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ABSTRACT

A new type of hydrothermal diamond-anvil cell (HDAC-VII) and its accompanied cooling system were designed. The design of HDAC-VII
in which the three posts work simultaneously as guideposts and screw posts greatly shortened the horizontal size of HDAC compared with
older types. It provides more open space and shorter distance to analyze and observe the sample chamber from side access. Moreover, four
ports were used to connect the upper and lower spaces between windows and anvils, so mixed gas (Ar + H») can pass through both of them.
In the heating experiments, the mixed gas prevents diamond anvils and other parts from being oxidized as well as cooling the observing
windows. Dry gas can be passed through those spaces during cooling, preventing condensation on the table faces of anvils and the observing
windows. The cooling system can cool the sample chamber to —170 °C with an accuracy of £0.5 °C by using a nitrogen stream cooled through
a stainless steel coil immersed in a liquid nitrogen Dewar. The heating rates while reheating a frozen sample can be controlled to be 0.1 °C/min
with a temperature fluctuation of 0.1 °C. These improvements extend the HDAC applications especially in low temperature conditions. For
example, (1) we measured the salinities of NaCl-H,O loaded in the sample chamber, (2) we observed the ice I and VI-melting process and
correspondingly calculated the density of water in the sample chamber, and (3) we performed lepidolite crystallization in an aqueous solution
with 10 wt. % NaCl to simulate its natural forming conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143596

. INTRODUCTION

Since its invention in 1993 to research the fluid and rock
properties under crustal pressure and temperature conditions, the
hydrothermal diamond-anvil cells (HDACs) have evolved from type
I, III, and V to VT in over 25 years (Bassett ef al., 1993; Bassett,
2009; and Li et al.,, 2016) in order to meet the demands of the dif-
ferent experiments. For example, for x-ray studies, the HDAC-V
was designed to provide more space for x rays to pass into and
out of the sample chamber than was the case in HDAC-I and
HDAC-III and prevent serious interference from emissions result-
ing from the stainless steel parts between which the x rays had to pass
(Anderson et al, 2010). HDAC-V also shortened the distance

between the sample chamber and the observing window for mak-
ing measurements through the microscope lens (Li ef al., 2013 and
Maneta and Anderson, 2018). Inheriting the merits of HDAC-V,
HDAC-VT was designed with more stable properties and became
easier for loading samples (Li ef al., 2016). However, although the
HDAC-V and HDAC-VT became small in size, they are still some-
what too big for many sample stages of equipment, including the
microscope and x-ray stage.

On the other hand, it is essential to measure the property
of fluid loaded in the sample chamber in frozen condition in
many experiments using HDAC. For example, brine solution (e.g.,
NaCl-H,0) is common in nature, and the true composition of
the brine solution loaded within the HDAC sample chamber is
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essential for the interpretation of experimental results. Because the
fluid composition in the sealed sample chamber could not be equal
to that before loading due to the evaporation while sealing the sam-
ple chamber, it is necessary to determine the salinity of the loaded
solution by measuring the ice melting temperature (Bodnar, 1993
and Bodnar and Vityk, 1994). Previously, no effective and conve-
nient cooling system was designed to cool the sample chamber of
HDAC to form ice and determine its melting temperature. Conven-
tionally, a stream of liquid nitrogen was used to cool the sample
chamber of HDAC directly, as reported by Bassett ef al. (1993).
When using this method, it is difficult to control the cooling rates
precisely and to minimize low temperature fluctuation of the sample.
In addition, a large liquid nitrogen container was used during the
cooling experiments, and a considerable amount of liquid nitrogen
was wasted.

In this study, we designed a new type of HDAC (HDAC-VII)
with smaller size than old types and a cooling system with high
accuracy such that the composition of the sample solution can be
determined by the measured ice melting temperature (Bodnar, 1993;
Bodnar and Vityk, 1994; and Mao and Duan, 2008).

Il. DESCRIPTION OF HDAC-VII

HDAC-VII inherits the core designs of HDAC-I, -III, -V, and
-VT, including the designs of heaters, ceramic heat barriers, ball joint
for orienting the lower anvil, and sliding disk for positioning the
upper anvil [Fig. 1 and Fig. 1 in Bassett ef al. (1993)]. HDAC-VII
has three guideposts, the same as HDAC-III and HDAC-VT. The
three posts in HDAC-VII have screw threads on the upper ends,
which allow them to be used as driver screws to apply pressure on
the diamond anvils by turning the nuts simultaneously (Figs. 1-3).
Such design, which allows the HDAC-VII to retain the merits of the
HDAC-VT, provides the better guidance and more balanced pres-
sure loaded on the anvils than those of the HDAC-V with its two
driver screws. As a result, the HDAC-VII can protect the diamonds
and other parts of HDAC from being broken under high T-P con-
ditions. Additionally, the HDAC-VII inherits from the HDAC-V
and HDAC-VT, the location of the guideposts outside of the col-
lar containing the hot gas chamber, thereby minimizing the chance
of seizing or deforming due to heating of the posts.

This design in which the three posts can work simultaneously
as guideposts and screw posts greatly shortened the horizontal size
of HDAC compared with old types (Fig. 3). Its largest horizontal
dimension is 48 mm and its height is 34 mm (Figs. 1 and 3). How-
ever, the short distances among the three guideposts make the lateral
movement to easily occur. To solve this shortcoming, we used slid-
ing bushings to match the guideposts, which provide higher lateral
precision than the linear ball bearings used in the HDAC-VT. In
order to ensure that the three bushings in the upper platen and posts
in the lower platen can be assembled in high precision, the posts were
designed to be removable and were installed in the lower platen with
screws. Otherwise, if the posts in the lower platen are not perfectly
vertical due to low precision, the bushings and posts could seize up.
Additionally, we fix the post in the lower platens with high temper-
ature cement that fills in the gaps between post, screw and lower
platen, preventing the post from being loosened while turning nuts
on the upper platen to seal the sample chamber.
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FIG. 1. Schematic diagram showing the design of an HDAC-VII. 60° is the conical
opening of both top and bottom windows that allow large solid angles for through-
anvil viewing and spectroscopy. 110° is the opening angle on three sides when
side access is used. The parts are (A) upper platen, (B) lower platen, (C) three
guideposts, (D) upper nut, (E) Bellville spring made from 60Si;MnA, (F) bushing,
(G) lower nut, (H) collar shown in Fig. 6, (I) gas chamber, (J) zirconia sliding disk
for positioning the upper anvil, (K) steel ball joint for orienting the lower anvil, (L)
two WC heaters, (M) metal gasket with hole in center, located between the two
anvils, (N) upper and lower observing glass windows, (O) electric connectors for
power or thermocouples, and (P1, P2, and P3) gas ports numbered as P1, P2, and
P3, as shown in Fig. 2. A-D and F-H are made from SS 304 stainless steel and
(K) is made of SS 316 stainless steel.

The HDAC-VII is small enough for use on many equipment
stages, including microscope stages and most mounts for x-ray anal-
ysis, facilitating its use with many new analytical techniques. The
short distance from the sample chamber to the observing window
permits the use of small-diameter objective lenses with working dis-
tances as short as 13 mm and larger objective lenses, with diame-
ters up to 30 mm and working distances of 17 mm. These dimen-
sions provide adequate separation between the hot sample and lens
especially when a small fan is used. Eliminating the long screws in
HDAC-VT further prevents serious interference from x-ray emis-
sions and scatter caused by the stainless steel parts between which
the x rays had to pass. The large rectangular solid angles are 110° on
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FIG. 2. A photograph of an HDAC-VII; the small scale on the ruler is in millimeters.
The Kapton windows can tolerate high temperatures and they enclose the gas
chamber to be used for low-energy x-ray analyses. In the heating experiments,
the lower large gas port (P1) is used to deliver gas (Ar or He + 3% Hy) into the
gas chamber to prevent the heated parts from being oxidized. At the same time,
four connected small gas ports (P, to Ps) deliver the mixed gas into the upper
and lower spaces between the table faces of diamond anvils and glass windows in
order to prevent the table faces of diamond anvils from being oxidized and to cool
the observing windows. In the freezing experiments, the four small gas ports will
deliver room-temperature N5 to prevent frosting on the observing window.

three sides when side access is used (Fig. 1), and the sample cham-
ber of HDAC-VII is closer to the side-opening space than that of
HDAC-VT, thus allowing easy access for sample loading even when
the upper anvil is held just above the lower anvil for rapid closing
of the sample chamber. It also provides easier viewing of the sam-
ple from the side and allows most x-ray sources and detectors to
be placed closer to the sample when cross-axis geometry is used for

-uupm.uuum.
~  Cent
—_—

HDAC-VT
5)

7y HDAC-VII
7 48 mm

FIG. 3. Photographs of HDAC-V, HDAC-VT, and HDAC-VII showing their different
structures and dimensions; the small scale on the ruler is in mm. The horizontal
size of each HDAC is noted.
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A thick glass plate

FIG. 4. Photograph showing the closing of HDAC-VII by one person. In this oper-
ation, one thumb presses the upper platen while one thick glass plate covers and
hence protects the glass window shown in Fig. 2 and the other hand turns the nuts
on the threaded posts to seal the sample chamber.

x-ray studies. Additionally, the small size of HDAC-VII makes it eas-
ier to assemble HDAC when loading a sample into the chamber by
one person, as shown in Fig. 4. That is, we can use one thumb to
press the upper platen and another hand to turn the screws when
sealing the sample chamber.

The small dimensions also decrease the heat-losing areas in the
HDAC body; the body surface is as hot as 60 °C without cooling by
using a small fan, when the sample chamber is heated up to 900 °C.
In addition, the mixture gas of H, and Ar, used to protect diamond
anvils and other hot parts from being oxidized, is still hot while
venting from the gas chamber. If a small hole drilled in the glass
observing window is employed as a vent, as in earlier designs, the
hot gas could damage lenses and various types of detectors above
the observing window. Therefore, we drilled four ports on the two
sides of the upper and lower platens of HDAC-VII for the mixture
gas to vent through (Figs. 1 and 2). The four ports can be used to
connect the upper and lower cells between the table faces of dia-
mond anvils and glass windows. The mixture gas of H, and Ar can
enter into the two cells from one upper gas port and vent from one
lower gas port, in order to prevent the two table faces of diamond
anvils from being oxidized during heating. As a result, this improve-
ment prevents the hot mixture of gases from venting toward the lens
and effectively cools the observing windows during heating, ensur-
ing that the lens can be used to observe the HDAC sample chamber
for along time. Moreover, it gets rid of the difficult operation to drill
holes in the glass windows and channels in ceramic heat barrier in
the upper platen and hemispheric rocker in lower platen for venting
of mixture gas from gas chamber shown in Figs. 1 and 2.

lll. COOLING SYSTEM OF HDAC

In the cooling system, we used cold nitrogen gas to cool the
sample chamber to as low as =170 °C. As shown in Fig. 5, in the
cooling system, the nitrogen gas from the gas cylinder first enters
into a small liquid nitrogen Dewar flask through a tube coil to be
chilled. The tube coil consists of stainless-steel tube with an inner
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diameter of 1/16 in. and an outer diameter of 1/8 in. The tube coil
is located in the bottom of the liquid nitrogen Dewar such that the
nitrogen gas can be cooled until the liquid nitrogen in the Dewar is
used up. Subsequently, the nitrogen gas cooled in the Dewar blows
on the sample chamber through a ceramic tube with an inner diam-
eter of about 1.0-1.5 mm. The ceramic tube is fixed on a XYZR
stage that can move the ceramic tube in horizontal and vertical direc-
tions and rotate it about the vertical axis through a range of angles,
ensuring that the upper and lower diamond anvils will be cooled
synchronously with the same temperatures and cooling rates. It is
essential to ensure the sample chamber has a uniform temperature
such that it can be obtained by averaging the temperatures of the
upper and lower diamond anvils. In order to obtain high cooling
efficiency for the sample, we attached metal foil to the half-seal collar
used for the gas chamber in high temperature experiments to min-
imize heat transfer (Fig. 6). To prevent condensation on the table
faces of anvils and glass observing windows, room-temperature dry

Aluminum foil

Kapton tape
Opening space

i

FIG. 6. Photograph of collar used in the freezing experiments, which will replace
the collar used in the heating experiments. It is attached with Kapton tape in the
outer faces and with aluminum foil in inner faces. The side opening space in the
collar is designed for the ceramic tube to deliver cool nitrogen gas to blow on the
HDAC sample chamber.

FIG. 5. The schematic diagram of the
freezing system for HDAC.

nitrogen gas is introduced into the upper observing window cham-
ber and out from the lower observing window chamber through four
connected gas ports in the HDAC-VII (Figs. 1 and 2).

In the freezing experiments, the HDAC sample chamber can
be cooled to —170 °C. The cooling rate and the subsequent reheat-
ing rate of the frozen sample can be controlled by adjusting the
flow rate of nitrogen through two valves. The first valve in the exit
of nitrogen gas cylinder can be used to coarsely control the flow
rate of nitrogen, and the second valve between the nitrogen gas
cylinder and the small liquid nitrogen Dewar can be used to fine
control the flow rate (Fig. 5). Also, the cooling and reheating rates
can be controlled by moving the ceramic tube near to and far from
the sample chamber through the movement of the XYZR stage.
As shown in Fig. 7, the heating rate of a frozen sample can be
controlled to be as low as ~0.1 °C/min, and the temperature differ-
ences between the upper and lower diamond anvils could be con-
trolled to be 0.1 °C under the heating rate of less than 1°C/min.
Besides, the reheating process of a frozen sample can be further con-
trolled in high precision by using the HDAC temperature controller
(PES1300, see “http://www.pesenterprise.com/products/hdac-cell/”),

Temperature (°C)

-200 T T T T T T T T
50 100 150 200 250 300 350 400

Time (minutes)

FIG. 7. Temperature curve of the sample chamber in an HDAC-freezing exper-
iment by using the cool nitrogen gas alone. In this experiment, the HDAC-VII
sample chamber was first cooled to —170 °C, and subsequently, the temperature
increased slowly as shown by the curve.
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which automatically controls the power on the heaters of HDAC
according to the set heating rate, while cooling with cold nitrogen
gas. As shown in Fig. 8, the reheating process can be programmed
with PES1300 to heat at certain rates and hold at a certain tem-
perature, and the temperature differences between upper and lower
diamond anvils can be no more than 0.1 °C under low heating rates.
When the heating temperature, controlled only by the flow rate
and/or direction of the cold nitrogen gas, is closer to the actual tem-
perature measured with PES1300, the heating curve of temperature-
time was straighter with the temperature fluctuations of 0.1 °C and
occasionally 0.3 °C under low heating rates [Fig. 8(a)], and the tem-
peratures of upper and lower diamond anvils were closer [Fig. 8(b)].
Therefore, it is necessary to adjust the flow rate of the cold nitrogen
gas to match the heating process set with PES1300 in the freezing
experiments.

In order to obtain the correct temperatures of the sample
chamber in freezing experiments, the K-type thermocouples were
attached on the diamond anvils at the side away from the flow of
gas from the nitrogen-blowing tube and buried deeply in cement.
Otherwise, the thermocouples could measure temperature of cooled

20
(a)

1.0°C/min

-20

T(°C)

-30.0°C
2.0°C/min ;

-40

™8.0°C/min

-60

0 10 20 30 40 50
Time (minutes)

0.5

(b)

041 =

0.34 cemet == o o

L2013 PR—

0.1 4o

0 10 20 30 40 50
Time (minutes)

FIG. 8. Temperature curve of the sample chamber that was heated by using tem-
perature controller (PES1300) and cool nitrogen gas concurrently. In this experi-
ment, the temperature controller program was set to warm the sample chamber
from —60 °C at rates of 8.0 °C/min and 2.0 °C/min successively; subsequently,
the chamber was held at —30 °C for 5 min and finally was warmed to 10°C at a
rate of 1.0 °C/min, as shown in (a). In (b), the temperature differences of the lower
and upper diamond anvils (Dr) are shown, most of which are no more than 0.1 °C
under the heating rate of 1.0 °C/min (after about 13 min).
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FIG. 9. Photographs showing the H,O-NaCl-freezing experiments by using
HDAC-VII installed with the freezing system. (a) The sample chamber was cooled
to —90 °C fast; (b) while temperature increased at a rate of 0.5 °C/min to observe
the initial melting at —21.0 °C, which is close to the eutectic temperature of NaCl-
H,0 (—20.8 °C, Roedder, 1984; —21.2°C, Mao and Duan, 2008), indicating the
precision in the freezing experiments to be +0.2 °C, [(c) and (d)] finally, ice totally
melted at —3.8 °C, corresponding to the salinity of 6.2 wt. % NaCl based on the
EoS of NaCl-H,0 (Mao and Duan, 2008).

nitrogen gas, rather than diamond anvils or sample. The tempera-
tures in freezing experiments were calibrated with pure water and
NaCl-H,O solution. In our freezing experiments of pure water, the
ice finally melted at —0.1 °C, which is close to the triple point of H,O
(0.0 °C). The NaCl-H,O solution was first cooled to —90 °C, and
then heated at the rate of 5 °C/min. When the temperature was close
to the eutectic point, the heating rate was decreased to 0.5 °C/min,
and the initial melting at —21.0 °C was observed (Fig. 9), which is
consistent with the eutectic point of NaCl-H,O (-20.8 °C, Roedder,
19845 —=21.2°C, Mao and Duan, 2008). Therefore, the temperature
accuracy is +0.2 °C between 0.0 °C and —20.0 °C in our cooling sys-
tem and less than +0.5 °C between —170 °C and 1000 °C, as reported
by Bassett et al. (1993).

IV. APPLICATIONS OF THE HDAC-VII
WITH COOLING SYSTEM

The small dimensions make HDAC-VII more easily installed
on many sample stages of equipment, including the microscope,
x-ray stage, and Raman spectrometer. Moreover, the effective cool-
ing system extends the HDAC applications to low temperatures,
especially for the determination of phase relations of fluids.

Here, we introduce three applications of HDAC-VII with the
cooling system, including (1) the measurement of NaCl salinity of
fluid samples, (2) the determination of H,O density in the sample
chamber with densities greater than 1 g/cm’, and (3) crystallization
of lepidolite in aqueous solution with a salinity of 10 wt. % NaClL
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A. Measuring salinity of NaCIl-H,O solution in HDAC
sample chamber

When assembling the upper and lower platens to seal fluid into
the HDAC sample chamber, it is inevitable that some fluid will evap-
orate during assembly. With the application of the freezing system
designed as shown in this paper, we compared the true salinities of
NaCl-H,O solution loaded in the HDAC sample chamber with the
salinity before loading. In these experiments, the sample chamber
consisted of a rhenium gasket with the hole diameter of 0.50 mm and
the thickness of 0.125 mm and two anvil faces of 1.0 mm in diameter.
The sample solution was first cooled to —90 °C, and subsequently,
it was warmed. The warming rate was decreased to 0.5°C/min to
measure the initial melting temperature in order to check whether
the temperature is consistent with or close to known eutectic tem-
perature (—20.8 °C, Roedder, 1984; —21.2 °C, Mao and Duan, 2008).
During further heating at the same heating rate of 0.5 °C/min, the
final melting temperatures of ice (Tmm) were measured to calculate
the salinity of fluid in the sample chamber based on the equa-
tion calibrated for NaCl-H,O solutions (Bodnar, 1993): wt. % NaCl
= 1.78 x Tm — 0.0442 x Tm® + 0.000557 x Tm’. These experi-
ments showed that NaCl-H,O solutions with salinities of 1.0 wt. %,
2.0 wt. %, 3.0 wt. %, 5.0 wt. %, 6.5 wt. %, 8.0 wt. %, and 9.5 wt. % NaCl
will be concentrated into solutions with salinities of 4.3 wt. %, 6.0
wt. %, 9.0 wt. %, 13.0 wt. %, 15.0 wt. %, 17.0 wt. %, and 20.7 wt. %
NaCl, respectively, after loading into the HDAC sample chamber.

B. Determination of water density of more than
1.0 g/cm? in freezing experiments

In many hydrothermal experiments using HDAC, pure water
was commonly used as a medium to produce pressure within the
HDAC sample chamber (Bassett ef al., 1993; Schmidt and Ziemann,
2000; Chou, 2003; Schmidt and Chou, 2012; and Li and Li, 2014).

ARTICLE scitation.orgljournal/rsi

Usually, if the inner pressure in the sample chamber was less than
2.0 GPa, water with density below 1.0 g/cm’ can be used as pres-
sure medium, and water density can be calculated with the vapor
bubble-disappearing temperature during heating. However, some
experiments were expected to perform under pressure of more than
2 GPa, such as the experiments under plate-subducting condition
(Zheng, 2019). As a result, the water must have density of more than
1.0 g/cm’ to produce expected high pressure in the sample cham-
ber during heating. In such a situation, freezing experiments are
essential to measure the ice-melting temperature and subsequently
calculate the water density in the sample chamber. In the freezing
experiments, different polymorphs of ice can be identified by their
distinctive Raman spectra or crystal morphologies, growth patterns,
and melting P-T relations such that the final ice-melting tempera-
ture can be used to calculate H>O density at the ice melting T in the
sample chamber (Haselton ef al., 1995; Chou ef al., 1998).

The freezing experiments were shown in Figs. 10 and 11. In the
experiments shown in Fig. 10, the pure water was frozen and cooled
to =70 °C and subsequently was heated at the rate of 1.0 °C/min.
During warming to the ice I + ice III + liquid triple point at —22.0 °C
and 209.9 MPa (Wagner et al., 1994), the ice began to melt, show-
ing co-occurrences of ice III and liquid [Fig. 10(c)]. Ice V nucleated
and grew fast after warming to ~—16.8 °C [Fig. 10(d)], being at the
ice III + ice V + liquid triple point (350.1 MPa, —=17.0 °C, IAPWS,
2011). Finally, ice V melted at —11.9 °C [Fig. 10(f)], indicating that
the density of water in the sample chamber was 1.15 g/cm® based
on the equation of state of water (Wagner ef al., 1994). As a result,
the pressure at 900 °C was determined to be about 2.9 GPa (Wagner
and Prufi, 2002) assuming isochoric relations. In the freezing exper-
iments shown in Fig. 11, the density of H,O in the sample cham-
ber in the freezing experiments described above was increased by
turning the three screws or nuts in HDAC to reduce the volume of
the sample chamber. In these experiments, the ice began to melt and

FIG. 10. Photographs showing H,0 ice
I-, ice lll-, and ice V-melting process in
a freezing experiment by using HDAC-
VIl installed with the freezing system.
(@), H20 ice was warmed to —22.5°C
from —70°C; (b) during warming up
to —21.9°C, that is close to the ice
| + ice Ill + liquid triple point (209.9
MPa, —22.0°C, Wagner et al., 1994),
ices | and Ill, and liquid co-existed; (c),
at —17.3°C, ice Ill melted obviously;
(d), ice V nucleated and grew when
temperature increased to the ice Ill +
ice V + liquid triple point (350.1 MPa,
-17.0°C, IAPWS, 2011) at —16.8°C;
(e), at —13.5°C, ice V was growing fast;
(f), finally, ice V melted into liquid water
at —11.9°C that was used to calculate
the density of water in the sample cham-
ber to be 1.15 glcm® based on the EoS
of water (Saul and Wagner, 1989).

-11.9°C
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with HDAC-VT. In the experiments, natural lepidolite from the
Huangnidong pegmatite dike and NaCl-H,O solution were loaded
into the sample chamber of HDAC-VT, producing a Li-, Na-, F-,
Cl-rich aqueous solution while lepidolite dissolving into the aque-
ous solution, similar to the forming conditions of lepidolite-quartz
unit in pegmatite (Munoz, 1971 and Gammel and Nabelek, 2016).
In this experiment, the salinity of NaCl-H,O in the sample cham-
ber was determined to be 10.0 wt. % NaCl, calculated based on
the final observed melting temperature of ice at —6.6°C in the
freezing experiments, and the vapor bubble-disappearing temper-
ature was adjusted to be 300 °C through tightening the three drive
screws to shrink the sample chamber. We heated the sample cham-
ber at the rate of 10 °C/min until the natural lepidolite was totally
dissolved into aqueous solution at about 800 °C. Subsequently,
the sample chamber was cooled at the rate of 1.0°C/min, and
lepidolite crystallized between 648 °C and 539°C (Fig. 12). Cor-
respondingly, the pressures of 442 MPa and 301 MPa were cal-
culated with the bulk density of aqueous solution that was deter-
mined with the vapor bubble-disappearing temperature based on
the EoS of NaCl-H,O solution from the sample chamber (Mao
and Duan, 2008). As a result, we inferred that the lepidolite in
6.0 °C 8.0°C the Huangnidong pegmatite dike could form in the P-T condi-
tions between 648 °C, 442 MPa and 539 °C, 301 MPa in a Li-, Na-,

FIG. 11. Photographs showing H, O ice V- and ice VI-melting process in a freezing
experiment by using HDAC-VIl installed with the freezing system. (a) During warm-
ing from —70 °C, H,0 ice recrystallized at about —19.2 °C near the triple point of
ice VV +ice Ill + water (—22.0 °C and 209.9 MPa, Wagner ef al., 1994). (b) Nucle-
ation and growth of ice VI at about 0.3 °C near the ice V + ice VI + liquid triple
point (632.4 MPa, 0.16 °C, Haselton ef al., 1995). (c) Ice VI grew during further
warming. (d) Ice VI finally melted into liquid at 8.0 °C, and correspondingly, the
density of water in the sample chamber was calculated to be 1.21 glcm® [Wagner
and Pruf, 2002; Fig. 2(b) of Haselton et al., 1995].

recrystallize at about —19.2 °C, near the triple point of ice V + ice
111 + water [Fig. 11(a)], while warming from temperature of =70 °C.
Subsequently, ice III began to melt and nucleate ice VI at about
0.3°C, that is, near ice V + ice VI + liquid triple point (6324 bars,
0.16 °C) [Fig. 11(b); Haselton et al., 1995]. Finally, ice VI melted at
8.0 °C [Fig. 11(d)], indicating that the density of water in the sample
chamber was 1.21 g/cm® (Wagner ef al, 1994) and the pressure will
be about 3.6 GPa at 900 °C (Wagner and Prufi, 2002).

Lepidolite *
o A

<

@
C. Crystallization of lepidolite in aqueous solution
with salinity of 10 wt. % NacCl

Lepidolite is an important mineral in the rare metal
pegmatites and usually crystallized in the late hydrothermal 640 °C 539 oC
stage during the magmatic-hydrothermal evolution in pegmatite 431 MPa 301 MPa

(Heinrich, 1967; Cerny, 1989). For example, lepidolite intergrowths T P, talizati f lepidolite in 10 wt. %

. . o O . 12. Photographs showing the recrystallization process of lepidolite in 10 wt. %
with qu'flétz can be fo.und. 1nTthe Cﬁre of p e%m.atlte d?k“ mhFhe NaCl-90 wt. % H,O solution by using HDAC-VII in which the heating process was
Huangnidong pegmatite in Tongcheng, Hubei Province China controlled with PES 1300. (a) In the heating process, the vapor bubble in the HDAC
(Li, 2017). In the Huangnidong pegmatite dike, quartz in the sample chamber almost disappeared at 299 °C and finally disappeared at 300 °C,

lepidolite-quartz core hosts primary NaCl-H,O inclusions with a which was used to calculate the pressure within the sample chamber during heat-
salinity of ~10.0 wt. % NaCleq and a homogenization temperature of ing based on the EoS of NaCl-H, O (Vao and Duan, 2008). (b) At 800 °C and 637
~300°C (Li, 2017). MPa, the lepidolite totally dissolved into water. (c) At 640 °C and 431 MPa, lepido-

lite was growing in agueous solution, which nucleated at 648 °C and 442 MPa in

Based on the fluid inclusions in quartz in the Huangnidong the cooling process. (d) Lepidolite stopped growth at 539 °C and 301 MPa.

pegmatite dike, we crystalized lepidolite in NaCl-H,O solution
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F-, and Cl-rich aqueous solution, which is consistent with the
pegmatite-forming conditions (London, 2008).

V. CONCLUSIONS

The newly designed HDAC (HDAC-VII) has much smaller
dimensions than the previous types, which makes it easy to be
installed on a microscope stage for in situ observations and micro-
analyses. In these applications, it is convenient to have the sample
chamber close to the top as well as the side windows such that the
objective lens is far enough away from the damaging hot sample and
the x-ray source and the detector are close enough to the sample to
yield strong signals. At the same time, there is more space for cir-
culating air from a cooling fan. Also, four connected gas ports were
designed on the upper and lower platens, which can deliver Ar +
H, to protect diamond anvils and other parts from oxidation during
heating. Dry N gas can pass through the gas ports and direct at the
windows to protect them from frosting during cooling.

In this study, a cooling system was designed to accompany the
HDAC. In the cooling experiments, nitrogen gas was cooled as it
passed through a Dewar flask filled with liquid nitrogen and then
blown at the HDAC sample chamber that can be cooled to =170 °C
with a precision of +0.5°C. The reheating process from a frozen
state can be adjusted as low as 0.1 °C/min by using temperature con-
troller (PES) and controlling the flow rate of nitrogen gas with valves
concurrently.

The small dimension and the effective cooling system extend
the uses of HDAC in geological fluid research. The PTVx properties
of the fluid loaded in the sample chamber are easily determined in
cooling and heating experiments. For example, we determined the
salinity of NaCl aqueous solution in the sample chamber and mea-
sured pure water density of more than 1.0 g/cm’ to produce high
pressure in the sample chamber at elevated temperature and to per-
form crystallization experiments in an aqueous solution with known
composition.
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