion volume does not depend on its shape or crys-
tallographic orientation because the volume change of a
given number of quartz unit cells is the same regardless
of whether these unit cells are stacked along the a axis
or the ¢ axis.

One possible explanation for this anomalous behavior
is that the stress distribution in the host mineral around
an inclusion must be taken into account if host and in-
clusion are at different average pressures (Zhang 1997).
Calculations show that “‘for spherical concentric inclusion
and host that are isotropic, the inclusion is always under
uniform hydrostatic pressure, whereas the host can be un-
der substantial deviatoric stress and variable average pres-
sure”” (Zhang 1997). Even at elastic equilibrium between
host and fluid inclusion, stress effects will cause displace-
ments of the inclusion walls into the inclusion cavity with
increasing confining pressure. This inclusion volume de-
crease is in addition to the displacement of the inclusion
walls due to the compressibility of quartz. If elastic an-
isotropy of the host is taken into consideration, the cal-
culated volume of a spherical pure H,O inclusion in
quartz decreases by 1.8% over the same temperature in-
terval and corresponding internal and confining pressures,
as given in the preceding paragraph (Zhang 1998). This
value is in good agreement with the observed —1.9% vol-
ume change. The pure H,O inclusion used in this study
was fairly equant and ~30 pum in diameter. The volume
change of an inclusion with confining pressure should
also be slightly dependent on inclusion size (Zhang
1998). We were not able to verify this dependence ex-
perimentally because the range in the size of the inclu-
sions used for measurements in the HDAC was relatively
small (=20-100 wm).

Interpretation of thermometric data obtained at a
confining pressure >1 atm

Considerable shifts in homogenization temperature
with external pressure were not only observed for pure
H.O inclusions but also for other fluid inclusion compo-
sitions (H,O + 40 wt% NaCl, H,O + 40 wt% NaCl +
10 mol% CO,, H,0 + 20 wt% NaCl + 20 mol% CO,).
The largest shift measured in this study was about 11 °C/
kbar external pressure. Figure 5 shows the effect of the
homogenization temperature shift (ATh) with external
pressure on the calculated inclusion trapping conditions.
The homogenization temperature obtained at 1 atm ex-
ternal pressure can differ by several tens of degrees from
the homogenization temperature measured at high exter-
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FiGure 5. Schematic P-T diagram showing the geobarome-
tric consequences of the homogenization temperature shift (ATh)
with external pressure. The isochore of a fluid inclusion can be
determined from its homogenization temperature and bulk com-
position. The possible P-T conditions of inclusion entrapment are
located along the isochore. Therefore, the formation pressure can
be calculated if the formation temperature is known indepen-
dently. The homogenization temperature obtained at 1 atm ex-
ternal pressure using a gas-flow heating stage (GFHS) can differ
by several tens of degrees from the homogenization temperature
measured at high external pressure using a HDAC. A relatively
small ATh error may result in a large error in the calculated
formation pressure (APf).

nal confining pressure in the HDAC. Moreover, isochore
slopes can change considerably with relatively small
changes in homogenization temperature. Therefore, a
shift in homogenization temperature (ATh) of several tens
of degrees may result in a relatively large error (APf) in
the calculated formation pressure when the isochore is
extrapolated to a known formation temperature (Fig. 5).

Which homogenization temperature, then, is the correct
one to use in fluid inclusion studies conducted in a
HDAC? As discussed in the preceding section, homoge-
nization temperatures are a function of confining pressure
during the measurements. Moreover, the magnitude of
elastic volume changes related to stress on the inclusion
walls increases as the difference between confining and
internal pressure [AP(c-i)] increases (Zhang 1997). The
volume change experienced by a fluid inclusion as it
cools from trapping conditions to ambient temperature
will normally be difficult to recognize if only elastic de-
formation occurs because AP(c-i) is zero at trapping and
generally small at room temperature for most inclusions.
Furthermore, elastic and non-elastic volume changes are
minimized if the cooling path of the host is reasonably
close to the isochore of the fluid in the inclusion. Thus,
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the assumption that natural fluid inclusions do not signif-
icantly change their volume after trapping (Roedder
1984) is still a good approximation for many fluid inclu-
sions, particularly those formed in shallow crustal envi-
ronments. Due to the small AP(c-i), heating stages oper-
ating at 1 atm confining pressure will yield satisfactory
data for inclusions with low internal pressures (less than
a few hundred bars) at homogenization. In such cases,
application of the HDAC is not required. Evidence for
this is provided by the fact that specific volumes of H,O
obtained from synthetic fluid inclusions reproduce P-V-T
data from other experimental techniques within 1% (Bod-
nar and Sterner 1985, 1987; Sterner and Bodnar 1991;
this study). During heating of fluid inclusions at ambient
(1 atm) confining pressure, AP(c-i) increases as the inter-
nal pressure in the inclusion increases with temperature.
This results in a shift in the homogenization temperature.
The magnitude of this temperature shift is normally just
a few degrees Celsius, which is close to the precision of
homogenization temperature determinations at high tem-
peratures (several hundred degrees Celsius) using most
heating stages.

Compared to microthermometric analyses of gas-free,
low-density inclusions that develop only low to moderate
internal pressures during heating, internal pressures in
gas-rich, high-density inclusions can become very high
during heating. However, the change in inclusion volume
resulting from stress effects on the host is zero if the
external (sample chamber) pressure equals the internal
pressure in the inclusion. Therefore, the only volume
changes that need to be considered are those related to
thermal expansion and compressibility of the quartz host.
Based on these relationships, the following strategy was
used to obtain a “correct” homogenization temperature
from HDAC measurements. First, Th(L-V) of the same
inclusion was measured at different confining pressures
and the results regressed to give confining pressure as a
function of Th(L-V). Then, confining pressure was plot-
ted vs. Th(L-V), and the P-T location of the solvus for
that particular fluid composition was also plotted on the
same diagram (Fig. 6). The temperature at which the con-
fining pressure-Th(L-V) curve intersects the solvus curve
thus represents the ‘““correct” homogenization tempera-
ture. That is, it represents the homogenization tempera-
ture at which the confining pressure and the internal pres-
sure are equal. This approach was used in this study to
determine the “‘correct” homogenization temperatures for
H,0-NaCl-CO, inclusions measured in the HDAC.

Lines of equal homogenization temperature for
H,0-NaCl-CO, mixtures

Application of the technique described above for de-
termining the “correct” homogenization temperature re-
quires knowledge of the solvus location in P-T space for
a given fluid composition. While such data exist for most
unary and many binary systems, much less is known
about phase equilibria in more complex systems. Fortu-
nately, for synthetic fluid inclusions, a good estimate of
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Ficure 6. P-T plot illustrating the technique used to deter-
mine the “correct” homogenization temperature for a fluid in-
clusion with a composition of H,O + 20 wt% NaCl + 20 mol%
CO,. A portion of the solvus for this composition is shown by
the heavy, nearly horizontal dashed line. Filled circles represent
homogenization temperatures measured at different confining
pressures for the same inclusion using a hydrothermal diamond-
anvil cell [l. = homogenization to the liquid (aqueous) phase, V
= homogenization to the vapor (carbonic) phase, C = homoge-
nization by critical behavior]. The open square represents the
homogenization temperature of the same inclusion measured at
1 atm confining pressure. The thick solid line represents a linear
fit to the measured Th(L-V) of the inclusions as a function of
confining pressure. The intersection of the confining pressure
function with the solvus curve yields a corrected homogenization
temperature of 545 + 5.5 °C at a solvus pressure of approxi-
mately 2.5 = 0.5 kbar.

the liquid-vapor curve location can be obtained indepen-
dently by bracketing the immiscibility field. Figure 7 il-
lustrates such an estimation of the solvus location for a
composition of H;O + 20 wt% NaCl + 20 mol% CO.,.
Evidence for the presence of a one-phase fluid at the for-
mation conditions is provided by uniformity of phase ra-
tios and consistent aqueous phase salinities and densities
of the carbonic phase. P-T conditions for fluid inclusions
showing evidence for trapping in the one-phase field are
plotted in Figure 7 as solid circles. Samples run at P-T
conditions within the two-phase field contain inclusions
that show a wide range in salinity and CO, density and
commonly exhibit variable phase ratios at room temper-
ature (Sterner and Bodnar 1984; Bodnar et al. 1985). The
P-T formation conditions of samples showing these char-
acteristics are plotted in Figure 7 as open circles. The P-
T location of the solvus must pass through P-T conditions
that lie between the formation conditions of samples that
trapped a homogeneous fluid in the one-phase field and
those that trapped an immiscible fluid in the two-phase
field. Trapping conditions and microthermometric data for
the samples described here are listed in Table 1. Addi-
tional experimental details are provided in Schmidt
(1997).

At temperatures above 500 °C, the solvus for a com-



6
— 5 (o] e @ o ]
(4] i
§ 4 - o) e © o o o
g A
9 3 — o e o o o o
3 H
[72]
»n 2~ O @ © O O ©
e -] @ homogeneous fluid
Q. 1 +| @ homogeneity H,O + 20 wt% NaCl
questionable
11 © immiscible fluid + 20 mol% CO,
u T I T | ! ] 1 | T
300 400 500 600 700 800

Temperature (°C)

Ficure 7. Estimated solvus location for the composition
H,O + 20 wt% NaCl + 20 mol% CO, based on microthermo-
metric data and petrographic evidence of immiscibility. Circles
represent formation conditions of the synthetic fluid inclusion
samples. In P-T space, the solvus must pass through P-T con-
ditions that lie between the formation conditions of samples that
trapped a homogeneous fluid (solid circles) and those that show
features characteristic of immiscibility (open circles). See text
for more details.

position of H,O + 20 wt% NaCl + 20 mol% CO, is
essentially isobaric at about 2.5 + 0.5 kbar (Fig. 7). On
the other hand, the measured homogenization tempera-
tures of high-density inclusions trapped at 500 °C, 4 and
5 kbar, range between 452 and 465 °C and are almost
independent of the confining pressure during homogeni-
zation in the HDAC. This indicates that the lower tem-
perature portion of the solvus for this composition is lo-
cated within this temperature interval (452-465 °C) at
pressures of approximately 3 to 5 kbar and is essentially
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1sothermal (Fig. 7). The solvus is thus composed of a
higher temperature portion in which the one-phase/two-
phase boundary is essentially isobaric and a lower tem-
perature portion where the solvus is essentially isother-
mal. The P-T location of the solvus for a composition of
H,O0 + 40 wt% NaCl + 10 mol% CO, was delineated
using this same approach and was found to be similar to
that of H,O + 20 wt% NaCl + 20 mol% CO, (Fig. 8).
The high pressure (3—5 kbar) isothermal portion of the
H,O + 40 wt% NaCl + 10 mol% CO, solvus is located
at slightly higher temperatures (about 490 = 5 °C) com-
pared to that for H,O + 20 wt% NaCl + 20 mol% CO,.
For both compositions, the observed shift of Th(L-V)
with confining pressure is small for inclusions that ho-
mogenize along the isothermal portion of the solvus. The
shift is significant for inclusions that homogenize along
the isobaric portion of the solvus.

For each sample studied, the measured homogenization
temperatures were regressed as a function of confining
pressure on the sample. These functions were then inter-
sected in P-T space with the independently obtained sol-
vus for the respective ternary composition as shown on
Figure 6. At the intersection, confining pressure equals
internal (homogenization) pressure in the inclusion, and
the contribution of stress effects on the inclusion walls to
the total inclusion volume change is zero (Zhang 1997).
Stated differently, stress on the inclusion walls does not
affect Th(L-V). Table 1 lists homogenization tempera-
tures of H,O + 20 wt% NaCl + 20 mol% CO, and H,0
+ 40 wt% NaCl + 10 mol% CO, fluid inclusions for the
condition where the internal pressure at homogenization
is equal to the confining pressure or solvus pressure
[Th(L-V) (HDAC) at P(solvus)]. The formation temper-
atures (Tf) of the samples were then regressed as a func-
tion of these adjusted Th(L-V) values using linear
equations for each isobar. Lines of constant homogeni-

TasLe 1. Experimental conditions and microthermometric data for H,0-NaCI-CO, synthetic fluid inclusions
Tf (°C) Pf (kbar) NaCl (wt%) CO, (mol%) Th(HpAC) (°C) Ps (kbar) n Th(1 atm) (°C)

500 3.0 20 20 479 = 2 (L) 25 2 466.4 (L)

600 3.0 20 20 545 = 6 (C,V) 25 3 574 (V)

700 3.0 20 20 608 = 10 (V) 25 2 622 (V)

500 40 20 20 4615 = 2 (L) 3.0 3 nd.

700 40 20 20 540 = 10 (C,L) 25 2 556 (V)

500 5.0 20 20 455 = 3 (L) 35 2 nd.

600 5.0 20 20.1 480 * 4 (L) 25 6 nd.

500 3.0 40 10 490 * 5 (L) 28 2 479 (L)

600 3.0 40 10 579 = 5 (L) 25 4 588 (L)

700 3.0 40 10 656 = 5 (L) 25 3 6257 (L),
654 (L)

500 4.0 40 10 488 = 7 (L) 37 5 nd.

600 4.0 40 10 556 = 10 (L) 25 5 571 (L)

700 4.0 40 10 586 * 5 (L) 25 2 608 (L)

500 5.0 40 10 488 = 2 (L) 45 7 nd.

600 5.0 40 10 515 + 7 (L) 26 4 nd.

700 5.0 40 10 559 = 10 (L) 25 7 n.d.

Notes: Tf = formation temperature; Pf = formation pressure; NaCl (wt%) = NaCl concentration in weight percent relative to H,O; CO, (mol%) = CO,
concentration in mole percent relative to H,0; Th(HDAC) = average liquid-vapor homogenization temperature in the HDAC at the estimated solvus
pressure; (L) = homogenization to the liquid; (V) = homogenization to the vapor; (C) = homogenization by critical behavior; P(s) = solvus pressure;
Th(1 atm) = minimum liquid-vapor homogenization temperature in the gas-flow heating state; n = number of measured inclusions; n.d. = not determined

(due to stretching or decrepitation).
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Ficure 8. Lines of equal homogenization temperature (iso-Th lines) and the high-pressure portion of the solvus of aqueous
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TaBLE 2. Halite dissolution temperatures and experimental conditions for synthetic fluid inclusions containing 40 wt% NaCl
relative to water

Tf Pf NaCl CO, Tm halite P(ext) Tm halite P(lgds)
(°C) (kbar) (wt%) {mol%) (HDAC) (kbar) n (1 atm) (kbar)
400 5.0 40.00 0 316 = 1 4.45 3 315.8* 3.30"
400 5.0 40.03 0 313.5 3.53 1 312.7* 3.24*
400 6.0 40.08 0 3155 + 2 422 3 315.9* 4.29*
500 6.0 39.96 0 3115 4.50 1 313.2* 247"
311 0.92 1
500 6.0 40.02 0 318+ 2 3.9 3
500 3.0 40 10 N.D. 345.4 (22) N.D.
600 3.0 40 10 3455 * 2 1.86 3 340.9 (20) N.D
343 2.59 1
344 3.63 1
340 0.36 1
339 2.65 1
338 3.74 1
700 3.0 40 10 343 0.15 1 339.5 (27) N.D.
341 0.17 1
343 1.40 1
500 4.0 40 10 344 + 1 0.52 4 344.2 (20) N.D.
600 4.0 40 10 3415 =1 2.86 2 341.6 (20) N.D.
700 4.0 40 10 342 £ 1 0.23 3 340.8 (10) N.D.
340 2.98 1
500 5.0 40 10 341.5 2.43 1 340.3 (15) N.D
600 5.0 40 10 340 = 1 1.47 4 339.4 (16) N.D.
700 5.0 40 10 339 0.26 1 342.7 (19) N.D.

Notes: Tf = formation temperature; Pf = formation pressure; NaCl (wt%) = NaCl concentration in weight percent relative to H,0; CO, (mol%) =
carbon dioxide concentration in mole percent relative to H,O; Tm halite (HDAC) = average halite dissolution temperature in the HDAC at the external
pressure given in the next column; P(ext) = calculated external pressure at Tm halite (HDAC); n = number of inclusions; Tm halite (1 atm) = average
halite dissolution temperature obtained using a gas-flow heating stage, data from Bodnar (1994) indicated by an asterisk (*); P(iqds) = average liquidus
pressure; N.D. = not determined.
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FiGure 9. Liquidus pressure of a 40 wt% NaCl aqueous so-
lution as a function of halite dissolution temperatures (Tm halite).
L+H = coexisting liquid and halite; L = liquid field; open cir-
cles = data from Bodnar (1994) obtained using a gas-flow heat-
ing stage at 1 atm confining pressure; solid circles = halite dis-
solution temperatures, as determined in this study at high
confining pressure using a HDAC. Error bars along the x axis
express the range in measured Tm halite. Error bars along the
pressure axis represent the range in liquidus pressures of the
samples, as calculated by Bodnar (1994).

zation temperature (iso-Th lines) were then obtained by
solving the regression equations corresponding to each
isobar at regular integer Th(L-V) values, e.g., Th(L-V) =
500 °C, 550 °C, 600 °C, etc.. Thus, solving the *“3 kbar”
equation for a Th(L-V) of 500 °C gives the formation
temperature needed at 3 kbar to produce fluid inclusions
that homogenize at 500 °C. Iso-Th lines calculated in this
manner and the solvus for each ternary composition (H,0
+ 20 wt% NaCl + 20 mol% CO, and H,O + 40 wt%
NaCl + 10 mol% CO,) are shown on Figure 8. The iso-
Th line slopes for an H,O + 40 wt% NaCl + 10 mol%
CO, mixture decrease from about 53 bar/°C at Th(L-V)
= 500 °C to 8.5 bar/°C for Th(L-V) = 650 °C. The iso-
Th line slopes of H,O + 20 wt% NaCl + 20 mol% CO,
range from approximately 23 bar/°C at Th(L-V) = 475
°C to about 6 bar/°C for Th(L-V) = 600 °C.

The halite dissolution temperatures (in presence of lig-
uid and vapor) of H,O + 40 wt% NaCl + 10 mol% CO,
average 342 °C (range +6 °C) and show no recognizable
pressure dependence (Table 2). The halite dissolution
temperatures for these more CO,-rich inclusions are
slightly elevated compared to previously determined ha-
lite dissolution temperatures for lower CO, concentrations
along the 40 wt% NaCl pseudobinary (Schmidt et al.
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1995). In the binary H,0-NaCl, the vapor-saturated halite
liguidus for 40 wt% NaCl occurs at 323 °C (Bodnar
1994), whereas the vapor-saturated halite liquidus for a
composition of H,O + 40 wt% NaCl + 5 mol% CO, is
at 332 °C (Schmidt et al. 1995).

Halite liquidus of H,O + 40 wt% NaCl

Aqueous inclusions that contain halite and homogenize
by disappearance of the halite crystal after liquid-vapor
homogenization can generate high internal pressures dur-
ing heating (Bodnar 1994), and therefore they are often
not suitable for study in a 1 atm heating stage. As a final
example of the application of the HDAC in fluid inclusion
research, we have measured the halite dissolution tem-
perature of inclusions in the H,0-NaCl binary system
having liquidus pressures above 2 kbar.

Bodnar (1994) estimated the P-T position for the halite
liquidus of a 40 wt% NaCl solution using homogenization
temperatures and halite dissolution temperatures [Tm
NaCl] of synthetic fluid inclusions measured at 1 atm
confining pressure. That study showed a decrease in the
halite dissolution temperatures from about 323 °C at a
calculated liquidus pressure of approximately 100 bars to
about 315 °C at a calculated pressure of 1.8 kbar (Fig.
9). At higher pressures, there was little change in the
measured Tm NaCl. Bodnar (1994) calculated the liqui-
dus pressure by finding the pressure at the halite disso-
lution temperature on the iso-Th line corresponding to the
measured homogenization temperature [Th(L-V)]. The
is0-Th lines were determined by regression of measured
Th(L-V) along formation pressure isobars as a function
of formation temperatures of the individual samples (sim-
ilar to the procedure described in the previous section).

Bodnar (1994) approximated the liquidus using a linear
regression of data points with liquidus pressures <2 kbar,
assuming that data at higher pressures were shifted to-
ward higher temperatures due to stretching, thus lowering
the internal pressure (Fig. 9). To evaluate the effect of
stretching, we redetermined the halite dissolution tem-
peratures of five high density H,O + 40 wt% NaCl sam-
ples using the HDAC technique. Four of these samples
were studied previously by Bodnar (1994). The confining
pressures on the samples measured in the HDAC varied
between 0.9 and 4.5 kbar. If the earlier interpretation that
Tm NaCl for inclusions with high calculated pressures
was shifted toward higher temperatures due to stretching
was correct, we expected to find lower Tm NaCl for in-
clusions studied in the HDAC at a high confining pres-
sure. However, the halite dissolution temperatures from
both data sets are in very good agreement (Table 2 and
Fig. 9). This does not imply that the high-density inclu-
sions measured by Bodnar (1994) were not changed by
stretching. The liquidus pressures calculated by Bodnar
(1994) are maximum values, i.e., the actual internal pres-
sure in the high-density inclusions at Tm NaCl during
measurements at 1 atm confining pressure was certainly
lower than the calculated liquidus pressure. The agree-
ment between the results obtained in the HDAC and the
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data of Bodnar (1994; Fig. 4 and Table 1) suggests that
the liquidus temperature for this composition is essen-
tially independent of pressure at pressures =2 kbars. Fur-
thermore, the combined results of both studies indicate
that the liquidus has a curvature toward lower Tm NaCl
with increasing pressure at liquidus pressures <2 kbar
(Fig. 9).
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