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Two types of optical cells with fused silica windows are described for study of geologi-
cal fluids at temperatures (T ) up to 6008C and pressures (P) up to 1 kbar. One is the
high-pressure optical cell (HPOC), in which fluids of known composition can be
loaded directly into the cell and its pressure can be adjusted and measured. The other
is the fused silica capillary capsule (FSCC), which contains sample fluid with both
ends of the tube flame sealed. Both types of cells can be inserted into a heating-
cooling stage (USGS-type, the newly developed stage from INSTEC or that from
Linkam) for in situ observations and Raman spectroscopic analyses at various P-T con-
ditions. The HPOC has been applied to measure the solubility and diffusion of methane
in water, the solubility of methane hydrate in water, and methane pressures in fluid
samples. It is also very useful for providing fluid standards with known composition
and pressure for the calibration of Raman spectroscopic systems before quantitative
analyses. The FSCC is particularly useful for samples which need to be reacted at elev-
ated P-T conditions for long periods of time (days or weeks). These two types of optical
cells with fused silica windows are particularly suitable for the study of organic systems
and also for systems containing sulphur.

1. Introduction

Various types of optical cells with silica windows have been used previously, together

with Raman spectroscopy, to study fluids but with only limited success. For example,

Irish et al. (1982) developed a furnace assembly together with a sample cell constructed

from thick-walled Corning Pyrex glass capillary tubing (7.5 mm OD, 1.5 mm ID) for

vibrational spectral studies of solutions. Their cell could only be operated at tempera-

tures (T ) of ,3508C and pressures (P) of ,17.5 MPa, and they observed significant

corrosion of the Pyrex glass even by pure water samples at elevated P-T conditions.

The high-pressure optical cell designed by Chou et al. (1990), which combined a

high-pressure valve with a fused silica tubing (3 mm OD, 1 mm ID), could be used

for collecting Raman spectra of fluids at pressures up to 100 MPa, but sample tempera-

tures were limited to near room T (Chou et al., 1990; Seitz et al., 1993, 1996). Similarly,

the cell designed by Lin et al. (2007), which combined a high-pressure valve with a

3.2 mm thick glass window, could reach pressures up to 60 MPa, but sample tempera-

tures were again limited to near room T (Lin et al., 2007; Fall et al., 2011).

Recent development of optical cells allows us to not only observe many geological

processes at higher P-T conditions, but also characterize geological samples in the
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cells by using advanced spectroscopic tools, including Raman spectroscopy and syn-

chrotron X-ray spectroscopy. In this chapter, optical cells with fused silica windows

are introduced which are suitable for P-T conditions of sedimentary basins, hydrother-

mal systems, and low-grade metamorphism (up to �1 kbar and 6008C). The other type

of optical cell using diamond windows, the hydrothermal diamond-anvil cell (HDAC),

suitable for the study of samples at P-T conditions up to those near the Moho (�3 GPa

and 10008C), are presented by Schmidt & Chou (2012, this volume).

Two types of optical cells using fused silica windows will be discussed here. One is

the high-pressure optical cell (HPOC; Chou et al., 2005), in which one end of the fused

silica capillary tube was sealed with a hydrogen flame, and the other, open end was con-

nected to a pressure line through a high-pressure valve, such that fluids of known com-

position can be loaded directly into the cell and its pressure can be measured by using a

pressure transducer connected to the pressure line. The other type is the fused silica

capillary capsule (FSCC; Chou et al., 2008a), containing sample fluids with both

ends of the tube flame sealed. FSCCs are particularly useful when combined with a

heating-cooling stage for in situ observations and also for samples that need to be

reacted at elevated P-T conditions for long durations (days or weeks).

2. High-pressure optical cell (HPOC)

2.1. Construction of HPOC

A square flexible fused silica-capillary tube (300 mm × 300 mm with cavities of

100 mm × 100 mm or 50 mm × 50 mm), commercially available from Polymicro Tech-

nologies, LLC (www.polymicro.com), forms the optical window in this cell. This, or

other available sizes (such as 150 mm OD and 30 or 75 mm ID with a circular cross-

section) was epoxied inside a stainless steel high-pressure capillary tubing (1.59 mm

OD, 0.76 mm ID, and 40 mm long), which was connected to a high-pressure valve by

a sleeve-gland assembly (Fig. 1). The silica tubes were supplied with a polyimide

coating (�15 mm thick). To provide clear windows for optical observation of

samples in the tube, a section of this brown polyimide protection cover was removed

using a hydrogen flame. However, to add extra strength to the silica tube, the polyimide

layer over the section of the tube to be inserted into the stainless steel tube should not be

removed (Fig. 1). To further protect the silica tube, especially under high internal

pressure, a slightly longer stainless high-pressure capillary tube can be used to

enclose the entire silica tube; however, in this case it is necessary to grind off parts of

the stainless tube immediately above and below the windows (Fig. 1c). The stainless

high-pressure capillary tubing, sleeve, gland, and high-pressure valve are available

from the High Pressure Equipment Company (www.highpressure.com).

2.2. Sample loading and pressurizing procedures

Figure 2 is a schematic diagram showing the sample loading and pressurizing system for

Raman spectroscopic analysis of non-aqueous fluid samples. The procedures are as

follows.
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(a) evacuate and flush the capillary cell and pressure line with sample fluid
before loading
(1) close all valves; (2) open v-1, v-2, v-3, v-4 and v-5, and use the syringe (S-1) to evac-

uate the line; (3) close v-1 and open v-6 to load the line with the sample fluid from tank 1

(T-1), and use the pressure gauge (G-1) to read the pressure; (4) close v-6 and open v-1

to flush the line with the sample fluid; (5) after repeating the above steps several times,

close v-1 and open v-6 to finally load the line with the sample fluid.

(b) load a section of water to separate sample fluid from the pressurizing fluid
(1) close v-2, v-5 and v-6; (2) open v-10 and v-11, and use the syringe (S-2) to fill the

line between v-10 and v-11 with water, and then close v-10 and v-11.

Fig. 1. Photograph of a high-pressure optical cell (HPOC). The following procedures were used to construct

the HPOC as shown in (a): (1) remove the protection cover of polyimide at the window section of the square

capillary tube (T-1) with a hydrogen flame; (2) seal this end of the tube with the hydrogen flame; (3) insert the

other end of the tube through the high-pressure stainless steel tube (T-2), which already had a sleeve (S) and a

gland (G) in place and filled with freshly mixed epoxy; (4) after the epoxy was set, cut off the end of the silica

tube near the sleeve, and verify that the cavity was not blocked by epoxy; and (5) connect the assembly (b) to

the high-pressure valve (V) as shown in (a). To protect the silica tube, a slightly longer stainless high-pressure

capillary tube was used to enclose the entire silica tube, and parts of the stainless steel tube were ground away

to expose the window, as shown in (c). Other kinds of protective tube with windows can be constructed to

enclose the silica tube by sliding it along the stainless tube. An HPOC was also constructed with two open

ends, and each end was connected to a high-pressure valve. This cell is slightly bulky, but it was much

easier for cleaning and loading samples. However, make sure that the two valves are fixed in position, and

that the distance between the two valves is slightly shorter than the silica tube in between, taking the

advantage of the flexibility of the silica tube. The ruler shows scales in both centimetres and inches for (a)

and (b). For scale in (c), the stainless tubing (T-2) is �1.6 mm in OD. Part numbers: T-1 (Polymicro

Technologies; 2001513, and 2001515), T2 (High Pressure Comp. (HiP); 15-9A1-030, 0.762 mm

ID × 1.588 mm OD), V (HiP, 15-14AF1), G (HiP, 15-2AM1), and S (HiP, 15-2A1). Taken from figure 1

of Chou et al. (2005).
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(c) Pressurize the sample
(1) open v-9, v-12, v-13 and v-14, and then open v-15 to load the line and pressure gen-

erator (PG) with a high-pressure fluid (CH4, N2, or CO2) from T-2; (2) close v-15 and

open v-8 and v-7 to pressurize the sample fluid by pushing the water section between

v-10 and v-11 into the loop between v-5 and v-7; (3) open v-5 and read the pressure

of the sample fluid in the capillary tubing (C) (Fig. 3a when N2 is used as the high-

pressure fluid) at G-1 or G-2; (4) use the pressure generator to reach higher pressure,

but close v-3 before reaching the maximum pressure rating for G-1; (5) close v-3, v-4

Fig. 2. Schematic diagram showing the sample loading and pressurization system for Raman spectroscopic

analysis of fluid samples. For details, see text. Taken from figure 2 of Chou et al. (2005).

Fig. 3. Schematic diagrams showing (a) a small amount of sample fluid pressurized by N2 gas, which was

separated from the sample fluid by a section of water, and (b) the distance (Y ) of the sample position A (∗)

from the methane–water interface in diffusion experiments. For details, see text. Taken from figure 3 of

Chou et al. (2005).
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and v-5 during Raman analysis, and check the sample pressure after analysis by opening

v-3 (for low-pressure reading at G-1) or v-5 and v-4 (for high-pressure reading at G-2);

(6) use the pressure generator or the exhaust valve (v-16) to reduce the sample pressure.

To load a sample of water or aqueous fluid at the enclosed end of the tube, use the fol-

lowing procedures: (1) remove the tube from the high-pressure valve; (2) heat the

window section of the tube before dipping the open end of the tube in the sample sol-

ution; (3) after a sufficient amount of time to allow sample fluid to be sucked into the

tube during cooling, force the sample solution to the enclosed end using a centrifuge;

(4) reconnect the tube to the high-pressure valve and then it is ready for the evacuation

and flushing procedures described above before pressurization with other fluids (Fig. 3b).

2.3. Heating-cooling stages (USGS, INSTEC, Linkam)

The fused silica capillary in the HPOC can be prepared to a suitable length, such that the

window section near the enclosed end can be inserted into a heating-cooling stage for

in situ observations of samples at temperatures from near liquid nitrogen temperature

(�21968C) to 500 or 6008C at presussures up to 1000 bars. Three types of heating-

cooling stage are commonly used and they are as follows: the USGS gas-flow stage,

the INSTEC stage, and the Linkam CAP 500 stage. Because the USGS gas-flow

stage has been described previously (Werre et al., 1980) and because it is rather difficult

to use for HPOC applications, it will not be discussed further here.

The INSTEC heating-cooling stage under a microscope of a JY LabRam 800 Raman

system is shown in Figure 4, and the screen shows the two co-existing fluids in a FSCC.

The stage was custom-designed for the HPOC and FSCC experiments and an mk1000

temperature controller and SN2-SYS liquid nitrogen cooling system were used to

control sample temperatures in both the HPOC and FSCC. The sample holder of this

stage has a sample slot (1 mm wide, 2.5 mm deep, and 40 mm long) located in the

middle of a silver plate (43 mm × 16 mm × 2.5 mm), and a K-type thermocouple

was inserted along the slot to monitor the sample temperatures (Fig. 5). A thin silica

Fig. 4. Photograph of an INSTEC heating-cooling stage and HORIBA JY HR 800 LabRam Raman system.

The insert shows the stage under a microscope, and the screen shows the image of a meniscus separating two

coexisting fluid phases in a FSCC (0.3 mm OD and 0.1 mm ID).
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glass plate was mounted at the bottom part of the slot and an FSCC was placed in the slot

and on top of the glass plate. For samples in the HPOC, the fused silica tube was inserted

side by side with the thermocouple into the slot, and the sample near the closed end of

the capillary tube was placed near the centre of the sample slot. The sample holder,

together with sample (not shown) and thermocouple, were then inserted into the

sample chamber of the stage, which has a 60 mm × 40 mm window (Fig. 6).

To investigate possible temperature gradients in the sample slot, target temperatures

were set at 15, 30, 100, 200, 300 and 4008C, and the temperatures at five positions

evenly distributed along the sample slot were measured with a K-type thermocouple

(Fig. 5). The thermocouple was calibrated with the freezing and boiling points of

pure water at ambient pressure at 0 and 1008C, respectively. As shown in Figure 7, at

the target temperatures of 15 and 308C, the temperature differences among different pos-

itions are ,0.58C, which increased to �28C at the target temperature of 2008C.

The proto-type Linkam CAP 500 Capillary Pressure Stage (Fig. 8) was designed

for the HPOC and FSCC and will soon be available on the market, after minor

Fig. 5. A sample holder in the INSTEC heating-cooling stage with a slot (40 mm×1 × 2.5 mm) at the center

of a silver plate (43 mm × 16 mm × 2.5 mm). A FSCC up to 3 mm long can be placed in this slot. The

enclosed end of fused silica capillary of a HPOC can also be inserted into the slot together with a Type-K

thermocouple for direct sample-temperature measurements. Taken from figure 2b of Wang et al. (2011).

Fig. 6. INSTEC heating-cooling stage with a chamber area of 60 mm × 40 mm to show the whole silver plate

of the sample holder. Taken from figure 2c of Wang et al. (2011).
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modifications. Sample temperatures were controlled using a T95-PE system controller

(http://www.linkam.co.uk/t95-system-controllers/) with a T95 LinkPad and LNP95

cooling system (http://www.linkam.co.uk/lnp95/) through Linksys32 temperature

control and video capture software. The stage body can be water cooled by using an

ECP (external circumferential piston) pump when heating samples above 3008C for

.30 min. A capillary tube of HPOC being inserted into a channel (1 mm wide and

0.6 mm deep) of a silver block (20 mm wide and 50 mm long), is shown in Figure 9;

the capillary can be moved 12.5 mm from the centre for a total 25 mm of movement.

Fig. 7. Temperature differences between sample and the set temperature of INSTEC temperature controller;

the sample temperatures were measured with a calibrated type-K thermocouple and an Infinity digital meter at

five positions evenly distributed along the sample holder (as shown in Figure 5). Taken from figure 2d of Wang

et al. (2011).

Fig. 8. Photograph of a Linkam CAP 500 heating-cooling stage system, showing the temperature controller in

the lower right corner, a dewar, and the stage (under the microscope).
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A small hole was drilled through the center of the silver block and its cover (photograph

in Fig. 10), so that samples can be viewed with transmitted light. The silver block can be

heated and cooled rapidly in the range 2196 to 5008C at a rate from 0.1 to 508C/min.

The temperature sensor mounted in the silver block is a high-accuracy 100 ohm plati-

num resistor (to 1/10th Din Class A) and is accurate to 0.18C. The block has been

designed to minimize the temperature gradient along its length (Fig. 10).

2.4. Applications (examples)

2.4.1. Solubility and diffusion of methane gas in water
Raman spectra of dissolved methane and water at five experimental positions with

different distances (Y ) away from the methane vapour/water interface (Fig. 3) collected

�240 min after the water was pressurized by methane at 35.47 MPa and 295.3 K are

shown in Figure 11. The dissolved methane concentration in water at each Y can be cal-

culated by using the measured peak area ratio between dissolved methane and water

through the calibrated linear equation (Fig. 12; Lu et al., 2006):

[X(CH4)] = 1.0563[A(CH4)aq/A(H2O)] (R2 = 0.9962) (1)

Raman peak-area ratios for CH4/H2O and concentrations of dissolved methane in

water (in mole fraction, X, as calculated from equation 1) as a function of the distance

between the sample spot and methane-water interface (Y, see Fig. 3) and time after the

water was pressurized by methane at 24.47 MPa and 295.3 K are shown in Figure 13.

The dotted curve represents the least-squares fit of the data at methane/water interface

(Y ¼ 0 mm). The solid curves represent calculated values for Y ¼ 0.70, 4.12, 6.63, and

9.45 mm, assuming the left boundary condition is defined by the dotted curve and a dif-

fusion coefficient (D) of 1.66 × 1029 m2s21 for methane in water. This diffusion coeffi-

cient gives the best fit of the observed concentration profiles (see Table VI and figure 7a

of Lu et al., 2006). As pointed out by Lu et al. (2006), this new spectroscopic method

Fig. 9. Photograph of the sample chamber of the Linkam CAP 500 heating-cooling stage. A fused silica

capillary of an HPOC was inserted into the slot of a silver block under the microscope with the sample

being positioned above a small hole at the centre of the silver block.
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investigates the diffusion under constant high pressure in a steady state, permitting the

study of the pressure effect on diffusion.

This new method has several other advantages over existing methods, including: (1)

the ability to directly monitor the methane-concentration variation in the water section

with time and distance along the diffusion path, such that the diffusion process can be

better understood, and a concentration-dependent diffusion rate can be derived from

the concentration profile; (2) the method can be applied to all Raman-active species,

such CO2, C2H6,, N2, etc., and can be extended to the investigation of multi-component

diffusion in liquids as the concentration of each component in the solution can be

obtained simultaneously; (3) this method shows its potential for studying more

Fig. 10. Measured temperatures (with a type-E thermocouple) in a Linkam CAP 500 stage at five points (from

1 to 5) along the sample slot in a silver block under a silver cap, which has a hole at the centre allowing

observations of samples with transmitted light. Each plotted data point shows the temperature difference

between measured temperature (with thermocouple) and the set temperature. Image courtesy of Linkam

Scientific Instruments Ltd.
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complex systems when hydrate is present, in which the interaction of methane and water

molecules might be different from the current metastable case, and the D might be more

concentration dependent.

2.4.2. Solubility of methane hydrate in water
Water (Lw) in equilibrium with SI methane hydrate (H) in HPOC at 276.55 K and

20 MPa is shown in Figure 14. Lu et al. (2008) collected Raman spectra of the water

in equilibrium with SI methane hydrate at temperatures from 275.15 to 293.15 K

and pressures of 10, 20, 30 and 40 MPa. Sixty measurements were made and the

results can be represented by:

X(CH4)( + 0.000095) = exp[11.0464 + 0.023267P − (4886.0

+ 8.0158P)/T] (2)

Fig. 11. (a) Raman spectra of dissolved methane and water at five experimental positions at different

distances (Y ) from the methane vapour–water interface (Figure3b) collected �240 min after the water was

pressurized by methane at 35.72 MPa and 295.3 K. The intensity of the methane peak near 2910 cm21

decreases with increasing Y, indicating a concentration gradient of methane along the diffusion path in the

cell. The spectra were collected with a 40× long-working distance objective lens for 40 s with three

accumulations. Taken from figure 5a of Lu et al. (2006).
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Fig. 12. Experimental results showing the linear relation between dissolved methane concentrations in water

(in mole fraction, X(CH4)) and the peak-area ratios for aqueous methane and water at 295.3 K and different

pressures (up to 47 MPa). The plotted data are from Table I of Lu et al. (2006). The straight line represents

the linear regression of the experimental data. Taken from figure 4 of Lu et al. (2006).

Fig. 13. Raman peak-area ratios for CH4-H2O and the concentration of dissolved methane in water (in mole

fraction, X, as calculated from equation 1) as a function of distance between the sample spot and the methane-

water interface (Y, see Fig. 3) and time after the water was pressurized by methane at 24.47 MPa and 294.9 K.

The dotted curve represents the least squares fit of the data at the methane–water interface (Y ¼ 0 mm). The

solid curves represent calculated values for Y ¼ 0.70, 4.12, 6.63 and 9.45 mm, assuming the left boundary

condition is defined by the dotted curve and a diffusion coefficient of 1.66 × 1029 m2 s21 for methane in

water. This diffusion coefficient gives the best fit of the observed concentration profiles (Table VI and figure 7a

of Lu et al., 2006). The horizontal dashed line represents the equilibrium concentration of XCH4
¼ 0.00352,

which is slightly larger than the value shown by the dotted line. This difference resulted from the 0.6 K

difference in temperature between the experiment and those experiments for defining the coefficient in

equation1.Each spectrumwas collectedfor40s with threeaccumulations.Takenfromfigure6aofLuetal. (2006).
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where P is pressure (MPa), and T is temperature (K). Equation 2 fits their measured

data (their table 2) very well, with an average absolute deviation of 2.17% (their

figure 8).

2.4.3. Determination of methane vapour pressure with measured Raman shift
All the available data for the relation between measured methane y1 (C-H symmetric

stretching) band positions and pressures near room temperature, including those of

Lu et al. (2007) determined in HPOC are shown in Figure 15. The curves defined by

each data set are nearly parallel to each other, indicating that systematic discrepancies

among these data sets can be removed and a universal equation can be established by

choosing D as a variable (Fig. 16), where D ¼ yp – yo, the difference between the

peak positions at elevated pressure (yp) and near-zero pressure (yo):

P(MPa) = −0.0148 × D5 − 0.1791 × D4 − 0.8479 × D3

− 1.765 × D2 − 5.876 × D (3)

Fig. 14. Photographs of hydrate crystals in HPOC showing aqueous solutions (Lw) in equilibrium with sI

methane hydrate (H) at 276.55 K and 20 MPa. Raman spectra were collected from the solution near the

hydrate crystals. The width of the sample cavity is �50 mm. Taken from figure 3 of Lu et al. (2008).
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Fig. 16. The P-D relations for all data shown in Fig. 15, where D ¼ yp 2 yo, the difference between the peak

positions at elevated pressure (yp) and near-zero pressure (yo) for the methane y1 band, with yo set at the values

listed in Table 2 of Lu et al. (2007). Equation 3 represents all data points. Taken from figure 4 of Lu et al.

(2007).
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Fig. 15. Measured methane y1 (C–H symmetric stretching) band positions as a function of pressure,

summarized by Lu et al. (2007). The near-parallel relationship for all experimental data sets indicates

similar relations between pressure and Raman peak position, but with different intercepts at zero pressure.

Taken from figure 1 of Lu et al. (2007).
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with R2 ¼ 0.9926. Therefore, equation 3 can be applied for calculating methane press-

ures (P) in sample fluids with measured Raman shifts of CH4 y1 band position near room

temperature, as long as y0 for the particular Raman spectrometer is known. This can be

achieved by measuring directly the CH4 peak position at pressures near zero in a HPOC

(Chou et al., 2005) or FSCC (Chou et al., 2008a).

2.4.4. Other applications
The examples given above are for CH4 gas or CH4 gas in pure water. These applications

can be extended to other gases in saline water at different temperatures. Also, in HPOC,

Raman spectra of various fluids and their mixtures can be collected at fixed pressures (up

to �1 kbar) and temperatures (2196 to 6008C) to show Raman spectroscopic characters

of these fluids as a function of composition, total pressure and temperature. For instance,

the effect of CO2 density on the symmetric stretching of dissolved H2O is illustrated in

Figure 17. Fluid standards of known composition and total pressure can be prepared in

HPOCs as standards for quantitative Raman analyses of unknown samples and also for

inter-laboratory comparison. Furthermore, compositions and total pressures of fluid

standards in FSCCs can be determined by comparing Raman signals of these ‘standards’

with those in HPOC with known composition and total pressure.

Fig. 17. The evolution of the stretching frequency of water dissolved in CO2 at 328C as a function of CO2

density saturated with respect to water (Berkesi et al., 2009). Image courtesy of Jean Dubessy.
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3. Fused silica capillary capsules (FSCCs)

3.1. Construction of FSCCs

The fused silica capillaries used are similar to those for HPOC described in section 2.1,

and the detailed description for the construction of FSCC was presented previously

(Chou et al., 2008a). Briefly, organic and inorganic samples in solid or liquid forms

were first loaded into the tube, �6 cm long with one end sealed. The tube was then cen-

trifuged to force the sample towards the closed end. After centrifugation, the open end of

the tube was connected to a pressure line (Fig. 18). After any air in the sample tube was

evacuated through the pressure line, gaseous samples were then added cryogenically by

immersing the sealed end of the tube in liquid nitrogen and switching the pressure line

from vacuum to sample gas at �0.2 MPa pressure. The gaseous component was allowed

to condense or freeze to a solid for several minutes. The tube was evacuated and the

open end was sealed by fusion in a hydrogen flame while the sample end remained

frozen and under vacuum. For microthermometric measurements in a heating-cooling

stage, the FSCCs ,25 mm long were prepared (Fig. 19).

3.2. Applications

3.2.1. Calibration standards
Similar to the synthetic fluid inclusions trapped in quartz formed by healed fractures

under a fixed P-T condition in the presence of fluid (Sterner and Bodnar, 1984), fluid

samples in FSCCs can be used as standards for either temperature calibration of a

heating-cooling stage or quantitative Raman spectroscopic analyses of fluid samples.

For example, we have used the melting of H2O ice at 08C, ice in NaCl-H2O solution

at 220.88C, solid CO2 at 256.68C (see figure 5 of Chou et al., 2008a), and NaNO3

at 306.88C to calibrate our thermocouples. We prepared FSCC containing CH4 gas at

a pressure near or below 1 atm., such that the peak position of y1 (C–H stretching

Fig. 18. A schematic diagram of the sample-loading system for a fused silica capillary capsule (FSCC). V-1

to V-8 are three-way/two-stem combination taper-seal valves from High Pressure Equipment Co. (Cat.

No. 15-15AF1). For details, see the text. Taken from Chou et al. (2008a).
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band) of methane near zero pressure (y0) can be determined for methane pressure

measurements as described in section 2.4.3. We also prepared a FSCC containing

pure CO2 with a bulk density near the critical density of CO2 (0.468 g/cm3), such

that CO2 standards for the densities ranging from 0.014 to 1.179 g/ml can be obtained

in this FSCC by fixing the temperatures of both liquid and vapour phases in a heating-

cooling stage to within 0.18C between –56.6 and 31.18C (Fig. 20). By using these CO2

density standards in a FSCC, reliable CO2 densities in fluid samples can be determined

by measuring the CO2 Fermi diad split as described by Wang et al. (2011) and refer-

ences therein. Furthermore, we are developing methods for the preparation of gas stan-

dards in FSCCs with known compositions and pressures to be used in quantitative

Raman spectroscopic analyses of gas samples (Chou et al., 2011).

3.2.2. Other applications
Many other applications of FSCCs were described by Chou et al. (2008a). FSCCs have

been demosntrated as suitable cells for the study of speciation of uranyl ions in lithium

chloride solutions using Raman spectroscopy as a function of temperature and chlorinity

at saturation pressure, as shown by Dargent et al. (2011) (Fig. 21). FSCCs are particu-

larly useful for studies of reactions of organic compounds in the presence or absence of

water and also for systems containing sulphur at pressures up to 1 kbar and temperatures

up to 6008C. Pyrolysis and hydrolysis of organic compounds and thermal chemical

sulphate reduction (TSR) by hydrocarbons (Chou et al., 2008b) are good examples.

Fig. 19. A synthetic fluid inclusion in a fused silica capillary capsule with a square cross-section

(0.3 mm × 0.3 mm with a 0.05 mm × 0.05 mm cavity, and �10 mm long) containing liquid (L) and

vapour (V) pentane (C5H12) and water. The capsule is small enough to be fitted into the sample chamber of

a heating-cooling stage for microthermometric analysis and/or in situ spectroscopic analysis at various

P–T conditions. Taken from figure 2 of Chou et al. (2008a).

I-M. Chou242



Furthermore, the high permeability of fused silica to hydrogen makes it possible to

control the redox state of a sample in a FSCC by an external hydrogen buffer in a

gold capsule (Shang et al., 2009) at relatively low temperatures (,4008C).

4. Summary

Two types of optical cells with fused silica windows were described; the high-pressure

optical cell (HPOC) and the fused silica capillary capsule (FSCC). Fluids of known

compositions and pressures can be prepared in HPOC, and those enclosed in FSCC

can be determined by comparing their Raman signals with those obtained from

Fig. 20. Phase relations of a pure CO2 system, showing P-T relations for the L-V curve, the critical point (C),

and triple point (T) in (a), and T-Density relations at 228C and at C and T in (b).
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samples prepared in HPOC. Because FSCCs are small (normally �0.3 mm in diameter

and ,2.5 mm long), heating-cooling stages (USGS, INSTEC, or Linkam) can be used to

control sample temperatures for in situ Raman analyses. FSCCs are also suitable for

samples that need to be heated in furnaces with or without external pressure before

Raman analyses of the quenched samples.

Even though the achieveable P-T conditions in HPOC and FSCC are quite limited

when compared with those in HDAC, they have the following advantages for the

study of geological fluids at P-T conditions up to 6008C and 1 kbar: (1) fluid samples

which are easy to load; (2) easy to operate; (3) less expensive; (4) greater Raman

signal intensity; and (5) sample pressures which can be measured directly when the

HPOC is used.

Fig. 21. Raman spectra of the symmetric vibrational mode of uranyl chloride complexes in LiCl solution

(1.5 molal) at 25 and 2008C at vapour-saturation pressures (Dargent et al., 2011). Image courtesy of

Maxime Dargent.
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Optical cells with fused silica windows are particularly suitable for the study of

organic systems and for systems containing sulphur. Furthermore, fluid standards

with known composition and pressure can be prepared in these types of cells for quan-

titative Raman analyses of either natural or synthetic fluids.
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France) for his invitation to write this chapter, his review of it, and for providing two

figures (17 and 21), and also to Bob Burruss (USGS), Yucai Song (Institute of

Geology, Chinese Academy of Geological Sciences), Wanjun Lu (China University

of Geosciences at Wuhan), Xiaolin Wang (Nanjing University), Shunda Yuan (Institute

of Mineral Resources, Chinese Academy of Geological Sciences), and Linbo Shang

(Institute of Geochemistry, Chinese Academy of Sciences) for their help with the devel-

opment of experimental techniques. Linkam Scientific Instruments Ltd. and Maxine
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