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ABSTRACT
In this study, modifications are made to the experimental setup of the
Bassett-type hydrothermal diamond anvil cell facilities at the University of
Tennessee. Several modifications to the HDAC setup were found to increase the
number of successful experimental runs by reducing fluid loss:
•

Gaskets were no longer polished or only lightly polished using
1 m diamond polishing compound. This prevented the formation
of a wedge-shaped gasket.

•

Gasket diameter was reduced to equal the diameter of the diamond
anvil surface to prevent “tipping” of the gasket and the possible
introduction of foreign material between the gasket and diamond
anvils.

•

Sample chamber was heated and cooled in small intervals
(approximately 300 °C) rather that one large heating and cooling
cycle. This reduced the amount of water loss in the sample
chamber and, helped to maintain constant or nearly constant fluid
pressure.

The sodium niobate structural transition most applicable to hydrothermal
diamond anvil cell studies occurs at 373 °C. This transition represents a structural
change from monoclinic (P) to orthorhombic (R). Unlike other transitions
reported in sodium niobate, this one in particular appeared in nearly all
experiments, both fluid-absent and fluid-present. The Clapeyron slope (dp/dT)
of this monoclinic to orthorhombic transition appears to be negative, one of
many characteristics that makes it useful as a pressure calibrant in hydrothermal
diamond anvil cell experiments. Also, it was found that transitions that occurred
during the heating cycle gave a better approximation of current known
transition temperatures.
Currently, all thermodynamic data for nesquehonite apply to lowtemperature, low-pressure conditions (<70 °C and 1 atm). Recently
nesquehonite was observed as a quench phase in high-temperature, highpressure experiments (750 °C and 50 MPa) as a result of dolomite breakdown
reactions. Although nesquehonite experiments were relatively inconclusive, it is
apparent from the evaluation of current thermodynamic data and tentative
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experimental results from this study that the high-temperature, high-pressure
stability of nesquehonite needs to be re-evaluated. Nesquehonite appears to be
stable up to 205 °C at high pressure in hydrothermal diamond anvil cell
experiments conducted in this study.
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INTRODUCTION
In this study, I investigated the application of the possible new pressure
calibrant sodium niobate (NaNbO3) for applicability in high-temperature, highpressure hydrothermal diamond anvil cell (HDAC) experiments. Pressure
calibration materials are useful in such studies because, currently, there is no way
to measure directly sample chamber pressure during experiments. Sodium
niobate is a promising candidate for use as a pressure calibrant in HDAC
experiments because it has several reversible transitions, is non-reactive over a
wide-range of pressure and temperature conditions, and is relatively easy to
synthesize.
This study also introduces modifications developed in the Bassett-type
HDAC (Bassett et al., 1993) experimental setup at the University of Tennessee,
Knoxville. These findings are applied to a high-pressure, high-temperature
study of the stability of the hydrous carbonate mineral, nesquehonite
(MgCO3·3H2O). To date, nesquehonite has been found almost exclusively at lowtemperature, low-pressure conditions (<70 °C and 1 atm). Consequently, all
published thermodynamic data apply to this pressure-temperature range. In a
recent study (Labotka, personal communication), however, nesquehonite was
observed as a quench phase in high-temperature, high-pressure dolomite
breakdown experiments (750 °C and 50 MPa). The presence of nesquehonite in
high-pressure, high-temperature conditions has important implications in
carbonate diagenesis because it can act as either a source or sink for H2O and
CO2. In this study, existing thermodynamic data for nesquehonite are evaluated
for applicability at high-temperature, high-pressure conditions. The
hydrothermal diamond anvil cell facilities at the University of Tennessee,
Knoxville are used to determine stability of nesquehonite at these conditions.
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THE HYDROTHERMAL DIAMOND ANVIL CELL (HDAC)
Introduction and Background
Traditional high-temperature, high-pressure hydrothermal experiments
are conducted with some variation of a cold-seal chamber (Kerrick, 1987), pistoncylinder apparatus (Bell and Williams, 1971), or rocking autoclave (Bourcier and
Barnes, 1987; Seyfried et al., 1987) constructed from precious metals such as
platinum or gold or metal alloy such as silver-palladium. Although these devices
provide excellent control over a wide range of temperature and pressure, the
nature of the construction materials makes direct visual observation of the
sample chamber during an experiment impossible. Alternative hightemperature, high-pressure cells, such as those with quartz- or sapphire-fused
windows, are specifically designed for optical spectroscopic studies (Buback et al.,
1987; Ohmoto et al., 1991). Unlike more traditional high-pressure hydrothermal
cells, those apparatus provide direct visual observation of experiments in situ.
One disadvantage is that such devices are typically limited to a small temperature
and pressure range and, therefore, are not applicable to high-pressure, high
temperature hydrothermal experiments. The Bassett-type hydrothermal
diamond anvil cell (HDAC; Bassett et al., 1993), provides both direct visual
observation of the sample chamber during experimental runs and the ability to
reach a temperature of 1300°C by resistance heating (Schiferl et al., 1987; Ming et
al., 1987) and a fluid pressure of up to 5.5 Mbar (Xu et al., 1986), making it ideal
for many high-temperature, high-pressure hydrothermal studies.
A detailed diagram of the hydrothermal diamond anvil cell (HDAC) used
in this study (Figure 1) is adapted from Furnish and Bassett (1983). The basic
setup of the HDAC consists of two polished diamonds (referred to as the
“upper” and “lower” diamonds) pressed on either side of a finely polished
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Figure 1. Bassett-type hydrothermal diamond anvil cell. The hydrothermal
diamond anvil cell used in this study was adapted from Furnish and
Bassett (1983).
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rhenium gasket. Rhenium is used because it’s hardness prevents deformation of
the sample chamber during heating. The gasket has an outer diameter of 3 mm,
an inner diameter of 0.5 mm, and a thickness of 125 µm, creating a sealed sample
chamber with an approximate volume of 0.025 mm 3. Coiled around each
diamond anvil are molybdenum heater wires and chromel-alumel
thermocouples to control and measure temperature, respectively. This entire
setup is held together with three screws and sealed within a stainless steel shell.
A gas of 1% hydrogen and 99% argon flows around the anvil during heating to
prevent oxidation of the molybdenum heater wires and diamond anvils.
Pressure is created by heating a fluid medium, such as doubly de-ionized water
or methanol-ethanol mixture, in a sample chamber that maintains a relatively
constant volume. Experiments conducted at atmospheric pressure lack a fluid
medium and, in this study are referred to as fluid absent experiments.
One difficulty in using the HDAC for hydrothermal experiments is that
pressure varies during experimentation and there is no way to measure pressure
directly. Various techniques are currently being used to determine pressure.
Commonly, pressure calibrants such as the

-

quartz transition (Shen et al.,

1993a), tetragonal to cubic transitions in BaTiO3 (Chou et al., 1993), PbTiO3 (Chou
and Haselton, 1994) and Pb3(PO4)2 (Chou and Nord, 1994) are used to determine
pressure because they have displacive structural transitions that shift with
pressure-temperature conditions. Such materials are useful in HDAC studies
because:
•

They are relatively inexpensive and easy to synthesize

•

They are non-reactive over a large region in P-T space

•

They have transitions occur within a range of P-T space that is
applicable to many hydrothermal studies

•

Their transitions are displacive (therefore they appear rapid) and
reversible

•

They have transitions that are optically observable

•

They have negative Clapeyron (dp/dT) slopes, resulting in phase
boundaries that cross isochores of many common geologic fluids

Several pressure calibrants may be used in one experiment to improve the
accuracy of the pressure determination.
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Shen et al. (1992) developed another useful way to determine pressure
during HDAC experiments by coupling fluid homogenization temperatures in
the sample chamber with the equation of state of water (EOSH2O) developed by
Haar et al. (1984). Figure 2 illustrates the liquid vapor coexistence curve and
density isochores calculated using NIST/ASME Steam Tables v. 2.2. Combining
transition temperatures of several pressure calibrant materials with fluid
homogenization temperature is the best way to improve the accuracy of
pressure calculations for HDAC experiments.
Methodology
The Experimental Setup
Before each experiment, a rhenium gasket with and outer diameter of 3
mm and an inner diameter of 0.5 mm was polished using 800, 1200, 1500 and
2500 grit sandpaper and a 1

m diamond polishing compound to eliminate

gouges that may cause a fluid leak. Initially, a general parallel alignment of the
diamond anvil surfaces was achieved using 99.999% silver iodide. Silver iodide is
isotropic at atmospheric pressure, but when subjected to pressure, it becomes
anisotropic. Alignment was achieved by squeezing silver iodide between the
two diamond anvils centering the anisotropic portion by adjusting the position
of each diamond. Alignment of diamond surfaces was of utmost importance
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Figure 2. The liquid-vapor coexistence curve for pure water. This plot was
calculated using NIST/ASME Steam Tables v. 2.2. The solid lines are
density isochores in g/cm3.
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because it prevents differential stress on the diamond anvils and gaskets, which,
in turn, prevents diamond shattering or fluid loss. The alignment of the
diamond anvils was “fine tuned” by centering interference fringes in oil placed
on the diamond anvil surfaces. After alignment, the gasket and diamond
surfaces were cleaned with methanol to ensure the best possible seal. A newly
polished and cleaned gasket was placed on the surface of the lower diamond
(Figure 1). The sample of interest and various calibration materials (in this study,
BaTiO3 and NaNbO3 were used) were then carefully placed into the gasket hole.
When conducting a high pressure experiment, a small drop of doubly de-ionized
water was suspended from the upper diamond before closing the cell (Bassett,
2003). Normally, after the fluid was loaded, a small bubble would appear in the
sample chamber or a bubble was created by loosening the casing screws and
retightening them the instant a small bubble formed.
The connectivity of thermocouples and heat leads was checked frequently
before and after each experiment to ensure equal and efficient heating and
accurate temperature readings. Connectivity was assured by placing a small
drop of high-purity silver paint at each heat lead or thermocouple contact. For
optimal temperature control, heat leads for upper and lower diamonds were
connected to separate transformers, which, in turn, were controlled by one
master transformer (Figure 3). The two smaller transformers allowed for
separate control of upper and lower heat leads when temperature fluctuated
vertically in the sample chamber. Upper and lower thermocouples were
connected to separate temperature gauges so any temperature fluctuation could
be observed. Each experiment was observed in both plane-polarized and crosspolarized light using a Nikon optical microscope with a mounted video camera.

8

Figure 3. Photograph of the experimental setup. Transformers are to the right
of the microscope. Temperature gauges are to the left.
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During each experiment, video of the sample chamber, temperature readouts
and a clock was recorded on computer for later study.
To determine pressure in HDAC experiments in this study, water was
loaded in the cell along with a small bubble. Upon heating the bubble began to
shrink; a stage in which the system is fixed to the univariant curve shown in
Figure 4. At the homogenization temperature the bubble completely disappears.
At this point, fluid homogenization is attained in the sample chamber, fluid
density remains constant (assuming constant sample chamber volume) and the
P-T relationship of the system leaves the univariant curve to follow a density
isochore. At this point, the system is constrained to a single density isochore in
P-T space unless, as illustrated in Figure 4, there is a change in sample chamber
volume because of gasket softening during the heating cycle (Shen et al., 1992).
In that case, the system travels between density isochores until the cooling cycle
has begun. On the cooling cycle, Shen et al. (1992) showed that gasket size and
sample chamber volume does not change significantly and, therefore, the system
is constrained to one isochore. Below the homogenization temperature, the
system follows the univariant liquid vapor coexistence curve. Homogenization
temperatures were chosen on both the heating and cooling cycles of each
experiment wherever possible. Fluid density isochores for each experiment
were calculated using NIST/ASME Steam Tables v. 2.2 using fluid
homogenization temperature.
Materials
The barium titanate used in this study was synthesized by the hightemperature top-seeded solution growth method by Daniel Rytz at Oak Ridge
National Laboratory (Raevskii et al., 2003). Crystallinity was verified using the
XRD facilities at the University of Tennessee, Knoxville.
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Figure 4. Pressure-temperature path of a typical HDAC experiment. This
figure is adapted from Shen et al. (1992). LV is the liquid-vapor
coexistence curve and CP is the critical point.
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Results and Discussion
Heating and cooling the sample chamber
The sample chamber was heated and cooled at an average rate of 1 °C/s.
Generally, the cell was heated from ~ 25 °C to ~ 700 °C and then cooled back
down to room temperature producing one large heating and one large cooling
cycle. At each observed phase transition, the temperature was either decreased
or increased (depending upon current cycle) 10 to 30 °C to observe a reversal. In
high-pressure, fluid-present experiments, fluid homogenization temperatures
were chosen at the point when the bubble either disappeared (during the heating
cycle) or reappeared (during the cooling cycle). Transition and homogenization
temperatures most representative of the entire sample chamber were obtained
by averaging upper and lower thermocouple readings. Both calibration
materials and fluid homogenization temperatures were combined to determine
pressure in the sample chamber. The tetragonal to cubic transition was identified
by a change from anisotropic to isotropic in the barium titanate crystal. All
transitions occurred rapidly enough to pinpoint a specific transition temperature
and were easily observed in the sample chamber.
A decrease in sample chamber volume was apparent during both the
heating and cooling cycles. The gasket opening shrank and deformed visibly
due to softening of gasket materials. By observing changes in interference
fringes, Shen et al. (1992) determined a significant decrease in the sample
chamber diameter upon cell heating and, therefore a significant change in fluid
density. They concluded that upon cooling, however, gasket thickness changes a
maximum of 1

m, equating to less than a 1% change in sample volume. For

this reason, in fluid-rich experiments Shen et al. (1992) suggested recording
transition and homogenization temperatures during the cooling cycle only. In
fluid-absent experiments, this precaution is not necessary because of the absence
of fluid pressure. Because of the small number of successful experiments in this
study, all transition and homogenization temperatures were recorded.
Tetragonal to Cubic Transition in BaTiO3 at Atmospheric Pressure
Barium titanate (BaTiO3) has a perovskite-type structure. It has one
displacive, tetragonal to cubic transition at approximately 120 °C and one
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atmosphere (Megaw, 1947). This transition has been used for pressure
determination in other HDAC studies (Bassett et al., 1996) because it occurs at
temperatures applicable to many hydrothermal studies and the Clapeyron slope
is negative and, therefore, intersects density isochores for water.
The barium titanate transition temperatures observed in this study ranged
between 130 and 138 °C on the heating cycle and 145 and 153 °C on the cooling
cycle in fluid absent experiments (1 atm). The mean transition temperatures are
132.8 °C for the heating cycle and 150.1 °C for the cooling cycle (Figure 5). The
result is an approximately 8 °C range in transition temperature for any given
cycle and a nearly 18 °C discrepancy between mean heating and cooling cycle
transition temperatures. This variation is attributed to local strain and
compositional variations in the calibration material.
Tetragonal to Cubic Transition in BaTiO3 at High Pressure
Barium titanate tetragonal to cubic transition temperatures at high
pressure are shown in Figure 6. Transition temperatures during the heating
cycle have a negative slope and give a transition temperature of 134.5 °C at
atmospheric pressure, approximately 1.7 °C off the mean transition temperature
determined in fluid absent experiments (132.8 °C). Transition temperatures
during the cooling cycle, however, have a positive slope and give a transition
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temperature of 133.8 °C at atmospheric pressure approximately 16.3 °C off the
mean transition temperature determined in fluid absent experiments (150.1 °C).
In contrast to the conclusion of Shen et al. (1992) that transition temperature
should be taken on the cooling cycle in fluid-rich experiments, in this study
transition temperatures taken on the heating cycle appear to be more accurate.
Determining Pressure
Bassett et al. (1996) developed the following equation for calculation of
sample chamber pressure using the tetragonal to cubic transition in BaTiO3:
Ptr (MPa) = 0.17 – 21.25 [(Ttr)p-(Ttr)LV]

(1)

Where Ttr is transition temperature, (Ttr)p is the transition temperature at
pressure of interest, and (Ttr)LV is the transition temperature along the liquid
vapor coexistence curve. This equation is applicable to studies using only their
stock of barium titanate only because of the effect that variation in composition
and local strain have on the transition temperature. Figure 7 shows the
transition temperature determined by Bassett et al. (1996) and this study at
varying pressure. In this study, barium titanate transitioned at approximately
134.5 °C at atmospheric pressure as opposed to ~120 °C reported by Bassett et al.
(1996). For this reason, barium titanate is not used as a calibration material in
this study.
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Figure 7. BaTiO3 transition at high temperature and pressure in this study and
as reported in the by Bassett et al. (1996). The dashed line represents
transition temperatures at high pressure reported by Bassett et al.
(1996). The solid line represents those found in this study.
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Calibrating the Calibration Materials
As mentioned before, shifts in structural transition temperatures resulting
from local variation in composition or strain in the calibration material can
introduce error into the pressure determination. For this reason, calibration
minerals must also undergo calibration. Shen et al. (1992, 1993b) developed a
method to determine sample chamber pressure using the equation of state of
water (EOSH2O). They concluded that the EOSH2O developed by Haar et al. (1984)
provides pressures accurate to within ±1% for temperature and pressure ranges
applicable to this study (< 850 °C and 1.1 GPa). The liquid vapor curve and
density isochores that were calculated using NIST/ASME v. 2.2 are shown in
Figure 2. Shen et al. (1992) found that the EOSH2O of Haar et al. (1984) was in
good agreement with pressures determined using the

-

quartz boundary of

Mirwald and Massonne (1980). For this reason, the NIST/ASME program (Haar
et al., 1984) was used in my study to calculate pressure for observed fluid
homogenization temperatures.
Modifications to the Experimental Setup
Several difficulties were discovered in the experimental setup. The most
prominent and pervasive problem was fluid loss in the sample chamber during
the cooling interval of experiments. Several techniques, including changing
diamond anvil cell materials, were used in attempt to remedy this problem.
First, gaskets were no longer polished prior to each experiment because it was
observed that intensive polishing created a wedge-shaped gasket. Instead, either
no polish or only a 1

m diamond polishing compound was used to reduce the

size of the deeper gouges in the rhenium gasket. Gasket size was also altered to
prevent water loss. The outer diameter of the gasket was reduced to the same
diameter of the diamond anvil surface to prevent “tipping” of the gasket that
may introduce foreign material into the space between the diamond anvil
surface and the gasket, thus preventing a complete seal (this, fortunately,
reduced the cost of each experiment as well).
A third technique that helped prevent water loss during an experiment
was heating and cooling the sample chamber in small intervals. Instead of
having one heating and one cooling cycle, the sample chamber was allowed to
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rest for several minutes between heating/cooling intervals of approximately
300-350 °C. Water loss was less likely to occur in such experiments. In
comparison, experiments in which one cycle involved an ~650 °C of change in
temperature typically lost all fluid. This phenomenon most likely results from
the ability of gasket materials to soften/harden during changes in temperature.
A longer “rest” time would allow gasket materials to mold to the diamond anvil
surface.
Although difficulties were encountered in the experimental setup, several
successful experiments were conducted that resulted in fluid homogenization as
well as observed phase transitions for nesquehonite, sodium niobate, and
barium titanate. These include thirteen fluid-absent experiments and nine fluidrich experiments from which phase transition temperatures and homogenization
temperatures were recorded.
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HIGH-PRESSURE STRUCTURAL TRANSITIONS IN SODIUM NIOBATE
Introduction and Background
Sodium Niobate as a Possible Pressure Calibrant
One major difficulty in using the HDAC for hydrothermal studies is that
the setup does not permit direct pressure measurement in the sample chamber.
Currently, sample chamber pressure is determined by known phase transitions
in substances such as quartz (Shen et al., 1993) and tetragonal to cubic transitions
in materials such as PbTiO3 (Chou and Haselton, 1994), Pb3(PO4)2 (Chou and
Nord, 1994), and BaTiO3 (Chou et al., 1993). Because the pressures and
temperatures at which phase transitions occur depend upon the composition of
the calibration material, the equation of state of water is used to calibrate each
fluid-rich experiment (Shen et al., 1992).
This study explores the applicability of shifts in phase transition
temperatures in sodium niobate (NaNbO3) at high-temperature, high pressure
conditions for use as a pressure calibrant in hydrothermal diamond anvil cell
studies. Sodium niobate is a good candidate for a possible calibration material
because:
•

It is relatively inexpensive and easy to synthesize

•

It is non-reactive over a large region in P-T space

•

It has several known phase transitions

•

It has transitions that are optically observable

•

These transitions occur within a range of P-T space that is applicable
to many hydrothermal studies

In particular, the large number of structural transitions in sodium niobate makes
it a good candidate as a possible calibration material for HDAC experiments
because it would permit several possible pressure calculations from one
calibrant.
Sodium Niobate Structural Transitions
At temperatures higher than 641 °C, sodium niobate has cubic perovskite
structure. At temperatures lower than this, however, sodium niobate exhibits
lower symmetry resulting from either a tilting of oxygen octahedra or a shift in
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the position of cations (e.g. Cross and Nicholson, 1955; Ahtee and Glazer, 1974).
The following six structural transitions, listed from low to high temperature, are
known to occur in sodium niobate between -100 and 641 °C (Hewat, 1974);
N(R3c) P(Pbma) R(Pmnm) S(Pmmn) T1(Ccmm) T2(P4/mbm) U(Pm3m)
The temperatures at which these transitions occur at atmospheric pressure
and crystal symmetries of each phase are listed in Table 1.
Yuzyuk (2005) described sodium niobate as “the most complex perovskite
ferroelectric known” because of the number and the complexity of its structural
transitions. Even at atmospheric pressure all phase transitions are not yet
known. For instance, transitions at 150 °C and 190 °C were recently proposed
on the basis of both Raman spectroscopic and dielectric studies (Wang et al.,
1996; Raevskii et al., 2000). Most recent sodium niobate studies report findings
on its ferroelectric properties, as it exhibits complex antiferroelectric,
ferroelectric, and relaxor properties depending upon p-T conditions. Sodium
niobate is paraelectric above 480 °C, antiferroelectric between 480 and -100 °C
and ferroelectric below -100 °C (e.g. Shilkina et al., 1977; Henson et al., 1977).
Table 1. Structural transitions in NaNbO3.
Transition
Phase
Temperature

Symmetry

Reference

N

Rhombohedral Darlington (1971)

-100 °C

P

Monoclinic

Darlington & Knight (1999)

373 °C

R

Orthorhombic

Sakowski-Cowley et al. (1969)

480 °C

S

Orthorhombic

Ahtee, Glazer & Megaw (1972)

520 °C

T1

Orthorhombic

Ahtee, Glazer & Megaw (1972)

575 °C

T2

Tetragonal

Glazer & Megaw (1972)
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641 °C

U

Cubic

-
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Methodology
Materials
The calibration material NaNbO3 was obtained from Oak Ridge National
Laboratory. Sodium niobate was synthesized by Lawrence Anovitz using the
methodology described by Zhelnova et al. (1983), Ivliev et al. (2003), and
Raevskii et al. (2003). The crystallinity was verified using the x-ray
diffractometer at the University of Tennessee (Figure 8).
Sodium niobate crystals were chosen based upon size and diaphaneity.
Several crystals were chosen for each experiment to assure visibility of structural
transitions through many crystal orientations. Phase transitions were identified
by a change in birefringence, including the tetragonal to cubic transition at 641
°C in which the cubic phase is supposed to be isotropic. The monoclinic to
orthorhombic transition was identified by a pronounced change in birefringence
from high to low.
Results and Discussion
Structural Transitions
Most of the structural transitions that occurred in the sodium niobate
were not always visible in experiments. For instance, the displacive tetragonal to
cubic transition that occurs at 641 °C (T2

U) and 1 atm was observed in few

experiments. When it was observed, in both fluid-rich and fluid-absent
experiments, it did not appear as a shift from anisotropic to isotropic as expected.
Instead, it appeared as a dark gray to light gray shift. This discrepancy may
result from compositional or structural deviations in the starting material. Other
structural transitions, such as R

S and S
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Figure 8. X-ray diffraction pattern for the room temperature (monoclinic)
NaNbO3 used in this study.
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orthorhombic), appeared gradual (occurred over a ~ 30 °C range), making the
designation of a single transition temperature difficult.
The most commonly occurring and easily observable transition is the P
R (monoclinic to orthorhombic) transition that occurs at 373 °C. This transition
was rapid enough to pinpoint a transition temperature and visible in nearly all
experiments. The structure for phase P is shown in Figure 9. The structure for
phase R has not yet been determined, but it is thought that the transition
represents either a reorientation or disappearance of dipoles (e.g. Lefkowitz et
al., 1966).
The P

R Transition at Atmospheric Pressure
Transition temperatures for the monoclinic to orthorhombic transition

agree with the transition at 373 °C reported by Sakowski-Cowley (1969). We
found an average transition temperature of 372.4 °C on the heating cycle and
368.5 °C on the cooling cycle. Figure 10 shows the affect that heating or cooling
rate has on the transition temperature. This figure shows that the transition
temperature was reproduced best on the increasing cycle (372.4 °C). Transitions
that occurred during a small decrease in temperature on the heating cycle (357.6
°C) were much lower than 373 °C and transitions that occurred during a small
increase on the cooling cycle were much higher (383.2 °C). Transitions on the
decreasing cycle averaged 368.5 °C. We concluded that the transition
temperatures during a small increase in temperature on the heating cycle and a
small decrease in temperature on the cooling cycle were closest to those reported
in the literature. For this reason, in fluid-rich experiments, only transition
temperatures occurring during these particular temperature cycles are reported.

25

Figure 9. Structure of sodium niobate at room temperature (phase P) as
reported by Sakowski-Cowley et al. (1969). Red circles are oxygen
atoms, yellow are sodium and green are niobium.
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Figure 10. P-R transition temperatures in NaNbO3 at atmospheric pressure.
First arrows represent heating ( ) or cooling ( ) cycle and second
arrows represent secondary, small-scale (~30°C) heating or cooling.
The large arrow represents the transition temperature at 1 atm as
reported by Sakowski-Cowley et al. (1969).
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The P

R Transition at High Pressure
The Clapeyron slope for transition temperatures is approximately -0.9

MPa/°C for the heating cycle and -0.4 MPa/°C for the cooling cycle (Figure 9).
Trend lines in Figure 11 were approximated using the least squares fit. Neither
the heating cycle nor the cooling cycle trends actually reproduce a temperature
of 373 °C at atmospheric pressure. The slope for the heating cycle is the closest
approximation for the transition temperature at 1 atm (~383.3 °C). The cooling
cycle predicts a transition temperature of ~402.9 °C at 1 atm, almost 20 °C higher
than the transition temperature reported by Sakowski-Cowley et al. (1969).
Figure 12 shows the heating cycle data and least squares fit for the heating cycle
transition temperatures in relation to the liquid vapor coexistence curve.
Application to Hydrothermal Diamond Anvil Cell Studies
The P

R transition in sodium niobate has potential for application in

high temperature, high pressure hydrothermal diamond anvil cell studies
because it is rapid, reversible and occurs at temperature and pressure ranges
applicable to hydrothermal studies. Other sodium niobate transitions also have
potential for use in hydrothermal diamond anvil cell studies, but further study is
needed.
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Figure 11. P-R transition temperatures in NaNbO3 at pressures greater than
atmospheric.
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Figure 12. NaNbO3 P-R transition in relation to the liquid vapor coexistence
curve. The dashed line was calculated using least squares fit.
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THE STABILITY OF THE HYDROUS-CARBONATE MINERAL,
NESQUEHONITE
Introduction and Background
Mineral Information
Nesquehonite (MgCO3 · 3H2O) is one of a suite of magnesium-carbonate
minerals in the MgO-CO2-H2O system, including, hydromagnesite (3MgCO3 ·
Mg(OH)2 · 3H2O), artinite (MgCO3 · Mg(OH)2 · 3H2O), lansfordite (MgCO3 ·
5H2O), magnesite (MgCO3), brucite (Mg(OH)2), and periclase (MgO). It has
monoclinic (pseudo-orthorhombic) symmetry, belonging to the space group
P21/n (additional crystal data listed in Table 2). Nesquehonite typically forms
radiating, acicular crystals less than 4mm in length (Figure 13). It was originally
found in 1888 as an accessory mineral in an anthracite coal mine in the
Nesquehoning Coal Mine in Nesquehoning, Carbon County, Pennsylvania and
was first reported by Genth and Penfield in 1890. Early on it was also observed
at the base of stalactites (frequently referred to as “moon-milk”) in association
with lansfordite. Nesquehonite most commonly forms by leaching of dolomitebearing schists and ultramafic rocks (commonly serpentine). More recently, it
has been found as a weathering product on the fusion crusts of Antarctic stone
meteorites (e.g. Velbel et al., 1991) and as a deposit in mineral springs and in air
conditioners (Marschner, 1969). Until recently, nesquehonite is reported to be
found exclusively in low-temperature, low-pressure environments.
Previous Research
A good deal of work has been done to establish the thermodynamic
stability of minerals in the MgO-CO2-H2O system to better understand carbonate
diagenesis (e.g. Langmuir, 1965; Robie and Hemmingway, 1973; Davies and
Table 2. Current thermodynamic data for nesquehonite.
Robie & Hemingway (1972, 1973)

Helgeson (1978)

Gf

-412,035

-

H°f

-472,576

-

°

S

46.76

-

V°

74.79

-

Ttr (°C)

340

340

°
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C° p

a

9.16E+04

2.52E+01

b

-4.32E+02

9.13E-02

c

5.76E-01

-4.22E+05

d

-1.22E+09

-
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1 mm

Figure 13. Cluster of nesquehonite crystals. This particular cluster came from
the stock that was synthesized for this study.
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Bubela, 1973). The high-temperature, high-pressure stability of nesquehonite has
important implications for the thermodynamics of metamorphic rocks and
conditions during carbonate diagenesis because it can act as either a source or
sink for both CO2 and H2O. Fluid composition has major effects on the
formation of carbonates. It, therefore can have a major effect on fluid
composition during carbonate diagenesis.
The solubilities of minerals in the MgO-CO2-H2O system depend upon
conditions such as pH, partial pressure of CO2 , fluid composition, temperature,
and pressure. The concentration of metals such as magnesium in natural waters
is dependent on the solubility of these Mg-carbonates. The dissociation of
nesquehonite, in particular, has been shown to be a major control on alkalinity
and can create conditions that promote the formation of dolomite (Davies et al.,
1977).
Relative stabilities of nesquehonite, hydromagnesite, and lansfordite are
not well established. Data reported in current literature conflict with the natural
occurrence of nesquehonite and other carbonate minerals (e.g., Robie and
Hemingway 1972; 1973; Davies and Bubela; 1973; Velbel, 1991; Königsberger et
al., 1999). For instance, the occurrence of nesquehonite on the Antarctic stone
meteorite LEW 85320 as euhedral idiomorphic crystals, rather than as
pseudomorphic after lansfordite, suggests that nesquehonite forms at lower
temperatures than lansfordite (Velbel et al., 1991). This disagrees with
previously determined stability diagrams that suggest lansfordite forming at
lower temperatures than nesquehonite (e.g. Langmuir, 1965; Ming, 1981). Velbel
et al. (1991) also concluded that evaporites on meteorite fusion crusts, such as
nesquehonite, consist of both terrestrial and extraterrestrial components. They
suggested the need for caution when interpreting cation fractionation in these
meteorites and the presence and composition of nesquehonite superposed on
meteoritic fusion crusts offers important clues as to the extent of terrestrial
weathering. To date, thermodynamic data reported for nesquehonite in the
MgO-CO2-H2O system apply to low-temperature (<70 °C), low-pressure (1 atm)
regions in P-T space.
High-temperature (750 °C), high-pressure (50 MPa) experimental studies
have resulted in the unexpected formation of nesquehonite as a quench phase,
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suggesting that the currently accepted stability range needs to be expanded
(Labotka, personal communication). One experiment in particular at 750 °C and
50 MPa involved the breakdown of dolomite to form calcite and periclase:
CaMg(CO3)2

CaCO3 + MgO + CO2

(1)

Instead of the expected reaction products, an abundance of nesquehonite was
found. Labotka (personal communication) suspects that the following
incongruent reaction is responsible for this mineral assemblage:
3H2O + CO2(aq) + MgO(aq)

MgCO3 · 3H2O

(2)

Reaction (2) would result in the formation of nesquehonite from the periclase
produced from the dolomite breakdown reaction (1) and would account for the
minor amount of periclase and the abundance of nesquehonite observed in the
experiments.
Target Reaction Temperature Calculations
To determine target reaction temperatures for experiments using the
hydrothermal diamond-anvil cell, stability curves for reactions in the MgO-H2OCO2 system involving nesquehonite were calculated. Using Robie and
Hemmingway (1972) thermodynamic values (Table 2) and the methodology
presented by Langmuir (1965) and Königsberger et al. (1999), an estimate of the
stability curves using the following relation was determined:
G (T,p) = ∆H° f – T∆S° f + ∫ C°pdT - T∫ C°p/T dT + 3RTlnfH2O + ∆Vs(p-1)

(1)

C°p (heat capacity at constant pressure) was calculated using the following
expressions (Helgeson, 1978 and Robie and Hemingway, 1972, respectively):
C°p = a + bT - cT-2

(2)

C°p = a + bT - cT2 +d√T

(3)
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Once values for C°p were calculated, values for ∫C°pdT and T∫C°p/T dT could be
obtained by integration. Equation (1) gives 3 unknowns (T, p, and lnfH2O). To
solve this expression we calculated lnfH2O values at fixed temperature intervals
and variable values of pressure. Calculated lnfH2O values were plotted versus
pressure, along with empirically determined lnfH2O values from Burnham et al.
(1969).
Pressure values were calculated between temperatures of 127 and 327 °C
at intervals of 25 °C. Four values for pressure were determined between 152
and 227 °C. Temperature values beyond these did not result in an intersection of
the two fugacity curves. These pressure and temperature values are plotted in
Figure 14.
The reaction curve shown in Figure 14 is not what is expected for the
dehydration reaction, nesquehonite

magnesite + 3H2O. A typical dehydration

reaction has a positive slope and is curved. Although no target temperatures
and pressure for experimental work on the HDAC were obtained, this
calculation suggests that current thermodynamic data for nesquehonite are not
applicable at temperatures much greater that 67 °C and, second, that the reaction
is sensitive to errors in entropy as opposed to the volume change associated with
the dehydration reaction.
Methodology
Materials
Nesquehonite was synthesized at room temperature by mixing a 1.8
molar solution of K2 CO3 and a 1.8 molar solution of MgCl2. The gel that was
formed upon mixing of the solutions was allowed to stand for 3 to 5 days at
room temperature, covered with a watch glass. Crystals then were separated
from the liquid and rinsed with deionized water and methanol to remove any
residual gel. The nesquehonite was stored in a tightly sealed container at room
temperature. Crystallinity was verified periodically using the XRD facilities at
the University of Tennessee (Figure 15).
Experimental Results and Discussion
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Experiments to determine the high-temperature, high-pressure stability of
nesquehonite were inconclusive. In both fluid-rich and fluid-absent experiments,
sample chamber contents were difficult to determine because of the small sample
size.
Actual phase transitions were also difficult to determine in situ using only
plane-polarized and cross-polarized light, and the sample was too small to
determine composition using XRD analyses. Raman spectroscopy or X-ray
diffraction analyses during experiments would be helpful to determine sample
chamber contents.

Pressure
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Figure 14. Calculated equilibrium curve for the dehydration reaction,
nesquehonite magnesite + 3H2O.

37

6000

(Counts)

4000

Intensity

5000

3000

2000

1000

0
5

10

15

20

25

30

35

40

45

50

2-Theta (°)

Figure 15. X-ray diffraction pattern for nesquehonite synthesized in this
study.
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In fluid-absent experiments, nesquehonite appeared to dehydrate at
approximately 77.5 °C. This is higher than values reported in the literature (~67
°C) for the dehydration of nesquehonite. In fluid-rich experiments, the
temperature of dehydration increased to between ~150 and 205 °C.
Unfortunately, pressures are not known for these experiments. One experiment
appeared to have resulted in complete fluid loss, in another, no bubble appeared
on either the heating or cooling cycle and in the last, pressures were calculated to
be atmospheric. In one experiment, nesquehonite appeared to dissolve and,
upon cooling, a precipitate formed on the surface of the diamond anvils.
Unfortunately, the sample was too small to perform an analysis using the XRD,
but, assuming that the sample dehydrated and decarbonated, the precipitate is
most likely periclase. Exactly what amount of pressure the nesquehonite crystals
were actually subjected to in fluid-rich experiments is inconclusive, but they
certainly appeared to be more stable at higher pressures.
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DISCUSSION AND CONCLUSIONS
Several modifications were made to the Bassett-type hydrothermal
diamond anvil cell experimental setup at the University of Tennessee, Knoxville,
to reduce fluid loss and thereby increase the number of successful experiments.
These changes include a reduction in the amount of gasket polishing, reduction
in gasket diameter, and reducing heating and cooling intervals. It was also found
that transitions occurring on the heating cycle better approximated current
known transition temperatures for both barium titanate and sodium niobate
transitions. The exact cause for this is not clear and may apply only to the HDAC
experimental setup at the University of Tennessee, Knoxville.
At least one sodium niobate transition appears to be applicable to
hydrothermal diamond anvil cell studies. This monoclinic (P) to orthorhombic
(R) transition occurs at 373 °C and has a negative Clapeyron slope. Other
observed transitions were either too gradual to pinpoint an exact transition
temperature or they did not occur consistently in all experiments.
Although data for nesquehonite is inconclusive, it is apparent that its hightemperature, high pressure stability needs to be carefully re-evaluated. Current
thermodynamic data for nesquehonite do not to apply to high-temperature,
high-pressure conditions. In this study, nesquehonite appeared to be stable up
to 205 °C and in a previous study (DeAngelis, 2005) it was observed as a quench
phase in dolomite breakdown experiments that reached 750 °C and 50 MPa.
More work is needed to accurately determine the high-temperature, high
pressure stability of nesquehonite. HDAC studies coupled with Raman
spectroscopy and/or X-ray diffraction would be useful to analyze material in the
sample chamber.
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