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ABSTRACT

A new capsule technique has been developed to maintain a constant sample geometry
at the high pressures and temperatures obtainable with a piston-cylinder apparatus. The
capsule consists of a thick-walled transition metal cylinder, open on one end, and an inner
noble metal sleeve. A noble metal lid welds to the capsule during cold pressurization,
eliminating the need for arc welding to seal the loaded capsule. The high strength of the
thick-walled capsules protects delicate samples such as single crystals during pressuriza-
tion. At high temperature and pressure capsules shorten in the directior. of compression
but deform homogeneously. Pressure calibrations show that the pressure correction for
the assembly is negligible. Ni powder can be used to buffer the f,, in an aqueous charge
at NNO for >24 h at 1000 °C.

Applications of the capsule technique to hydrothermal experiments on single crystals
are discussed. These experiments allow measurement of mineral solubilities, partition
coefficients, and diffusion coefficients in minerals. Thick-walled capsules are also useful
for experiments that require constant sample geometry, such as diffusion couples and

textural studies.

INTRODUCTION

There are very few data on the properties of COH flu-
ids at pressures above 1.0 GPa. Because the piston cyl-
inder can achieve pressures of 5.0 GPa (Boyd and En-
gland, 1960), it can be used to increase the range of
conditions accessible for the study of fluids. However, the
difficulties inherent in hydrothermal experiments on small
samples have limited the use of the piston cylinder in
studies of fluids. The usual procedure of sealing a fluid-
bearing capsule shut by arc welding is unreliable because
it may cause volatilization of an unknown mass of sam-
ple. Volatilization of caustic or radioactive fluids during
welding is not only undesirable but also may change the
bulk composition of the sample. Also, welded seals often
fail during the experiment or the quenching process. The
irregular shapes of capsules made in this fashion require
that each has a custom-made receptacle, resulting in a
different geometry in every experiment.

We have developed a capsule technique for mineral
solubility measurements that avoids these problems. The
capsule consists of an open-ended thick-walled transi-
tion-metal cylinder and a noble metal sleeve. During cold
pressurization a noble metal lid seals the capsule shut,
avoiding the step of welding the loaded capsule. The
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strength of the thick-walled capsules protects fragile sam-
ples such as single crystals from being crushed during
pressurization and maintains a constant sample geome-
try. Some applications of this capsule technique are dis-
cussed below.

EXPERIMENTAL METHODS
Capsules

Capsules are made as follows. Form the inner sleeve
by tri-crimping on one end a length of noble metal tubing
(od 5.0 mm, id 4.6 mm, length 10 mm) and welding it
shut (Fig. 1). Using a mandrel, tap the sleeve into a tran-
sition metal cylinder (od 6.3 mm, id 5.0 mm, outside
length 9.0 mm, inside length 8.2 mm). Grind the open
end of the capsule until the sleeve is flush with the cyl-
inder, then clean the capsule and load the sample. Slide
the open capsule into a crushable alumina container and
cover with a noble metal lid (0.3-0.7 mm thick). Place
an alumina disk on top to protect the thermocouple from
contamination (Fig. 2). Then place the capsule and its
receptacle in the piston cylinder assembly.

Capsule dimensions can be modified to suit experi-
mental requirements, but the thickness of the noble metal
lid is critical to the success of the experiment. ‘For the
quoted dimensions we found that a thickness of 0.5 mm
is optimal. If it is thinner than 0.5 mm, the lid may shear
above the inside lip and collapse into the capsule during
pressurization, causing the capsule to leak. If it is thicker
than 0.5 mm, it may support a significant differential
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Fig. 1.
the transition metal (e.g., Ti) outer cylinder and how the noble
metal (Pt) sleeve is tapped into it.

Diagram showing the dimensions in millimeters of

stress, which in fluid-bearing experiments may result in
the capsule releasing fluid to eliminate any excess pres-
sure from fluid. A 1id of optimal thickness acts as a pres-
sure membrane, expanding or collapsing until sample
pressure is equal to the applied pressure.

Our experiments demonstrate that the lid forms a wa-
tertight seal with the open capsule during cold pressuriza-
tion in the piston cylinder. When temperature is raised
the lid alloys with the capsule, forming a permanent seal.
This technique has been used by Ayers and Watson (1989,
1991) and Brenan and Watson (1989) to study mineral-
fluid equilibria, and a variation was used by Watson
(1991) to examine CO, diffusion in hydrous melt. A dif-
ferent approach, taken by Cemi¢ et al. (1990), is to ham-
mer a tight-fitting lid into a thick-walled noble metal cap-
sule. The technique described here is more cost effective
but has a drawback. Diffusion of the transition meta! into
the sample container limits the useful life of the capsule.
We discuss this problem below.

Sample pressure and temperature

To characterize experimental conditions, pressure and
temperature calibrations of the capsule-bearing assembly
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Fig. 2. Schematic cross section of the piston-cylinder assem-
bly used for mineral solubility and f,, buffer measurements.
Height of the assembly is 45 mm and diameter is 19.1 mm; all
parts are proportionally sized. Materials are designated by mark-
ings explained in the key. The control thermocouple is posi-
tioned at the bottom of the hollow thermocouple well, directly
above the capsule. Temperatures in the assembly are plotted at
their corresponding vertical positions to illustrate the tempera-
ture gradient along the length of the sample (see text). Squares
represent measurements made with the capsule in the assembly,
and circles represent measurements without the capsule.

(Fig. 2) were performed. The temperature gradient along
the long axis of the piston-cylinder assembly was deter-
mined from several experiments using two WRe,-WRe,;
(type D) thermocouples positioned at different distances
from the top of the assembly. Sectioning of the assembly
after the experiment allowed accurate measurement of
the position of the two thermocouples. Measurements
were made both with and without a thick-walled Ni cap-
sule at 1.0 GPa, 1000 °C. When a thermocouple was placed
inside an open capsule, it was surrounded by alumina to
prevent contamination. Results show that the high ther-
mal conductivity of the Ni capsule reduces the tempera-
ture gradient to 5 °C along the §-mm sample length.
Pressure calibrations of the assembly using the falling
sphere method allowed bracketing of the pressure of the
NaCl melting curve at 1000 °C (+10 °C for the type D
thermocouple used). Pure NaCl was loaded into a thick-
walled Ti capsule with a Pt sphere near the top and a Pt
lid above it. At 1000 °C, the nominal melting pressure is
bracketed at 0.905 + 0.025 GPa for the piston-in tech-
nique and 0.925 + 0.025 GPa for the piston-out tech-
nique (Table 1). Interpolating the results of piston-in ex-
periments by Cemic et al. (1990) and Bohlen (1984) at
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TasLe 1. Results of pressure calibration TaBLE2. Results of f,, buffer measurements at 1.0 GPa, 1000 °C
Prom Amyo
Technique* T(C) (GPa) Resuits 1= gk id SM P t(h) e (mg)
P-int 1000 0.93 solid 1009 °C 986 °C £, 8 Ni Ni + NiO 3 1.73 5.00
P-in 1000 0.88 liquid f,3 Ni Ni + NiO 6 2.45 475
P-out} 1000 0.95 solid o, 4 Ni Ni + NiO 12 3.46 10.59
P-out 1000 0.90 liquid f, 9 Ni Ni + NiO 18 4.24 13.66
. fo, 1 Ni Ni + NiO 24 4.90 15.46
* Pressure-calibration experiments used assembly shown in Figure 2 fo’ 10 Fe,0,* Fe,0, + Fe,0, 24 4.90 3.84

and the falling sphere technique. A Ti capsule contained NaCl, with a Pt
sphere near the top and a Pt lid above it.

** Results from other studies using the same technique: 1 = Cemi¢ et
al. (1990), who used a Ni-Cr thermocouple and cold-sealfing noble metal
capsules; 2 = Bohlen (1984), who used a Pt-Rh thermocouple and stan-
dard arc-welded Pt capsules. This study employed a W-Re thermocouple.

+ 8ample was cold-pressurized to 0.5 GPa, then pressure and tem-
perature were raised simultaneously until the desired pressure and then
the temperature were attained.

+ Sample was cold-pressurized to 0.5 GPa, then pressure and tem-
perature were raised simultaneously until pressure was 0.2 GPa over the
desired pressure when the desired temperature was attained. Excess pres-
sure was then slowly bled off.

0.905 GPa gives melting temperatures of 1009 and 986
°C, respectively, bracketing our results of 1000 + 10 °C.
The small differences in results are probably due to the
different pressure corrections on emf for the thermocou-
ples used (Ni-Cr by Cemic et al., 1990; Pt-Rh by Bohlen,
1984; W-Re, this study), errors in thermocouple calibra-
tions (our calibration was supplied by the manufacturer),
and the propagation of errors in the temperature and
pressure readings.

By comparing results from internally heated experi-
ments, Bohlen (1984) and Cemic¢ et al. (1990) concluded
that their assemblies had no pressure correction, i.e., they
were frictionless. We therefore conclude that there is no
pressure correction for our assemblies. The agreement
between piston-in and piston-out results also suggests that
the friction correction of the assembly is negligible (Bell
and Williams, 1971).

Experiments on fluids

Procedures are similar for all fluid-bearing experi-
ments. The capsule (cylinder + sleeve) is loaded with
known amounts of solid sample and fluid and placed in
the assembly with its lid on top. Because the assembly is
oriented as shown in Figure 2 when placed in the piston
cylinder, gravity holds the lid on top of the capsule. The
assembly is cold pressurized to 0.5 GPa to seal the cap-
sule shut, then P and T are increased simultaneously until
experimental conditions are reached (hot piston-in). A
WRe;-WRe,, thermocouple placed on top of the capsule
controls temperature to =5 °C, and pressure is manually
maintained at +5%. Turning the power off at the end of
the experiment cools the sample rapidly to room tem-
perature.

Recovered capsules are cleaned of any adhering alu-
mina. The capsule is weighed, then the lid is punctured
and fluid is retrieved for analysis. Drying the capsule at
>100 °C and then reweighing it gives the final weight of
H,O, which is always within 2% of the weight loaded,
unless a buffer that consumes H,O in oxidation reactions

Note: SM is starting material, P is products (identified optically), and
Am,,, is the mass loss of H,O. NNO experiments done in Ni capsules (od
6.3 mm, id 4.3 mm, outside length 10 mm, inside length 9.0 mm) with a
Ni lid 1.0 mm thick. Roughly 60 mg of Ni powder also added to capsule.
Log f,, of NNO at 1.0 GPa and 1000 °C is —9.943 (Chou, 1987).

* Fe,0, is magnetite (pure natural crystal powdered to approximately 10
uM), Fe,0, is hematite. Ni cylinder with Age,Pd,, sleeve and lid. Log f,, of
HM at 1.0 GPa and 1000 °C is —5.362 (Chou, 1987).

is present. The products of the experiment are retrieved
by drilling a hole through the lid of the capsule or sawing
off the lid.

For H,0-CO, fluids, final weights of both H,O and CO,
may be obtained as follows (Kerrick, 1974). After the
experiment, weigh the capsule, freeze it in liquid N,, then
puncture it and immediately measure its weight loss to
get the mass of CO,. Dry the capsule and measure a sec-
ond weight loss to get the mass of H,O.

OXIDATION REACTIONS AND BUFFERING OF fo2

Here we describe experiments designed to test the po-
tential for buffering f, in fluid-bearing experiments. In
experiments with sleeveless Ni capsules, we found that
H, O oxidized exposed Ni to form NiO:

Ni,, + H,Oy = NiO,, + H,,. 1)

The value of f;, is fixed by Reaction 1, which in turn
fixes fo, at the value of the Ni-NiO buffer through the
reaction

H,O0 = H, + %0,. 2)

Together, Reactions 1 and 2 buffer both f,, and f, in the
sample fluid. As Reaction 1 proceeds, H, diffuses out of
the capsule because f;, (assembly) < f,, (sample). An
experiment with magnetite + H,O yielded hematite, in-
dicating f;, (assembly) is even lower than the value set
by the HM buffer when the activity of H,O is one (Table
2). The low ambient f;, guarantees that H,O and CO,
are the dominant species in a COH fluid.

To test whether oxidation reactions of this type could
be used to buffer f;,, during experiments, we loaded Ni
capsules (od 6.3 mm, id 4.3 mm, outside length 10 mm,
inside length 9.0 mm) with finely powdered Ni metal and
a weighed mass of H,O. A Ni lid 1.0 mm thick was placed
on top. Experiments were conducted at 1.0 GPa and 1000
°C for different durations and, after each experiment, the
mass of H,O remaining in the capsule was measured. The
measured mass loss of H,O represents H, diffused out of
the capsule and O, consumed by the buffer assemblage.

Measurements show that the mass loss of H,O, which
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Fig. 3. Measured mass loss of H,O (mg) from oxidation of
Ni plotted as a function of #'2 (h) at 1.0 GPa and 1000 °C. Data
from Table 2, including the boundary condition of zero mass
loss at zero time. The hollow symbol appears to represent an
outlier. Least squares regression yields slope m = 3.15 when the
hollow data point is not included (solid line), and m = 2.86 when
it is (dashed line). Capsule dimensions in text.

is a monitor of reaction progress, is linearly dependent
on the square root of time (Fig. 3). That suggests that the
rate-limiting step is diffusion of H, through the capsule
walls. That must be the rate-limiting step (rather than
reaction of the buffer assemblage) for f,, to be buffered
to the equilibrium value for the buffer assemblage.

Because H, diffusion in metals is rapid at elevated tem-
peratures (Chou, 1987), the rate of consumption of buffer
and H,O is high. As shown in Table 2, oxidation of Ni
consumes 15.5 mg of H,O in 24 h, over half the 30 mg
of H,O normally loaded into these capsules. This rapid
consumption of H,O limits the ability to buffer f,, in
experiments longer than 24 h. The lifetime of f;,-buffered
experiments may be extended by choosing buffers that in
the presence of H,O set f,, closer to the ambient f;,,, by
increasing the ambient f;,,, or by using capsule materials
with lower H, diffusivities.

CAPSULE MATERIALS

Several elements may be used for the transition-metal
cylinder and noble metal sleeve (Table 3). The noble met-
al sleeve temporarily isolates the sample from the reac-
tive transition metal. At high temperature the transition
metal diffuses through the noble metal sleeve and even-
tually reaches the sample, where it consumes H,O in ox-
idation reactions. Oxidation proceeds until no more H,O
remains, and the capsule collapses. Capsule materials are
therefore chosen to minimize the transition-metal flux
and increase the potential lifetime of the capsule.

One way to increase capsule lifetimes is to choose met-
als that form intermediate alloys. Alloys form at the in-
terface between the two metals and grow outward. When
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TasLe 3. Utility of various metal combinations for thick-walled

capsules

Cylin- T D* Lifetime Max T

der Sleeve (°C) (cm?/s) (hy (°C)
Ni Pt 1100 12E- 11 242 1455}
Ti Pt 1000 57E—-12 510 1310t
Ti Pt 1200 94E-11 31 1310t
Nb Pt 1000 >24 1700t
Ni AgePd, 1000 <11E-13 2.0E4 >962
Ti AgeoPds, >9621
Ni Au >24% 10004

* Diffusivity of transition metal in noble metal. See text for method of
calculation.
** Minimum expected lifetime of capsule calculated from Equation 4 using
the estimated diffusivity.
+ Massalski (1990).
T Watson (1991).

these alloys are present, the net flux of transition metal
through the noble metal is controlled not by the diffusiv-
ity alone but by the slower growth kinetics of the alloy
layers. A good example is the binary system Ti-Pt, which
forms at least two intermediate alloys (Fig. 4).
Minimum capsule lifetimes may be estimated from the
diffusivity of the transition metal in the noble metal and
the thickness of the noble metal (Table 3). Diffusivities
were obtained from chemical diffusion profiles measured
with a JEOL 733 electron microprobe. Operating condi-
tions were 15-keV accelerating potential and 30-nA cur-
rent, with a beam size of approximately 1 um. Figures 4
and 5 show some measured chemical diffusion profiles.
Solutions for planar geometries with infinite reservoirs
were used to extract diffusivities from diffusion profiles.
The planar approximation is valid because radial diffu-

Diffusion of Ti in Pt
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Fig. 4. Concentration profile of Ti across a Ti-Pt interface
annealed at 1.0 GPa and 1200 °C for 20 h. Distance in microm-
eters. Ti from the outer cylinder and Pt from the inner sleeve
interdiffuse and form several intermediate alloys, including Ti;Pt
and TiPt. Formation of the alloy layers slows the diffusion of Ti
into Pt and therefore extends the potential lifetime of the cap-
sule. The net diffusivity of Ti is calculated to be 5.7 E — 12
cm?/s (see text).
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Fig. 5. Concentration profile across Ni-Pt interface annealed
at 2.1 GPa and 1100 °C for 23 h. Distance in micrometers. Ni
from the outer cylinder and Pt from the inner sleeve interdiffuse.
The calculated diffusivity of Ni in Pt is 1.2 E — 11 cm?/s (see
text).

sion distances are short compared to the radius of the
capsule (Crank, 1975).

The diffusion of Ni into Pt is not complicated by the
formation of intermediate compounds, but the profile is
not a true error-function profile because it is convex, sug-
gesting the diffusivity is concentration dependent (Fig. 5).
A rough value of average D can be obtained from x? =
4Dt, where the diffusivity, D, is in cm?/s and time, ¢, is
the duration of the experiment in seconds. The variable
X (cm) is the distance from the original interface at which
the concentration of diffusing element is half the value at
the interface (here 50 mol%). The original interface is the
point where the net loss of diffusant on one side is equal
to a net gain on the other.

For Ti diffusing into Pt, the diffusion length is small
compared with the width of the zone of alloy formation
(Fig. 4), suggesting that the growth of alloy layers slows
the supply of Ti to the diffusion front. To obtain D, the
distance x was set equal to the width of the alloy layers.

The minimum capsule lifetime was estimated from the
diffusion equation for an infinite source with a fixed pla-
nar boundary, assuming constant surface concentration
and diffusivity:

Clxt) = %[1 - erf<2 jE)] 3)

where C, and C, are the initial atomic concentrations of
Ti in the Ti metal and the Pt metal, respectively (Shew-
mon, 1963). Rearranging to solve for ¢ in terms of the
inverse error function and assigning a very low value to
the concentration of the diffusing species [0.00001,
1erf(0.99999) = 3.9] reduces the equation to

~1.05 x 10-3

loin = D (4)
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Calculated capsule lifetimes are in reasonably good
agreement with our practical experience with capsule fail-
ures. Also shown in Table 3 are the maximum recom-
mended temperatures for each capsule type as evaluated
from phase diagrams (Massalski, 1990). From these in-
vestigations we have concluded that Ti-Pt capsules are
the most generally useful, with maximum temperatures
of >1300 °C and an expected lifetime of about 21 d at
1000 °C.

APPLICATIONS
Single crystal experiments

Previous piston-cylinder studies of the solubility of
minerals in fluid (e.g., Schneider and Eggler, 1986) used
the double-capsule (DC) technique of Anderson and
Burnham (1965). This method is not sensitive enough to
measure very low solubilities. In addition, it is difficult
to tell if recrystallization in the temperature gradient of
the piston-cylinder assembly has occurred (which results
in overestimation of the solubility).

An alternate approach is to use a single crystal in direct
contact with the fluid. The measured weight loss of the
crystal combined with the mass of fluid yields the solu-
bility. This technique is useful for measuring solubilities
of minerals that dissolve congruently. However, single
crystals contained in standard noble metal capsules are
often crushed because these capsules deform extensively
on pressurization. This fact, coupled with the problems
of welding and containing fluids and of recognizing re-
crystallization, prompted the development of the thick-
walled cold-sealing capsule for accurate measurements of
mineral solubility (Ayers and Watson, 1989).

The trick to the single crystal technique is to place the
crystal just below the hot spot of the assembly. This pre-
vents dissolution and reprecipitation of the crystal to the
cold end of the capsule (Fig. 2). Because the thermocouple
is roughly the same distance above the furnace hot spot
as the crystal is below, it measures the approximate tem-
perature of the crystal.

The single crystal technique has been used to measure
the solubilities of accessory minerals (Ayers and Watson
1989, 1991) and some rock-forming silicates (Brenan and
Watson, 1989) in supercritical aqueous fluids. A similar
technique was used by Becker et al. (1983) to measure
the solubility of corundum in H,O. These studies show
that, within error, <24 h are needed to reach solubility
equilibrium at 1000 °C using single crystals. For the single
crystal and DC techniques, equilibrium is tested by mea-
suring solubility as a function of time. Neither method
allows testing for equilibrium by reversing the approach
to equilibrium (Barnes, 1981), which would involve
growing crystals from a supersaturated solution.

Repeated attempts at using an inner capsule within the
thick-walled cold-sealing capsules failed. The inner cap-
sule always welds to or is pinched by the sleeve so that
it cannot be retrieved. However, measurements of rutile
solubility using standard thin-walled Pt double capsules
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show good agreement with single crystal determinations
in both thick-walled Ti-Pt and thin-walled Pt capsules
(Ayers, 1991).

The single crystal technique has been found to be more
sensitive (solubilities as low as 0.05 wt% for a balance,
with a precision of +0.01 mg) than the DC technique.
Also, multiple determinations show good precision for
minerals that dissolve congruently. However, there are
several potential sources of error in single-crystal solu-
bility measurements, as discussed in Becker et al. (1983).
Some care is required, but it is usually possible to mini-
mize or eliminate these errors by carefully examining the
sample and by taking certain precautions.

Once equilibrium is achieved, the only way that min-
eral solubilities can be underestimated is if material grows
epitaxially on the surface of the crystal during the
quenching process. That is considered unlikely, since dur-
ing the quenching process crystals grow at a high degree
of undercooling, which typically results in rapid nucle-
ation and therefore formation of many small crystals
(Zhang and Nancollas, 1991). Single crystal experiments
on various minerals (Ayers, 1991; Ayers and Watson,
1991) have produced several lines of evidence to indicate
that the stable crystal does not grow significantly during
the quenching process. Electron microprobe analyses show
that quench solutes have variable compositions and are
frequently chemically zoned. Solute usually consists of
very small crystals that frequently contain fluid inclu-
sions. In contrast, the crystal shows no evidence of chem-
ical zoning or fluid inclusions near its surface. The good
agreement between solubilities measured using single
crystal and DC techniques suggests that quench over-
growth does not significantly affect the results of single
crystal experiments (Ayers, 1991). Only very limited
quench overgrowth can occur in DC experiments because
residual crystals are isolated from the bulk of the fluid
during the quenching process.

Solubilities may be overestimated if recrystallization,
breakage, or chipping of crystals occurs. Recrystallization
in the temperature gradient of the capsule can be recog-
nized by an accumulation of large, euhedral crystals at
the cold end of the capsule and by extreme dissolution
features on the surface of the large single crystal where it
is closest to the hot spot. Because single crystals initially
have euhedral natural faces or are cut into perfect cubes,
careful examination of the crystal surface after the exper-
iment reveals whether chipping or breakage has occurred.
Because of these problems, solubilities measured using
the single crystal technique are considered maximum es-
timates.

For insoluble minerals, single crystals may be used to
measure simultaneously aqueous mineral solubilities,
partition coefficients, and crystalline diffusion coeffi-
cients. This is accomplished by partially equilibrating a
crystal with a doped fluid, measuring the weight loss of
the crystal for the solubility, and then measuring the dif-
fusion profile in the crystal using a high-sensitivity, in-
situ, microanalytical technique. The diffusion profile yields
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the diffusivitiy and surface concentration, and the latter
combined with the concentration in the fluid gives the
partition coefficient. This method has been used with
Rutherford backscattering to measure apatite solubility,
along with the apatite-fluid partition coefficient and dif-
fusivity of U in apatite (Ayers et al., unpublished data).

There are several ways to investigate systems more
complex than fluid + one mineral. Fluids may be pre-
saturated with a phase by grinding the phase into a very
fine powder, to promote rapid dissolution. Also, more
than one crystal can be loaded so that mineral solubilities
may be obtained simultaneously. That allows study of
fluid-rock equilibria by measuring the amount of each
phase that dissolves in the fluid. Adding up the contri-
butions of each mineral allows an estimate of the fluid
composition. There are a few potential problems with
this technique. Silicates tend to dissolve incongruently
and are prone to recrystallization in the temperature gra-
dient of the piston cylinder (Brenan, 1990). Several min-
erals may contain common chemical components, and
by propagation of errors this may lead to a large error in
the estimated fluid composition. However, for experi-
ments on silicate assemblages, there should be enough
quench solute to analyze, providing a better estimate of
fluid composition.

Chemical interdiffusion measurements

A general requirement of diffusion experiments is that
the sample have a simple, fixed geometry. That allows
for an analytical solution of the diffusivity based on con-
centration-distance relations relative to the source of a
diffusing species with a specified geometric shape. As dis-
cussed above, we have examined chemical interdiffusion
of the metals composing the capsule. Here we discuss two
other types of diffusion experiments that use the cold-
sealing capsule technique.

In his study of tracer diffusion of CO, and Cl in hy-
drous silicate melts, Watson (1991) used thick-walled
capsules in a two-step process. A hydrous glass was syn-
thesized by loading a thick-walled capsule lined with no-
ble metal with silicate powder + H,O, covering the cap-
sule with a lid and subjecting the sample to high P and
T in the piston cylinder. After retrieving the capsule and
cutting off the lid, the surface of the capsule was polished.
Radiotracer-bearing solutions of the diffusing species were
applied to the polished surface of the glass, and a lid was
placed on top. Again the capsule was subjected to high P
and T for a specified duration and then retrieved. The
capsule was sectioned lengthwise, polished, and then ex-
posed to nuclear emulsion plates to record the diffusion
profiles as 8-track maps (Watson, 1991).

A variation on this technique is used to measure chem-
ical interdiffusion between silicate melts or fluid-bearing
rocks of different compositions. By drilling two holes in
the capsule, two samples of different compositions may
be loaded in the capsule and pretreated at P and T (to
synthesize a homogenous glass, etc.). After the synthesis
step, the capsule is cut perpendicular to the long axis of
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the cylinders, and each haif is polished. Rotating one half
180° relative to the other juxtaposes the two samples when
the halves are rejoined. The capsule is again subjected to
P and T to form the diffusion couple, then is retrieved
and sectioned lengthwise (perpendicular to the interface),
polished, and characterized.

Other potential uses

The constant sample geometry afforded by cold-sealed
capsules opens the possibility of conductance cell mea-
surements on fluids in the piston cylinder. The lid serves
as one electrode and the capsule as the other. The two
electrodes are separated by an electrical insulator such as
alumina, which acts as a gasket between the electrodes
and is in contact with the sample. The entire conductance
cell is surrounded by alumina to prevent current leakage.
In preliminary experiments we found it very difficult to
seal fluids in capsules with alumina or ceramic gaskets,
but we did succeed in making a few measurements of the
electrical resistivity of salt at pressure and temperature.

Thick-walled capsules may be used to apply a hydro-
static pressure, by means of an intervening fluid, on a
sample at conditions where normal solid media retain
strength. This is accomplished by loading a sealed capsule
containing the sample into a larger cold-sealing capsule
containing fluid. The outer capsule also may be loaded
with the appropriate buffers. The fluid acts as a hydro-
static pressure medium (Cemic et al., 1990).

Another application of the capsules is in textural stud-
ies. Because the capsules maintain their shape even dur-
ing the quenching process, they preserve the textural re-
lations present at experimental conditions. After the
experiment the capsule may be sawed open lengthwise,
and the sampled impregnated with epoxy before polish-
ing. Experiments of this type have been done on acces-
sory mineral-peridotite-H,O systems to characterize phase
equilibria and textural relations (Ayers, 1991, and un-
published data). A similar technique was employed by
Wark and Stimac (1992) in their study of dissolution of
oriented single crystals of alkali feldspar in silicate melt
and the resulting formation of rapakivi texture.
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