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Paige Marie Baldassaro

(ABSTRACT)

The low temperature phase behavior of the system H2O-NaCl-FeCl2 was

examined using synthetic fluid inclusions. Experiments were conducted along the 5 wt%

NaCl (relative to the total solution) pseudobinary, with FeCl2 concentrations varying from

2 to 33 wt%, and along the pseudobinary defined by mixing known amounts of

FeCl2⋅4H2O with a 5 wt% NaCl solution, with final FeCl2 concentrations varying from 0 to

29 wt%.  Synthetic fluid inclusions in quartz were prepared in cold-seal pressure vessels

at 500°C – 800°C and 2 or 3 kilobars.  The fO2 conditions were controlled by the Ni-NiO

equilibrium curve.  The liquid released from the capsule upon opening was initially

colorless, but turned yellow-orange after contact with atmospheric O2.  The clear color is

characteristic of ferrous iron solutions, whereas the yellow-orange color is consistent

with the presence of Fe3+ in solution.  This color change suggested that the unopened

capsules initially contained ferrous iron in solution, which oxidized to ferric iron when

exposed to the atmosphere.

Borisenko (1977) reported a eutectic temperature of -37°C for the system H2O-

NaCl-FeCl2.  In this study, it was not possible to verify this temperature due to the

persistence of a metastable liquid down to liquid N2 temperatures (~-196°C).

Final ice melting temperatures were obtained for concentrations less than 24

wt% FeCl2 and show a decrease in temperature with increase in FeCl2 concentration.

For more concentrated solutions, final melting temperatures could not be obtained

because the samples could not be frozen.
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Chapter 1.  Introduction

One of the most commonly used techniques for determining the composition of

aqueous fluid inclusions is based on the phase behavior at low temperatures.  The first

melting temperature, or eutectic temperature, is characteristic of the chemical system in

the inclusion and the final ice-melting temperature is related to the concentration, or

salinity, of the aqueous solution.  Roedder (1962) was among the first to describe the

use of low-temperature microthermometric measurements to determine salinities of

fluids in inclusions.  These early studies used the low temperature phase relations of the

system H2O-NaCl to interpret microthermometric data from all aqueous inclusions,

because it was the only geologically relevant aqueous-salt system for which phase

behavior was known over a wide range of T-X conditions.

More recently, improved optical equipment coupled with advances in our ability to

analyze individual inclusions has shown that natural fluid inclusions from many

environments are not adequately approximated by the H2O-NaCl system.  This,

combined with the recently developed synthetic fluid inclusion technique, (Sterner and

Bodnar, 1984; Bodnar and Sterner, 1987) has led to a renewed interest in the low

temperature phase relations in aqueous-salt systems.  Recent studies of low

temperature phase behavior in multi-component systems such as H2O-NaCl-KCl (Hall et

al., 1988; Davis et al., 1990), H2O-NaCl-CaCl2 (Oakes et al., 1990; Davis et al., 1990),

H2O-NaCl-MgCl2 (Dubois and Marignac, 1997) and H2O-NaCl-KCl-MgCl2 (Bodnar et al.,

1997) reflect this renewed interest.

The equilibrium phase behavior observed in an inclusion can be complex and

may be further complicated by various non-equilibrium or kinetically controlled factors.

Differentiating between all possible equilibrium and non-equilibrium phase behaviors is

vital to the correct interpretation of microthermometric data.  The two most important

low-temperature equilibrium phase changes used in fluid inclusion research are eutectic

melting (Te) and final melting (Tm).  During heating from low temperatures, Te is

indicated either by a sudden brightening of the inclusion or by the generation of a
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significant amount of a separate liquid phase.  When determining Te, non-equilibrium

behavior such as crystallization of an originally glassy phase during heating from low

temperature is often incorrectly interpreted to be eutectic melting, resulting in reported

values lower than the actual Te.

Metastable eutectic behavior occurs near the eutectic temperature and is a solid-

state rearrangement of the contents of the inclusion that is easily confused with eutectic

melting (Crawford, 1981).  If the bulk fluid composition in the inclusion is not near the

eutectic, where a large percentage of liquid will be generated at first melting, or if the

inclusion is very small, distinguishing metastable behavior from equilibrium eutectic

melting is difficult.  Metastable eutectic melting behavior has been observed in both

synthetic and natural fluid inclusions and has been discussed extensively in the

literature (Crawford, 1981; Roedder, 1984; Davis et al., 1990; Spencer and Lowenstein,

1992; Goldstein and Reynolds, 1994).

It is possible that the fluid in the inclusion will never nucleate a solid, remaining

metastable even after cooling to liquid nitrogen temperatures (~-196°C).  The fluid

within the inclusion at these very low temperatures may be very viscous and could be

considered a glass or a super-cooled liquid (Rawson, 1967).  As a glass, it might display

glass-transition behavior.  Glass-transition behavior occurs when the glass transforms

(crystallizes or devitrifies) into the stable crystal structure upon heating from low

temperatures. Glass-transition behavior can occur well below the eutectic temperature

and is most common for compositions that are close to the eutectic composition

(Rawson, 1967).  This behavior has been reported in both natural and synthetic

samples (Borisenko, 1977; Roedder, 1984).  This process can also be incorrectly

interpreted as eutectic melting and is commonly seen in very small inclusions.  The

glass-transition temperature has been shown to vary systematically with composition

and increases with increasing salt concentration (Vuillard and Kessis, 1960; Angell and

Sare, 1970; Kanno and Angell, 1977).  If it were a super-cooled liquid, no phase

behavior would be observed in the liquid upon heating from low temperatures.
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Chapter 2.  Previous Studies

The purpose of this study was to examine the low temperature phase behavior

and provide new T-X data for the system H2O-NaCl-FeCl2.  Low temperature phase

diagrams are available for the binary systems H2O-NaCl (Linke, 1958; Bodnar, 1993)

and H2O-FeCl2 (Linke, 1958; Borisenko, 1977) and are depicted in Figures 1 and 2,

respectively.  The only experimental study for the system H2O-NaCl-FeCl2 is that of

Chou (1985), who studied compositions between 35 and 45 wt% FeCl2 (figure 3).

In most magmatic hydrothermal systems, the dominant iron species in solution is

ferrous chloride (Fein et al., 1992).  The presence of ferrous iron chloride hydrates and

sodium chloride hydrates has been noted in inclusions from hydrothermal deposits from

around the world (Lyakhov, 1967; Naumov and Shapenko, 1980; Eadington, 1983;

Rankin et al., 1992), as well as significant concentrations of dissolved iron in under-

saturated inclusion fluids (Bodnar, 1995; Philippot et al., 1995; Vanko and Mavrogenes,

1998).

Chapter 3.  Experimental Methodology

Synthetic fluid inclusions were generated using the technique outlined by Sterner

and Bodnar (1984) and Bodnar and Sterner (1987).  The synthetic fluid inclusion

technique was chosen because it could provide both quantitative (T-X data) and

qualitative (descriptions of phase behavior) information about the H2O-NaCl-FeCl2
system.  Ferrous iron chloride was chosen for this study because it is the dominant iron

species in most magmatic hydrothermal systems (Fein et al., 1992).  The choice of this

aqueous species necessitated the design of the experiments such that P-T-fO2

conditions were within the ferrous iron stability field.  The oxidation state of the aqueous

iron species is controlled by the oxygen fugacity (fO2), and the fluid inclusion technique

provides several means to control the fO2 (intrinsic fO2 of the pressure vessel, added

chemical buffers, capsule materials and capsule designs).
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Figure 1: Low temperature phase relations in the
system H2O-NaCl.  E represents the eutectic
point and P is the peritectic (Linke, 1958;
Bodnar, 1993).  The numbers in parentheses
next to the peritectic and eutectic points
represent the temperature and salinity of that
point.
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Figure 2: Low temperature phase relations for
the system H2O-FeCl2.  E is the eutectic point
and P1 and P2 are peritectics (Linke, 1958;
Borisenko, 1977).  The numbers in parentheses
next to the peritectic and eutectic points
represent the temperature and salinity of that
point.
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The composition of the pressure vessels used in this study is Ni-NiO.  The Ni-

NiO equilibrium boundary lies within the stability field of magnetite (figure 4).  Wang et

al. (1984) showed that the stable aqueous iron species in equilibrium with magnetite at

the conditions of the experiments reported here is ferrous iron.  Therefore, the intrinsic

fO2 of the pressure vessel generated by the Ni-NiO composition was enough to control

the fO2 in the experiments, and keep the iron in the ferrous state.  In the experiments

defined by mixing a known amount of FeCl2⋅4H2O with a 5 wt% NaCl solution, this

control was enhanced by the use of Ni filler rods in the pressure vessels.

All experiments were conducted in gold capsules.  Figure 5 is a schematic

diagram of the experimental design.  At the end of the experiments, the capsules were

quenched and examined to verify that the iron inside the capsule remained in the

ferrous state.  The solution released from the capsule indicated that the iron remained

reduced.  The solution was initially colorless or pale green, then, upon contact with

atmospheric O2, turned yellow-orange.  A solution containing 10 wt% ferric iron was

Figure 3: Low temperature phase
relations in the system H2O-NaCl-FeCl2
for compositions defined by mixing known
amounts of FeCl2⋅4H2O with a 5 wt%
NaCl solution (Chou, 1985).  The line
connecting the points represents the best
fit through the data.
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H2O-NaCl-FeCl2

Figure 5: Schematic diagram showing the
experimental design.

Au Capsule

Fractured Quartz Core

Figure 4:  Equilibrium curves for oxygen fugacity
buffers (Chou, 1987). HM = hematite-magnetite,
NNO = nickel-nickel oxide, MI = magnetite-iron,
MW = magnetite-wustite, IW = iron-wustite.  The
shaded region represents the stability field for
magnetite.
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made to determine if color could be used to qualitatively indicate the presence of ferric

iron in solution.  Indeed, the color of the ferric iron solution was also yellow-orange. This

indicated, after release from the capsule and contact with atmospheric O2, the ferrous

iron in solution oxidized to ferric iron.

The temperature of the experiments represented by pseudobinary A (figure 6)

ranged from 500°C to 800°C and the pressure ranged from 2 to 3 kilobars (tables 1A

and 2A).  This P-T range was used in an attempt to generate larger inclusions and to

determine the cause of the unusual phase behavior.  The experiments represented by

pseudobinary B (figure 6) were conducted at 600°C and 3 kilobars. The pseudobinaries

for this study are shown in figure 6 and can be divided into 2 groups.  One group is

defined by solutions that were made ensuring that the overall composition remained

along the 5 wt% NaCl (relative to the total solution) pseudobinary (Line A, figure 6).  The

second group is defined by solutions that were made by mixing known amounts of

FeCl2⋅4H2O with a 5 wt% NaCl solution (Line B, figure 6).  The second group of

Figure 6: Ternary diagram for the system H2O-
NaCl-FeCl2 showing the two pseudobinaries
used in this study.  Line A represents solutions
with constant 5 wt% NaCl and line B
represents solutions defined by mixing solid
FeCl2⋅4H2O with an aqueous 5 wt% NaCl
solution (details in text).

50 % NaCl50 % FeCl2

H2O

A

B
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experiments (pseudobinary B) were conducted as a comparison to the inclusions

containing compositions along pseudobinary A and as a way to generate data that is

comparable to the data from Chou (1985).

Chapter 4.  Results

The experimental conditions are summarized in tables 1A (pseudobinary A) and

2A (pseudobinary B).  The pseudobinaries corresponding to compositions used in this

study are shown in figure 6.  The microthermometric data collected in this study are

listed in appendix A.  Average final ice melting temperatures as a function of salinity

(wt% FeCl2) are plotted on figures 7A and 7B. There is a trend of decreasing Tm values

with increasing FeCl2 concentrations as expected.  The equations that best describe the

relationship between average final melting temperature and salinity (wt% FeCl2) were

determined by fitting 2nd order polynomials to each of the data sets.

Pseudobinary A: Salinity =  -4.03 – 0.0536 Tm –0.0573Tm
2

Pseudobinary B: Salinity = -3.03 – 0.5345 Tm – 0.0288Tm
2

Figure 7A: Final ice melting temperatures for
inclusions having compositions along
pseudobinary A.  For each data point, the
complete range in measured final melting
temperatures lies within the area of the point.

Figure 7B: Final ice melting temperatures for
inclusions having compositions along
pseudobinary B.  For each data point, the
complete range in measured final melting
temperatures lies within the area of the point.
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The significance of the two outlying points in pseudobinary A is currently unknown.  As

such, they were excluded from the data set when determining the polynomial equation

for pseudobinary A.

Samples with concentrations above 24 wt% FeCl2 could not be frozen.

Microthermometric data collected from the samples are summarized in tables 1B

(pseudobinary A) and 2B (pseudobinary B).  Average final ice melting temperatures as

a function of salinity (wt% FeCl2) for different formation temperatures are shown in

figure 8 (pseudobinary A).  No correlation was observed between the formation

temperature and the Tm values.  The range in the Tm values as a function of

composition is shown in figure 9 for pseudobinaries A and B.  Most of the samples

exhibited a range of ice melting temperatures less than 1°C.  Similar ranges in final

melting temperatures were observed in the synthetic fluid inclusion study conducted by

Davis et al. (1990).  The numbers in parentheses represent the actual number of data

points for each sample.

Figure 8: T-X diagram showing the
relationship between temperature of
formation of synthetic fluid inclusions and the
measured final ice melting temperatures.
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Figure 9: Diagram illustrating the relationship between the range in measured
final ice melting temperatures and salinity.  The number in parentheses
indicates the number of microthermometric measurements per sample.
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Table 1A: Summary of experimental conditions for each sample
represented by pseudobinary A.

Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

1 5.01 23.00 500 2
2 5.01 23.00 600 2
3 5.02 23.09 600 2
4 5.02 23.09 600 2
5 5.01 11.08 600 2
6 5.01 20.61 600 3
7 5.00 18.32 600 3
8 5.01 15.97 600 3
9 5.01 6.61 600 3
10 5.00 2.02 600 3
11 5.02 18.01 700 2
12 5.00 13.37 700 2
13 5.02 10.21 700 2
14 5.01 4.62 700 2
15 4.82 33.14 700 2
16 5.04 22.45 800 2
17 4.65 20.55 800 2
18 4.99 18.40 800 2
19 5.00 9.47 800 2
20 4.25 6.60 800 2
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Sample Ave Tm
°C

Min Tm
°C

Max Tm
°C

Range
°C

1 -33.5 -33.7 -33.4 0.3
2 -33.8 -33.9 -33.6 0.3
3 -33.0 -33.5 -32.2 1.3
4 -32.2 -32.7 -31.8 0.9
5 -11.1 -11.3 -11.0 0.3
6 -28.2 -28.6 -27.8 0.8
7 -21.3 -21.8 -20.1 1.7
8 -18.6 -19.2 -18.0 1.2
9 -7.5 -7.5 -7.4 0.1
10 -3.9 -4.0 -3.9 0.1
11 -20.0 -20.7 -19.8 0.9
12 -14.0 -14.2 -13.8 0.4
13 -10.3 -10.5 -10.1 0.4
14 -5.7 -5.8 -5.7 0.1
15 DNF - - -
16 -34.7 -35.9 -34.0 1.9
17 -14.5 -14.8 -14.3 0.5
18 -12.9 -13.3 -11.6 1.7
19 -9.0 -9.5 -8.5 1.0
20 -5.3 -5.6 -4.8 0.8

Table 1B: Results obtained in this study for
pseudobinary A.  DNF = Did not freeze.



Table 2A: Summary of experimental conditions for each sample represented
               by pseudobinary B.

Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

21 2.69 29.35 600 3
22 3.13 23.68 600 3
23 3.54 18.48 600 3
24 3.85 14.60 600 3
25 4.24 9.61 600 3
26 4.61 4.80 600 3
27 4.75 3.09 600 3
28 4.99 0.00 600 3
Table 2B: Results obtained in this study for
pseudobinary B.  DNF = Did not freeze.
13

Sample Ave Tm
°C

Min Tm
°C

Max Tm
°C

Range
°C

21 DNF - - -
22 -32.3 -32.6 -31.2 1.4
23 -22.5 -22.9 -22 0.9
24 -15.7 -15.9 -15.3 0.6
25 -11.6 -11.7 -11.4 0.3
26 -6.8 -7.2 -6.1 1.1
27 -5.6 -5.7 -5 0.7
28 -3.0 -3.3 -2.8 0.5
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Chapter 5.  Observations of Phase Behavior

During the process of obtaining the microthermometric data, unusual phase

behavior was observed.  Others have reported similar behavior in both synthetic and

natural fluid inclusions.  Davis et al. (1990) reported similar unusual behavior for multi-

component systems such as H2O-NaCl-MgCl2 in synthetic fluid inclusions in halite.

They suggested that the behavior represented metastable hydrate melting.  Also,

Roedder (1984, p. 297) described relatively large natural inclusions that did not freeze.

The phase behavior observed in this study will be discussed in the following

manner: Behavior during cooling from 25°C, behavior during heating from -196°C,

behavior during cooling with a single crystal present, behavior during heating with a

single crystal present and additional unusual behavior.  Descriptions of expected phase

behavior shall be discussed first.

Phase behavior during cooling from 25°C
The expected phase behaviors in an aqueous brine fluid inclusion with salinity

less than the eutectic composition is shown diagrammatically in figure 10.  An example

of a synthetic fluid inclusion that shows expected phase behavior is shown in figure 11.

At room temperature (point A, figure 10) the inclusion contains liquid and vapor.  When

cooled, the inclusion enters the ice + liquid field.  Under equilibrium conditions, the

inclusion should nucleate a small crystal of ice upon entering the ice + liquid field.  Once

the inclusion reaches the eutectic temperature, complete crystallization should occur

and only ice + hydrohalite + vapor should be present.  However, due to various kinetic

barriers to nucleation, the solution usually does not freeze until the inclusion is

supercooled well below the eutectic temperature, indicated by point B in figure 10.

Once nucleation does occur, the inclusion suddenly becomes dark owing to the

formation of a large number of tiny crystals of ice and hydrohalite phases and the vapor

bubble may deform.  An example of this behavior is shown in figure 11A. The inclusions

in this study were initially cooled from room temperature to -196°C.  Figure 12 highlights



15

the phase changes during initial cooling for a sample containing 18.32 wt% FeCl2.  This

sample was chosen to illustrate the unusual phase behavior because its salinity was

high enough to generate a significant amount of liquid at the eutectic temperature and

the inclusions were large.  Both of these characteristics made phase changes easier to

recognize.  For this sample, crystallization was indicated by a faint meniscus beginning

on one side of the inclusion (usually the side farthest away from the vapor bubble) and

sweeping through the entire inclusion, deforming the vapor bubble.  The contents of the

inclusion remained transparent (figure 12A).  No additional phase changes were

observed during further cooling from the point at which a solid nucleated to -196°C.  For

inclusions with FeCl2 concentrations lower than ~15 wt% FeCl2, crystallization was

indicated when the vapor bubble deformed and the inclusion took on a granular

appearance (figure 13) similar to the expected phase behavior.  For inclusions with

FeCl2 concentrations higher than ~20 wt%, no phase change was observed during

cooling from 25°C to -196°C.

Figure 10: T-X diagram showing the heating and cooling sequence discussed
in the text.  The inclusions along the right side schematically show the phase
behavior at each point (A through G).
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Behavior during heating from -196°C
While heating fluid inclusions that display the expected phase behavior, usually

no changes are observed within the inclusion until the eutectic temperature (point C,

figure 10) is reached.  Then, the inclusion becomes lighter in appearance as some of

the microcrystals of ice and hydrohalite melt to produce a liquid with the eutectic

composition.  Upon further heating, ice continues to melt.  At point D, only a single ice

crystal is present  (open circle in inclusion D, figure 10).

The sample containing 18.32 wt% FeCl2 was cooled to -196°C and then heated.

At -80°C, the inclusion contained solid and a deformed vapor bubble (figure 12A).

Between -70°C and -75°C, the inclusion became darker and coarser grained.  At -65°C,

the temperature was held constant for three minutes, during which time the contents

within the inclusion became coarse enough such that separate phases could be seen

(Figure 12B).  The coarsening that began between -70°C and -75°C occurred slowly,

therefore, holding the temperature constant for a minimum of 3 minutes was required for

the phase behavior to properly manifest itself.

At -65°C, it was not possible to determine whether the phase behavior observed

was metastable or equilibrium eutectic melting.  However, metastable eutectic melting is

instantaneous as metastable solids rearrange into the stable solid for that composition.

This type of behavior was observed by Bodnar et al. (1985) in a study of synthetic

inclusions in the H2O-NaCl system.  Conversely, in this study, the changes were gradual

and continued until one solid remained in the inclusion.  This behavior is similar to the

process known as Ostwald ripening that was first described by Ostwald (1901) and later

explained by Gibbs (1961).

The sample containing 18.32 wt% FeCl2 was heated to -50°C where it appeared

to contain a solid coexisting with a vapor and liquid (figure 12C).  It is important to note

that this temperature (-50°C) is below the reported eutectic temperature (-37°C) and

below the highest reported freezing temperature (-44°C) observed in this study.  The
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Figure 11: Expected phase behavior in a
synthetic fluid inclusion representing the
H2O-NaCl-KCl system.  A) Below the
eutectic temperature, solids + vapor are
the only phases present.  B) A single
crystal has been isolated and grown
through cooling.  C) At -50°C, the
remaining metastable fluid has frozen.  D)
At the eutectic temperature (-22.9°C) the
first solid to melt is the rim of liquid that
froze in (C).

A                            B

C D

Figure 12: Low temperature phase behavior indicating the presence of a
metastable liquid. A) Inclusion at -80°C containing solid + vapor.  B)
Inclusion at -65°C, the solids are beginning to coarsen, but separate phases
are not yet distinguishable.  C) Inclusion at -50°C where separate phases
(solid, metastable liquid and vapor) can be seen.  D) Inclusion at -190°C
containing a single large crystal, vapor bubble and metastable liquid.
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crystals were most often rectangular with rounded edges.  No other phase transition

occurred from -50°C to the measured Tm, which was -21.2°C for this inclusion, although

the volume percentage of solid decreased during heating over this interval as expected.

Once the appropriate Tm was reached for the inclusion, the solids completely melted

and only vapor and liquid remained.

In order to confirm the presence of a metastable liquid phase, the inclusion

shown in figure 12 was frozen again (after the solids completely melted) and heated to

-47°C (Figure 14A).  Once again, the inclusion contained 3 different phases, including a

metastable liquid.  However, because the temperature never reached the eutectic

temperature, no liquid should exist.  From this temperature, the inclusion was rapidly

cooled (50°C per minute) to determine if the solid would grow, which would confirm the

presence of a liquid phase.  Figure 14B shows the inclusion at -72°C after being rapidly

cooled from -47°C.  By comparing the two photomicrographs, it is clear that the solid

phase has indeed grown larger.  Upon further cooling, the solid phase does not grow to

completely fill the inclusion and the remaining liquid never freezes.  It is because of the

presence of this metastable liquid that point C in figure 10 (which represents equilibrium

eutectic melting) could not be observed in inclusions from this study.

For samples 15 and 21, no phase change was observed in spite of repeated

attempts to freeze the sample.  These samples contained 33.14 and 29.35 wt% FeCl2,

respectively. These samples had ferrous iron chloride concentrations in excess of 24

wt% where it is believed that ferrous iron chloride hydrates would be the stable solid

phase in the solid + liquid region.

Behavior during cooling with a single crystal present
With expected phase behavior, upon cooling with a single ice crystal present, the

crystal grows, possibly deforming the vapor bubble (figure 11B).  Supercooling is

necessary in order to nucleate any phases other than ice out of the remaining liquid,

which occurs at some point E in figure 10.  Freezing the remaining liquid (nucleating
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remaining solid phases) in the presence of a single crystal occurs well below the

eutectic temperature as shown in figure 11C.

The final portion of Figure 12 (12D) illustrates what happens when an inclusion

with a single crystal is cooled to -196°C in this study.  Figure 12D shows the inclusion at

-190°C.  Even at -196°C, the single crystal never grew to completely fill the inclusion, no

phase change was ever observed in the remaining liquid and deformation of the vapor

bubble was not observed unless the solid impinged upon the vapor bubble directly.

Behavior during heating with a single crystal present
With expected behavior, first melting occurs at point F in figure 10.  Further

heating from point F causes the ice crystals to melt until one crystal remains.  The

single crystal decreases in volume until the temperature reaches the ice-liquid/liquid

boundary where it disappears (point G, figure 10).  At this point, only liquid + vapor

remain in the inclusion.

In this study, the solid would begin to decrease in volume during heating, but at a

temperature well below the eutectic temperature reported for this system.  No changes

were observed in the liquid.  The ice would continue to decrease in volume until it

disappeared when the temperature reached the ice-liquid field boundary (point G, figure

10).

Additional unusual behavior
One sample with an FeCl2 concentration of 33 wt% contained a solid at room

temperature.  The solids observed were very "ratty" looking elongated crystals (figure

15).  When the crystals were partially melted and allowed to grow during slow cooling

from high temperatures (5°C per minute), they appeared cubic or rod-shaped and the

larger crystals had a greenish tint.  Other solids were also seen in the inclusions and are

shown in figure 16.  These solids appeared in most of the samples regardless of

concentration, but did seem to be more common in inclusions with dilute solutions.  The
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Figure 13: Fluid inclusion containing 5
wt% FeCl2.  This inclusion has the
highest recorded freezing temperature
for this study (-44°C).  A sudden
darkening of the inclusion and
deformation of the vapor bubble
indicated freezing.

Solid

                                   Vapor

    16 um

Figure 14: Growth of ice at
temperatures below the reported
eutectic temperature indicating the
presence of a metastable liquid.  A)
Inclusion below the eutectic
temperature has vapor + solid +
metastable liquid.  The temperature
is lowered and the solid grows (B).
This would not occur if the
metastable liquid was, in fact, a solid.

B

Figure 15: Fluid inclusion containing a solid
at room temperature.
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tiny solids represented in figure 16 did not change size or shape during cooling and

heating.  The composition and significance of these solids is unknown.

Additional unusual behavior was noted for certain inclusions in the sample

containing 18.32 wt% FeCl2 which further confirms the presence of a metastable liquid

phase.  The unique behavior of one very large flat inclusion is shown in figure 17.

Figure 17A shows the inclusion after it has frozen, the small vapor bubble at the top of

the inclusion is deformed.  During heating at a moderately rapid rate (55°C per minute),

the vapor bubble became significantly deformed.  This second deformation began at

-71°C and the maximum deformation was achieved by -65°C and is shown in Figure

17B.  Upon further heating, the bubble increased in size until it refilled the space it

formerly occupied.  The space that was once occupied by the retreating vapor bubble

maintained the exact shape of the bubble.  The “vacancy” appeared to be filled with a

solid with a higher relief than the surrounding solids.

In the sample used to illustrate the unusual phase behavior seen in this study

(18.32 wt% FeCl2), a crystal nucleated from the metastable liquid in one inclusion at

-72.5°C.  This occurred during heating from -80°C at a rate of 20°C per minute.  This

smaller crystal grew slowly, never displaying any euhedral form.  At the lowest

temperature (-190°C), a significant volume of liquid remained (Figure 18A).  Upon

heating, the larger crystal and the smaller crystal both began to melt at the same

temperature (but still at a lower temperature than the reported eutectic temperature for

this system, -37°C) as seen by comparing figures 18A and 18B.  As expected, the

smaller crystal completely disappeared before the larger crystal, which melted at the

expected Tm value for that composition.  This phase behavior could not be duplicated.

Normally, behavior that is not representative or reproducible, like the previously

described behavior, is not reported in fluid inclusion studies.  However, the importance

of the previously discussed behaviors is that they occurred at approximately the same

temperature, which also coincides with the temperature range (-75°C to -70°C) in which

the sample with 18.32 wt% FeCl2 begins to darken and become coarse grained.  It is
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Figure 16: Fluid inclusion at room
temperature showing small solids
that were never affected by heating
or freezing.

Figure 18: Further evidence
of a metastable liquid
indicated by a small solid
nucleating at -72.5°C out of
the metastable liquid.  It
never filled the inclusion, and
no other solids nucleated
(A).  Both solids began to
melt simultaneously at
temperatures far below the
eutectic temperature for this
system (B).

Figure 17: Unusual low
temperature phase behavior that
indicates the presence of a
metastable liquid. A) Small vapor
bubble is shown deformed when
the inclusion freezes.  Upon
heating from low temperatures, the
vapor bubble contracts (indicate by
the word "vacancy" in B).  It is
replaced by what appears to be a
solid with a relatively high relief.

-65C

B
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 also important to note that they behaved in the same manner as the sample with 18.32

wt% FeCl2 (during heating from low temperatures).  Finally and most importantly, they

also provide further evidence that a metastable liquid persists at low temperatures.

The unusual phase behaviors documented in this study were reproduced in other

systems with multiple hydrate phases such as H2O-NaCl-MgCl2 and H2O-NaCl-CaCl2.

A synthetic fluid inclusion in the H2O-NaCl-MgCl2 system is shown in figure 19 as a

comparison to the microthermometric behavior seen in the H2O-NaCl-FeCl2 system.  No

changes were observed in the inclusion during cooling to -196°C (figure 19B).  During

heating from -196°C, the inclusion became coarse grained at -40°C (figure 19C) and

displayed the same behavior reported in figure 12B.  The eutectic temperature for this

system is -35°C; therefore, no liquid should exist at -40°C.  From this point, the inclusion

was heated until one crystal remained.  During subsequent cooling, the crystal

increased in size (figure 19D).  However, even when cooled to -196°C, the solid never

completely filled the inclusion and the remaining liquid never froze.  Upon heating, the

crystal began to melt and became smaller at a temperature lower than the eutectic

temperature (figure 19E).

Chapter 6.  Discussion

Microthermometric data collected from natural fluid inclusions are usually

interpreted in terms of the H2O-NaCl system for Te values greater than -21.2°C, and in

terms of the H2O-NaCl-CaCl2 system for Te values less than -21.2°C, because these are

the only geologically relevant aqueous salt systems for which phase behavior is known

over a wide range of T-X conditions.  However, interpreting microthermometric data in

terms of these systems can generate significant errors.  To illustrate this, total salinity

values were estimated using the H2O-NaCl system for Tm values of -5°C, -10°C, -15°C

and -20°C and the H2O-NaCl-CaCl2 system for Tm values of -25°C and -30°C.  These

estimates were then compared to total salinity values obtained if the composition of the

inclusion fluid was better estimated by aqueous salt systems other
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Figure 19: Synthetic
fluid inclusion in the
system H2O-NaCl-
MgCl2 showing similar
unusual phase
behavior documented
in this study, and in
other systems with
multiple hydrate
phases.  A) At room
temperature, the
inclusion contains
vapor + liquid.  B)
Down to -196°C, the
inclusion never
freezes.  C) Upon
heating, the inclusion
freezes and it appears
as if only solids +
vapor are present.  D)
Eutectic temperatures
could not be verified
due to the presence of
a metastable liquid.
Once a solid has been
isolated, it never
grows to completely fill
the inclusion upon
cooling.  E) The solids
begin to melt at
temperatures well
below the eutectic
temperature for this
system (-35°C)
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than H2O-NaCl or H2O-NaCl-CaCl2.  The corresponding percent error suggests that

total salinity values can be incorrectly estimated by almost 30% (table 3).  A positive

percent error indicates that the total salinity is overestimated when using the H2O-NaCl

or H2O-NaCl-CaCl2 system and a negative percent error indicates that the total salinity

is underestimated.  For ternary systems, median values of total salinity were used

because the total salinity will vary as a function of the ratio of the two salts.  For

example, a Tm value of -5°C in the H2O-NaCl-KCl system will generate a total salinity

ranging from 7.8 wt% for a NaCl/(NaCl+KCl) ratio of 1.0 to 10.3 wt% for a

NaCl/(NaCl+KCl) ratio of 0.0.  Therefore, the total salinity value that would be used in

this discussion would be the median value of 9.1 wt%.

Additionally, a test was conducted to determine the effect of interpreting

microthermometric data from inclusions containing dissolved iron using aqueous salt

systems other than the one in this study.  To this end, estimates of total salinity for

various geologically relevant aqueous salt systems were calculated using the average

Tm values obtained in this study and are shown in figure 20.  The equations used to

calculate the total salinity were obtained by fitting a 2nd order polynomial curve to each

of the data sets.  The equation that best fits the data obtained in this study is

Total Salinity = -1.7031Tm – 0.0265 Tm
2

For each system, the maximum final melting temperature used to calculate a

total salinity was equal to or less than its eutectic temperature.  Once again, median

values for total salinity were used for ternary systems.  As expected, the values for total

salinity converge at higher final melting temperatures, and lower total salinities, and

diverge as the final melting temperature decreases and the total salinity increases.

Though, in general, using other systems to interpret microthermometric data from

inclusions containing dissolved iron would underestimate the total salinity.
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Table 3: Estimates of total salinity using the H2O-NaCl system (Bodnar, 1993) for final melting temperatures greater than -21.2°C and the 
H2O-NaCl-CaCl2 system (Oakes et al., 1990) for final melting temperatures less than -21.2°C.  The percent error corresponds to how 
much the system over or underestimates the actual salinity.  A positive percent error indicates the system would overestimate the actual 
salinity, and a negative percent error indicates the system used to interpret the Tm value would underestimate the actual salinity.

Chemical System Total Salinity
(Tm = -5 C)

% Error Total Salinity
(Tm = -10 C)

% Error Total Salinity
(Tm = -15 C)

% Error Total Salinity
(Tm = -20 C)

% Error Total Salinity
(Tm = -25 C)

% Error Total Salinity
(Tm = -30 C)

% Error

H2O-NaCl-FeCl2 7.9 -2.0 14.4 -3.5 19.6 -4.2 23.5 -5.2 26.0 6.6 27.2 7.7
H2O-NaCl 7.7 0.0 13.9 0.0 18.8 0.0 22.3 0.0 - - - -
H2O-FeCl2 7.5 2.6 13.9 0.0 19.2 -2.1 23.4 4.9 26.5 8.6 28.4 12.3
H2O-CaCl2 8.9 -15.6 14.2 -2.2 17.8 5.3 20.5 -8.1 22.9 -6.1 24.8 -2.0
H2O-MgCl2 5.5 28.6 10.1 27.3 13.9 26.1 16.8 -24.7 18.8 -23.0 20.0 -20.9

H2O-NaCl-KCl 9.1 -18.2 15.9 -14.4 21.0 -11.6 24.2 8.5 - - - -
H2O-NaCl-CaCl2 7.5 2.6 13.7 1.4 18.6 1.1 22.1 -0.9 24.4 0.0 25.3 0.0
H2O-MgCl2-CaCl2 5.8 24.7 10.9 21.6 15.4 18.1 19.1 -14.3 22.1 -9.4 24.4 -3.6
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Figure 20: Diagram illustrating calculations of total salinity based on average
final ice melting temperatures (Tm) in this study using models for geologically
relevant fluids for which data are available (dashed lines) and comparing them
to a smooth curve drawn through total salinities of the actual fluid (H2O-NaCl-
FeCl2, solid red line).  Lines representing ternary systems are median values.
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Chapter 7.  Conclusion

The low temperature phase behavior of the H2O-NaCl-FeCl2 system was

investigated using the synthetic fluid inclusion technique.  Unusual phase behavior

precluded the validation of Te as reported by Borisenko (1977).  Values for Tm were

determined for concentrations between 0 and 24 wt% and show a systematic decrease

with increasing FeCl2 concentration.  Above this concentration, Tm values could not be

determined because of the inability to nucleate a solid phase.  The unusual phase

behavior was observed only in systems in which multiple hydrate phases are possible.

However, determining the exact cause of these unusual phase behaviors is beyond the

scope of this study.  Even though the determination of the presence of either ferrous or

ferric iron still can not be accomplished through heating/freezing alone, this system can

be used to interpret microthermometric data for which independent analyses have

indicated the presence of dissolved iron in inclusion fluids.
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Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

Tm
°C

1 5.01 23.00 500 2 -33.3, -33.4,
-33.3, -33.1,
-33.1, -33.1,
-33.1, -33.1,
-33.1, -33.1

2 5.01 23.00 600 2 -33.5, -33.6,
-33.6, -33.5,
-33.5, -33.5,
-33.3, -33.3,
-33.4, -33.6

3 5.02 23.09 600 2 -32.3, -32.6,
-33.2, -33.1,
-32.8, -32.6,
-32.3, -32.3,
-32.6, -32.7,
-32.4, -32.4,
-32.9, -32.8,
-32.8, -31.9,
-32.9, -33.0,
-33.1, -33.0

4 5.02 23.09 600 2 -32.4, -32.4,
-32.2, -31.5,
-32.2, -32.1,
-31.7, -31.6,
-31.5, -31.5

5 5.01 11.08 600 2 -10.8, -10.7,
-10.8, -10.8,
-10.7, -10.7,
-10.7, -10.7,
-10.8, -11.0,
-11.0, -10.9,
-11.0, -10.9

6 5.01 20.61 600 3 -27.5, -27.6,
-27.6, -28.2,
-28.1, -28.0,
-27.9, -28.3,
-28.0, -28.2

7 5.00 18.32 600 3 -20.9, -19.8,
-21.0, -20.6,
-21.0, -21.2,
-21.3, -21.4,
-21.2, -21.5

Appendix A: Experimental values obtained in this study.  DNF = Did not freeze.
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Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

Tm
°C

8 5.01 15.97 600 3 -17.8, -17.9,
-18.6, -17.7,
-17.8, -18.3,
-18.6, -18.9,
-18.6, -18.6

9 5.01 6.61 600 3 -7.1, -7.1,
-7.1, -7.2,
-7.2, -7.2,
-7.2, -7.2,
-7.1, -7.2

10 5.00 2.02 600 3 -3.6, -3.6,
-3.6, -3.7,
-3.6, -3.7,
-3.7, -3.6,
-3.6, -3.6

11 5.02 18.01 700 2 -20.4, -20.1,
-20.2, -20.2,
-19.5, -19.6,
-19.6, -19.5,
-19.7, -19.5

12 5.00 13.37 700 2 -13.5, -13.6,
-13.6, -13.5,
-13.6, -13.8,
-13.9, -13.9,
-13.7, -13.9

13 5.02 10.21 700 2 -10.2, -10.2,
-10.2, -9.9,

-10.0, -10.0,
-10.0, -10.1,
-10.0, -9.8

14 5.01 4.62 700 2 -5.5, -5.4,
-5.5, -5.5,
-5.4, -5.4,
-5.5, -5.4,
-5.4, -5.4

15 4.82 33.14 700 2 DNF

16 5.04 22.45 800 2 -33.7, -35.5,
-35.6, -34.1,
-34.3, -33.8,
-34.3, -34.4,
-33.8, -34.3,

-34.3
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Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

Tm
°C

17 4.65 20.55 800 2 -14.3, -14.5,
-14.1, -14.0,
-14.1, -14.3,
-14.4, -14.0,
-14.1, -14.4

18 4.99 18.40 800 2 -13.0, -12.9,
-13.0, -13.0,
-13.0, -12.7,
-12.8, -12.8,
-11.4, -11.3

19 5.00 9.47 800 2 -9.1, -8.9,
-8.7, -8.3,
-8.5, -9.2,
-9.1, -8.4,

-8.2

20 4.25 6.60 800 2 -4.9, -5.0,
-4.9, -5.0,
-5.0, -5.2,
-5.2, -5.2,
-5.3, -4.5

21 2.69 29.35 600 3 DNF

22 3.13 23.68 600 3 -31.8, -31.2,
-32.4, -32.3,
-32.5, -32.6,
-32.6, -32.5,
-32.6, -32.6

23 3.54 18.48 600 3 -22.9, -22.8,
-22.6, -22.2,
-22.9, -22.0,
-22.5, -22.0,
-22.6, -22.6

24 3.85 14.60 600 3 -15.9, -15.9
-15.8, -15.9
-15.8, -15.8
-15.8, -15.3
-15.4, -15.4

25 4.24 9.61 600 3 -11.5, -11.5,
-11.4, -11.4,
-11.6, -11.5,
-11.7, -11.7,
-11.7, -11.7
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Sample Salinity
Wt% NaCl

Salinity
Wt% FeCl2

Temperature
°C

Pressure
Kbars

Tm
°C

26 4.61 4.80 600 3 -7.1, -7.2,
-7.2, -7.2,
-7.2, -7.2,
-6.1, -6.4,
-6.5, -6.3

27 4.75 3.09 600 3 -5.5, -5.0,
-5.6, -5.7,
-5.7, -5.7,
-5.6, -5.6,
-5.6, -5.6,

28 4.99 0.00 600 3 -3.1,  -3.0,
-3.0, -3.0,
-2.8, -3.0
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