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ABSTRACT

A combination of Raman spectrometry and microthermometry has been applied to synthetic fluid inclusions filled with pure
H,0, a NaCl brine and a MgCl, brine, in order to analyze spectra between —190° and +100°C. The combined technique allows:
(1) the determination of the types of dissolved salts from the presence of salt hydrates at low temperatures, and (2) an accurate
estimate of true temperatures of melting, even of phases that are difficult to observe within fluid inclusions. Raman spectra of
water, brines, ice, glass and salt hydrates were analyzed by combined Gaussian—Lorentzian fitting of components. These fits
illustrate the presence of singularities in the water spectra, around —35°C in a NaCl brine and around —30°C in a MgCl, brine.
During freezing experiments, inclusions may contain different configurations of phases at the same temperature. Rapid freezing
of a MgCl, brine inhibits the formation of a MgCl, hydrate, and in such inclusions, ice and supersaturated brine are present down
to —190°C. The phase MgCl,*12H,0 forms only during slow cooling. Temperatures of phase changes, including eutectic point
and final melting, were accurately determined by changes in measured Raman spectra of fluid inclusions. The variable freezing
behavior of the same fluid inclusion, depending on cooling rates and cycling procedures, indicates the care with which natural
fluid inclusions should be treated to obtain true salinities.
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SOMMAIRE

Une démarche combinée de spectrométrie de Raman et de microthermométrie a été appliquée a 1’étude d’inclusions fluides
synthétiques dans les systeémes H,O, saumure a NaCl et saumure 8 MgCly, afin d’en analyser les spectres entre —190° et +100°C.
Cette démarche mene a (1) la détermination des types de sels dissous selon la présence des hydrates des sels a faibles températures,
et (2) une estimation juste des vraies températures de fusion, méme des phases difficiles a observer dans les inclusions fluides.
Les spectres de Raman pour I’eau, les saumures, la glace, un “verre” et les hydrates ont été analysés par simulations gaussiennes
et lorentziennes des composantes. Ces simulations illustrent la présence de points singuliers dans le spectre de 1’eau, pres de
—35°C dans la saumure & NaCl et pres de —30°C dans la saumure a MgCl,. Au cours des expériences cryométriques, les inclusions
peuvent contenir des configurations différentes des phases a une seule température. Une congélation rapide d’une saumure a
MgCl, entrave la formation de 1’hydrate de MgCl,, et dans de telles inclusions, la glace et une saumure sursaturée coexistent
jusqu’a —190°C. La phase MgCl,*12H,0 ne cristallise que si le refroidissement est lent. Les températures des changements de
phase, y inclus les points eutectiques et de fusion finale, ont été déterminées avec justesse selon les changements dans les spectres
de Raman obtenus des inclusions fluides. Le comportement cryométrique variable d’une méme inclusion, selon le taux de
refroidissement et les procédures de cyclage des températures, souligne le soin nécessaire pour extraire une valeur fiable de la
salinité de la phase fluide incluse.

(Traduit par la Rédaction)

Mots-clés: spectrométrie de Raman, microthermométrie, inclusions fluides, systeme H,O—NaCl, systeme H,O-MgCl,.
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INTRODUCTION

Raman spectroscopy is a powerful diagnostic tool in
a wide variety of fields within geology (e.g., Burke
2001). Moreover, Raman spectra can provide important
insights into the structure and dynamics of stretching
and bending of hydrogen bonds in pure water (e.g.,
Ulness ef al. 2001) and saline aqueous solutions. The
analysis of salts and saline solutions is a major objec-
tive in the characterization of fluid inclusions. Estima-
tions of salinity and ion ratios have been proven to be of
major interest for the interpretation of many processes
in diagenesis, metamorphism, and hydrothermal depo-
sition of ore minerals (e.g., Roedder 1984, Goldstein &
Reynolds 1994). The aim of this study is to identify the
Raman spectra of water, ice and specific solid salt hy-
drates, to determine the Gaussian and Lorentzian com-
ponents, and to estimate the temperature dependence of
its Raman shift. This work has previously been pre-
sented at the ECROFI XVI and PACROFI VIII meet-
ings (Bakker 2001, 2002). In addition, the behavior of
fluid inclusions containing brine at low temperatures can
be documented precisely by Raman identification of the
phases present. The development of Raman spectra from
fluid inclusions during heating from low temperatures
allows one to determine exactly those phase changes
that define the salinity of the inclusions, and that are
difficult to estimate optically.

BACKGROUND INFORMATION

The existence of dissolved salts within fluid inclu-
sions is inferred from the freezing-point depression of
ice, or the presence of daughter crystals (e.g., halite).
These considerations might lead to estimations of salin-
ity if one makes some basic presumptions. The types of
anions and cations cannot be obtained directly from the
freezing-point depression; therefore, the use of equiva-
lent weight percentage NaCl was introduced as a refer-
ence value for solutions. [Note that weight (a force) is
usually used as a synonym for mass, for which the SI
unit is the kilogram. The term “mass % should be used
instead of “weight % to indicate the salinity of an aque-
ous solution.] The measurement of first melting, i.e.,
eutectic melting, peritectic melting and final melting of
ice-like substances, is highly dependent on the quality
of the microscope used. In principle, exact eutectic tem-
peratures are impossible to detect because the initially
small amount of liquid that appears at this temperature
is not observable. The liquid phase is first noticeable at
higher temperatures.

The Raman effect [see Ulness et al. (2001), and ref-
erences therein for principles of Raman spectroscopy]
is mainly achieved in material with covalent bonding.
The energies of molecular vibrations, only for symmetri-
cal stretching, are reflected in the wavelength of Raman
scattered light. In material with ionic bonding, such as
NaCl, only asymmetric stretching occurs. It results in
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no overall change in polarizability, and no Raman-ac-
tive modes are observed. Dissolved simple ions, such
as Na* and CI™ are, by definition not Raman-active be-
cause chemical bonding is not present (Lilley 1973).
This fact makes Raman spectroscopy ineffective for the
analysis of dissolved salt species in fluid inclusions.

In fluid-inclusion research, Raman spectroscopy is
mainly applied to identify qualitatively gases in vapor
bubbles and entrapped solid phases (e.g., Burke 2001).
The Raman spectra of H,O and aqueous solutions were
characterized by Walrafen (1972), Lilley (1973) and
Sceats & Rice (1982), among others. The OH-stretch-
ing mode of H,O has a broad band of several hundred
wavenumbers, with a principal peak at 3415+ 5cm™!, a
shoulder at 3625 + 10 cm™, and a weak broad shoulder
at 3275 cm™!' (Walrafen 1972). The temperature-depen-
dent shape of the raw spectrum of H,O has been studied
purely morphologically by Frantz et al. (1993), who
described up to six inflection points between 100 and
505°C, 23 and 202 MPa. Individual Gaussian compo-
nents were not identified in their study.

The morphology of the spectrum of water at room
temperature is modified by the presence of dissolved
salts. The change in shape with increasing salinity was
studied purely morphologically by Mernagh & Wilde
(1989) and Dubessy et al. (1997). Their method includes
an arbitrary integration of two halves of the raw spec-
trum, from 2800 to 3300 cm™! and from 3300 to 3800
cm™!, which then define a “skewing parameter”. This
method does not allow a specification of both dissolved
anions and cations, and the integration boundaries have
no physical meaning. Again, individual Gaussian com-
ponents were not identified.

In order to identify the type of salt species present in
fluid inclusions, Dubessy et al. (1982) introduced the
use of cryogenic Raman measurements on electrolyte-
bearing solutions. At low temperatures, any dissolved
salt in aqueous solutions may form a solid salt-hydrate,
which is Raman-active. Falk & Knop (1973) had already
illustrated the peak positions of several salt-hydrates
from isotopically diluted solutions, including
NaCl*2H,0 and MgCl,°6H,0, and their variation with
temperature. Remarkably few studies in fluid-inclusion
research have been presented since then, although the
identification of dissolved ions has become a study of
major importance. Samson & Walker (2000) have re-
cently reinforced the usefulness of the combined tech-
nique of microthermometry and Raman spectroscopy.
The advantage of this combination is two-fold: 1) de-
termination of the type of dissolved salt from the pres-
ence of solid salt-hydrate at low temperatures, and
2) accurate estimate of true melting temperatures of
phases that are difficult to observe.

ANALYTICAL METHODS

Fluid inclusions were synthesized according to the
experimental method described by Bodnar & Sterner
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(1987). Solutions of pure H,O, 23.2 mass % NaCl and
20.2 mass % MgCl, were included individually as fluid
inclusions in three cores of natural quartz during crack-
healing at approximately 600°C and 200 MPa.

Raman spectroscopic measurements were done with
a LABRAM (ISA Jobin Yvon) instrument using a fre-
quency-doubled Nd-YAG laser (100 mW source).
Wavenumber measurements have an accuracy of 1.62
cm! at low Av (Raman shift around 0 cm™) and 1.1
cm! at high Av (around 3000 cm™"). Microthermometry
was conducted with a Linkam THMSG 600 heating—
freezing stage; an Olympus 100X long-working-dis-
tance objective (LMPIlanFI, 0.80 numerical aperture) has
been used. The stage was calibrated using synthetic fluid
inclusions at —=56.6, 0.0, and 374.0°C, i.e., melting of
pure CO,, melting of pure H,O and critical homogeni-
zation of pure H,O, respectively. Raman spectra of fluid
inclusions were measured in a time span of 20 seconds
at selected temperatures, in intervals of 10°C. During
the freezing experiments, a vapor phase remained
present within all the fluid inclusions. Each Raman mea-
surement was performed at approximately the same spot
within the inclusion. Slight displacement of the focus
spot may have important effects on the absolute inten-
sity of Raman spectra. Subsequently, at each selected
temperature, the background spectrum of the quartz host
was measured, and subtracted from the signal produced
by the inclusion (Fig. 1). The resulting spectra were
analyzed by the peak-fitting program PeakFit, v. 4.11
(© SYSTAT Software Inc.) to estimate the peak posi-
tion (p), half-width (w), amplitude (a) and fraction of
Gauss function (g) in Gaussian—Lorentzian contribu-
tions:
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where x is the Raman shift Av (i.e., wavenumber in
cm™'), and y is the corresponding intensity of the Raman
spectrum. The fraction g was defined as a smoothing
function (sigmoid) of temperature, whereas p, w and a
were mainly defined as polynomial functions of tem-
perature.

RAMAN SPECTRA OF SYNTHETIC FLUID INCLUSIONS

The quality of the Raman spectra of water, salt hy-
drates and ice-like phases is temperature- and crystal-
linity-dependent. At very low temperatures, e.g., at
—190°C, peaks of ice and hydrates are well defined, with
narrow half-width values. At higher temperatures, the
position and shape of some peaks change, and become
less pronounced, as the spectrum begins to resemble a
widely broadened spectrum of liquid H,O.
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(a), quartz signal at the same level (b), and the differential resulting spectrum (c) used
for fitting procedure of Gaussian—Lorentzian contributions.
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In aqueous fluid inclusions about 20 wm in diam-
eter, the nucleation temperature of ice during cooling
experiments is about —35 to —40°C. This metastability
enables the measurement of H,O (liquid) well below the
melting temperature of pure ice. The properties of wa-
ter were analyzed by Raman spectrometry in the range
from —40° to +100°C. Ice (phase structure Ih) has been
measured in the range from —190° to 0°C.

The spectrum of water consists of three Gaussian—
Lorentzian contributions (Fig. 2a), which change in
shape, position and relative intensity with temperature
(Figs. 2b, 3, Appendix Tables A1-A4). At 20°C, the
peaks are positioned at 3222 (Av,""9), 3433 (Av,"9) and
3617 cm™! (Av;''9), each corresponding to specific
stretching modes of water. Peak Av,'9 has the highest
intensity at —35°C, whereas at 100°C, peak A is
dominant (Figs. 2b, 3d). The position of both Av," and
Av,'"4 and their half-width values change sharply to
lower values toward —40°C (Figs. 3a, b). Peak Av;ld
nearly disappears toward lower temperatures.

Ice has a Raman spectrum significantly different
from that of water, with a more intense signal and a
clearly defined narrow main peak (Fig. 4a). The com-
plex spectrum obtained at —190°C consists of six
Gaussian—Lorentzian contributions, corresponding to
specific OH-stretching modes of ice. At—190°C, ice has
two main peaks, at 3102 (Av,1°®) and 3225 cm™! (Av,®).
The intensity of Av;*°® is always a factor of 15 higher
than Av,® (Fig. 5c). In addition, three minor peaks are
positioned at 3005 (Av3i®), 3338 (Av4°®) and 3414 cm™
! (Avs'®). The peak at 3255 cm™! (Avg*®) has a broad
half-width value with a relative low intensity, which
forms a kind of background stretching mode of the ice
structure. The spectrum of ice clearly has a shift in peak
positions and shape between temperatures of —190° and
0°C (Figs. 4b, 5). The absolute intensity of the Raman
spectrum clearly decreases with increasing temperature,
as it begins to resemble the spectrum of water (cf. Figs.
2b, 3b). All Gaussian—Lorentzian contributions shift to
higher wavenumbers and higher half-width values with
increasing temperature (Figs. 5a, b, Appendix Tables
B1-B4). The uncertainty of peak position and half width
of Av,*°® increases toward the final melting point of ice,
as it becomes less pronounced.

H>;0-NaCl

Freezing experiments with inclusions containing a
23.2 mass % NaCl solution (Fig. 6) illustrate a different
phase-change behavior than inclusions containing pure
H,O. First, rapid cooling causes the nucleation of a sa-
line glass-like substance at about —82°C, which is
mainly noticeable by deformation of the vapor bubble,
but not by textural or color changes of the liquid phase.
This glass-like solid remains present down to tempera-
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tures of —190°C. During subsequent heating, this phase
assemblage remains stable up to —25°C (Fig. 6b at
—60°C), where this glass-like material recrystallizes to
arandomly oriented microcrystalline mixture of ice and
hydrohalite, which has a granular texture and a brownish
color. This assemblage represents a stable configuration,
even after subsequently cooling down to —190°C (Fig.
6¢ at —60°C). During further heating, single crystals of
hydrohalite, with a greenish color, can be grown in a
saline aqueous liquid solution slightly above the eutectic
point, i.e., —21.2°C. Cooling this assemblage results in
the growth of those hydrohalite crystals in a metastable
brine (Fig. 6d at -60°C) and the nucleation of a glass-
like substance from the remaining less saline aqueous
solution at around —65°C. This phase assemblage with
a less saline glass behaves similarly to the glass previ-
ously described in Figure 6b, and can also be observed
at —60°C (Fig. 6e). It also recrystallizes a few degrees
below the eutectic temperature. After temperature
cycling, larger crystals of hydrohalite and ice can be cul-
tivated (Fig. 6f). As illustrated in Figure 6, at —60°C,
four different phase-assemblages can be present in the
fluid inclusions, depending on specific heating—freezing
procedures.

At 20°C, the Raman spectrum of the NaCl brine (Fig.
7a) is slightly different from that of pure water. The two
main Gaussian—Lorentzian contributions are shifted to
higher wavenumbers, 3456 (Av;*) and 3263 cm™!
(Av,*9). The third contribution has a similar position of
the peak, 3618 cm™' (Av3*9), and forms a weak shoul-
der. The peak positions are relatively stable with tem-
perature (Figs. 7b, 8, Appendix Tables C1-C4), and
shift about half of that for pure HO. The main peak
(Av;*9) remains dominant within the temperature inter-
val of —80°C to +100°C (Figs. 7, 8). The trend in tem-
perature dependence of peak position, half-width and
intensities of all contributions is significantly different
below and above —35°C (Fig. 8), which represents a
basic change in the structure of the brine. Below —35°C,
both peak position and half-width values change rap-
idly with temperature, whereas above —35°C, those val-
ues are less sensitive to temperature changes. A
fragment of this behavior is observed in fluid inclusions
containing pure H,O (Fig. 3), as illustrated by the steep
change in peak position toward the nucleation tempera-
ture around —35°C. The apparent phase-change is not
reached in those inclusions because it occurs below the
ice-nucleation temperature.

The previously mentioned microcrystalline mixture
(Fig. 6¢) has a combined Raman spectrum with ran-
domly oriented hydrohalite and ice microcrystals
(Fig. 9). The position of the Raman peaks of ice is
slightly influenced by the presence of hydrohalite in the
microcrystalline mixture. The main peak of ice is shifted
about 5 wavenumbers, from 3104 to 3099 cm™! at
—190°C. There is no measurable effect on the shapes of
the peaks of ice. The spectrum of ice is subtracted to
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obtain a signal purely attributable to the hydrohalite
(Fig. 10a), similar to the subtraction of the background
signal in Figure 1. The Raman spectrum of hydrohalite
has five well-defined Gaussian—Lorentzian components,
which peaks remain at approximately constant position
in the temperature interval from —190° to —-30°C (Figs.
10b, 11, Appendix Tables D1-D4). The peaks are
shifted by a maximum of 8 cm™! in this temperature
range. The main peak is at 3424 cm™! (Av|") at —190°C,
with two shoulder peaks at 3407 (Av,") and 3439 cm™!
(Avs™). A second major peak occurs at 3539 cm!
(Avs"™). A minor peak is present at 3326 cm™! (Avs™).
A sixth Gaussian—Lorentzian function (Avg™) forms a
background OH-stretching mode of the hydrohalite
crystals with a broad half-width value, and a relatively

low intensity, similar to that of ice. At higher tempera-
tures, individual peaks become less well pronounced,
and are combined in a single smoothed Raman peak-
shape with a broad half-width value (Fig. 10b).

The randomly oriented grains in the microcrystal-
line mixture in the fluid inclusion (Fig. 6¢) produce an
average spectrum. Consequently, the relative intensities
of the peaks are invariant at a selected temperature.
Growing large single crystals of hydrohalite may result
in a change in relative intensities, as suspected from the
crystallographic-orientation-dependent Raman effect.
For example, the hydrohalite spectrum illustrated by
Dubessy et al. (1982) has a major peak at 3406 cm™!,
which is only the second most intense peak in this study,
ie., Avyh,
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The Raman spectrum of the NaCl-glass-like mate-
rial (Fig. 6b), which formed in the inclusion directly
after rapid cooling, has many similarities to that for a
mixture of ice and hydrohalite (Fig. 12). However, at
—190°C, the position of the main peak of ice has shifted
to even lower values, i.e., 3096 cm™!, differing by about
8 cm™! from that of pure ice. Those peaks belonging to
a hydrohalite structure are less intense than those of ice,
with broader half-width values. The absolute intensity
of the spectrum for the glass is much lower than that of
the microcrystalline mixture of hydrohalite.

HzO—MgClz

The freezing behavior of a 20.2 mass % MgCl, so-
lution in fluid inclusions (Fig. 13) is significantly dif-
ferent from that of the pure water and the NaCl solution
just described. Rapid cooling to —190°C causes the for-
mation of a saline glass in the presence of a few small
crystals of ice. These ice crystals grew extremely slowly
down to about —90°C, and stopped as the glass nucle-
ated at this temperature. This nucleation is not notice-
able by deformation of the vapor bubble. This
configuration remained present in the inclusions down
to —190°C (Fig. 13b at —120°C). Subsequent heating of
this assemblage to about —110°C results in its recrystal-
lization to a multicrystalline mixture of ice and a film of
supersaturated brine between individual grains. MgCl,
hydrate is not formed during this process. In this assem-
blage, large single crystals of ice can be obtained after
cooling from nearly the final melting temperature of ice
(Fig. 13c at —120°C). By either rapid or slow cooling,
these ice crystals grow down to about —75° to —=70°C in
the presence of a brine and a vapor bubble. Further cool-
ing does not change the volumetric proportion of the
phases present, i.e., 41 vol.% brine, 38 vol.% ice and 21
vol.% vapor bubble (Fig. 14). Consequently, a super-
saturated brine remains present as a liquid phase even
down to —190°C. MgCl, hydrate can only be grown by
initial slow cooling from room temperatures. A slow
nucleation of ice and MgCl,*12H,0 occurs between
—70° and -90°C. Fewer crystals nucleate, and these be-
come larger than those of hydrohalite grown from a
NaCl brine (see previous paragraph). This crystalline
mixture remains stable between —190° and —-33°C (Fig.
13d at —120°C), i.e., the eutectic temperature in the bi-
nary fluid system H,O-MgCl,. As illustrated in Figure
13, the fluid inclusion may contain three different phase-
configurations at —120°C, depending on the freezing—

FIG. 6. A synthetic fluid inclusion with a 23.2 mass % NaCl
solution at selected temperatures: +20° (a), —60° (b, ¢, d, e)
and —22°C (f). See text for further details.
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FIG. 8. Temperature dependence of peak position (open circles) and half width (solid triangles) of Av,*d (a), Av,* (b) and Av;*4
(c) of the NaCl brine. The letters p and w indicate the best-fit curves for peak position and half width, respectively. The
relative intensities of Av,*d and Av;* are indicated as a ratio to Av (d).

heating procedure performed. The configuration of
multicrystalline ice, MgCl,*12H,0 and a vapor bubble
represents a stable phase-assemblage (Fig. 13d).

The Raman spectrum of a 20.2 mass % MgCl, brine
in the presence of only a vapor bubble is apparently
similar to a NaCl brine and consists of three Gaussian—
Lorentzian contributions within the temperature range
of —85° to +100°C (Fig. 15). The main peak is posi-
tioned at 3448 cm™! (Av,29) at 20°C, which is about 8
cm™! lower than for a NaCl brine (cf. Fig. 7a). Simi-
larly, the second peak at 3273 cm™! (Av,%9) is shifted by
10 cm™', in the opposite direction, however. The third
peak, 3594 cm™! (Av;%) is shifted by about 24 cm™ to
lower values compared to a NaCl brine (cf. Fig. 7a). The
main peak Av;* remains the most intense one within

the temperature interval indicated. The trends of all
Raman peaks with temperature change drastically close
to —30°C (open circles in Fig. 16, Appendix Tables E1—-
E4). Peak position, half-width value and trends in rela-
tive intensity are significantly different on either side of
this temperature. A similar behavior is observed with a
NaCl brine around -35°C (Fig. 8).

The temperature-dependent behavior of the Raman
spectrum of a MgCly-rich brine in the presence of both
a vapor bubble and ice is significantly different. Below
-30°C, measurement of the liquid phase could be per-
formed even down to —190°C, as it is stabilized by the
presence of ice crystals. At —190°C, the brine has a sa-
linity of approximately 39 mass % MgCl, in the pres-
ence of pure ice, as obtained from the estimates of
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F16.9. Raman spectrum of a frozen synthetic fluid inclusions at —100°C with a combina-
tion of ice and hydrohalite peaks. The dashed curve is a Raman spectrum of pure ice,
which is subtracted to obtain a signal resulting from hydrohalite only. HH: hydrohalite.

volume fractions (Fig. 14). The shape of the Raman
spectrum of the supersaturated brine at —190°C (Fig. 17)
resembles the spectrum of the saturated brine at 20°C in
the presence of only a vapor bubble (Fig. 15). Up to
—70°C, only small changes occur in volumetric proper-
ties of the inclusions, which is reflected in nearly con-
stant Gaussian—Lorentzian contributions of the Raman
spectrum. The position of the main and second peak
remains relatively constant, at 3434 to 3430 cm™! (Av,29)
and 3288 to 3300 cm™! (Av,%9) in a temperature interval
between —190° and —70°C (Fig. 16, Appendix Tables
F1-F4). At —=70°C, the ice starts to melt, until the final
melting temperature of ice is reached at —30.5°C. Within
this melting interval, the Raman spectrum of the brine
is rapidly changing (Fig. 16), as temperature and salinity
are constantly changing. At the final melting tempera-
ture of ice, the Raman spectra are similar to those des-
cribed in the previous paragraph.

The position of Raman peaks of ice is affected by
the presence of a MgCl, brine or solid MgCl,*12H,0
(Fig. 18). Most of the six peaks of ice are shifted ap-
proximately 9 cm™! to lower wavenumbers. Toward
higher temperatures, the peaks of ice more closely re-
semble those in the Raman spectrum of pure ice. Single
crystals of MgCl, hydrate could not be cultivated in the
freezing experiments, nor was a microcrystalline mix-
ture formed (cf. hydrohalite in Fig. 6). Freezing experi-
ments invariably resulted in a mixture of coarsely
crystalline MgCl,*12H,0 and ice (see Fig. 13d). Con-
sequently, the orientation of those crystals of MgCl, hy-
drate may generate a variety of intensities for individual
peaks at a selected temperature (Fig. 19), whereas the

peak position and half-width values remain constant. To
obtain a signal originating from MgCl,*12H,0 only, the
spectrum of ice was subtracted from the observed
Raman spectrum (Fig. 20). The resulting Raman
spectrum of MgCl,*12H,0 has seven well-defined
Gaussian—Lorentzian components (Fig. 21a). The main
peaks are positioned at 3517 (Av;™), 3465 (Av,™") and
3404 cm™! (Av3™). The peak at 3199 cm™' (Avy™")
nearly coincides with the second peak of ice. Minor
peaks are positioned at 3324 (Avg™), 3437 (Ave™) and
3483 cm™! (Av;™). An eight Gaussian—Lorentzian func-
tion (Avg™") forms a background OH-stretching mode
of the MgCl, hydrate crystals with a broad half-width
value, and a relative low intensity. As with hydrohalite,
the peak positions change by only a small amount in the
temperature interval from —190° to —-50°C (Figs. 21b and
22, Appendix Tables G1-G4). Individual peaks become
less well pronounced at higher temperatures, as the spec-
trum changes to a smoothed less intense Raman signal
with a broad half-width value (Fig. 21b).

After rapid cooling of fluid inclusions, a saline
“glass-like” substance may form in the presence of a
few small crystals of ice (Fig. 13b). At —190°C, the
Raman spectrum of this glass is substantially different
from the spectrum of the supersaturated brine presented
in the previous paragraph, and is very unlike the spec-
trum of a glass formed at the expense of a NaCl-rich
brine (c¢f. Figs. 17, 23). The glass spectrum has been
measured in the temperature range from —190° to
—110°C, at which point it recrystallizes to ice crystals
and a brine. The spectrum contains five Gaussian—
Lorentzian components (Fig. 23) and is nearly tempera-
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Temperature dependence of the three main peak positions (open circles) and half-width (solid triangles, of Av;" (a),

Av,"™ (b) and Avs™ (c) of hydrohalite. The letters p and w indicate the best-fit curves for peak position and half width,
respectively. The relative intensities of Av,"™ and Avs"™ are indicated as a ratio to Av;™ (d).

ture-independent (Appendix Tables H1-H4). The main
peak is positioned at 3445 cm™! (Av,2). Two contribu-
tions are located at the left shoulder of the broad spec-
trum, i.e., 3178 (Av,2) and 3120 cm™' (Avs2). A weak
shoulder is present at 3515 cm™' (Av,2). The fifth con-
tributions has a peak at 3350 cm™' (Avs?) with a broad
half-width value and a relatively high intensity. Only a
minor change in half-width values is observed between
—190° and -120°C, whereas peak positions remain
nearly constant (Appendix Tables H1-H4).

EutEcTiCc MELTING IN SYNTHETIC FLUID INCLUSIONS

In the previous section, I have shown how Raman
spectrometry allows one to detect and distinguish sev-

eral types of aqueous liquid solutions, ice, salt hydrates
and “glasses” in fluid inclusions at low temperatures.
Eutectic and peritectic temperatures are, by definition,
related to disappearance and appearance of certain
phases. For example, at the eutectic temperature in the
system H,O-NaCl, either hydrohalite or ice melts com-
pletely, and an aqueous liquid solution appears. Mea-
surement of eutectic and peritectic temperatures in fluid
inclusions using solely microthermometry is extremely
difficult, as these phase changes are difficult to observe.
In small inclusions, even the temperature of final melt-
ing of certain phases may be difficult to obtain. In many
cases, the recrystallization of glass-like substances is
mistaken for a eutectic reaction (Samson & Walker
2000). The combination of Raman spectrometry and
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TABLE 1. COMPARISCN QF PLAK YALUES AT —170°C FOR ICE,
HYDROHALITE AND MaCl, HYDRATE

this study Dubessy ef ed. {1982) Franks"
Ice {Ihy 2105 3090 3095
3228 3250
NaCle2H,0 - 3089 -
- 3209 -
3326 - -
3407 3406 3413°
3424 3422 3421
3438 3438 3431°
3540 3536 3531°
MgCl-121LO - 3091
- 3110
3202 -
3322 3328
3405 3401
3438 3426
34635 3462
3432 3483
3516 3511

" extracied from Water, a Comprehensive Trearise (F. Franks, ed.); *: Sceats & Rice
(1982); °: Falk & Knop {1973).

microthermometry can lead to the exact detection of
these temperatures, as the spectra are completely differ-
ent on either side, corresponding to different ice-like or
aqueous-liquid-like phases.

Raman spectra of a synthetic NaCl-H,O fluid inclu-
sion with a 23.2 mass % NaCl composition were taken
in a temperature range between —30° and —20°C, at in-
tervals of 1°C (Fig. 24). Near the temperature of final
melting of ice at the eutectic point, the interval was de-
creased to 0.1°C. At —21.2°C, the eutectic point in the

1297

relevant system, the Raman spectra change drastically,
as a combined ice+hydrohalite signal changes to a com-
bined water+hydrohalite signal. This temperature cor-
responds exactly to the eutectic temperature given in
literature (e.g., Bodnar 1993). Therefore, one can con-
clude that the laser beam did not warm the inclusion
during measurements, and the temperature control by
the Linkam stage was not affected.

For a synthetic H;O-MgCl, fluid inclusion with a
20.2 mass % MgCl, composition, a similar procedure
of heating was performed in the temperature range be-
tween —40° and —30°C. Figure 25 illustrates the devel-
opment of the Raman signal of a single fluid inclusion
during heating in this temperature range. At —34°C, the
spectrum consists of two components, i.e., an ice signal
and a MgCl,*12H,0 signal. A temperature of —33.1°C
was obtained for the eutectic point from the changing
Raman spectra, which corresponds exactly to the value
given in literature (e.g., Spencer et al. 1990). At-33°C,
the remaining spectrum consists of an ice and a brine
component. Above the temperature of final melting of
ice, —29.2°C, only a brine spectrum is obtained from the
fluid inclusion.

DiscussioN

As Raman spectra directly reflect the nature of bond-
ing within of the analyzed material, the curves obtained
may be used to interpret the structure and dynamics of
water, brine, ice, glass and salt hydrates. The spectra of
brine and water are highly variable with temperature;
consequently, the structure of these liquid phases vary
strongly. Several models were proposed to qualify this
phenomenon (e.g., Stanley & Teixeira 1980, Walrafen
et al. 1986). The technique applied in this study, i.e.,
using synthetic fluid inclusions with a maximum diam-
eter of 20 m, allows the analysis of these phases within
metastable conditions. The behavior of water was in-
vestigated down to —40°C, NaCl brines down to —90°C,
and MgCl, brines were analyzed down to —190°C. The
behavior of the Raman spectra with temperature illus-
trates the existence of a singular temperature around
-35°C, i.e., the temperature at which there are anoma-
lous changes in the properties of water. A similar be-
havior has been reported by Angell et al. (1973) and
Hare & Sorensen (1986, 1987) from calorimetry and
density measurements, respectively. They interpreted a
singularity between —40°C and —45°C in supercooled
water. In this study, a NaCl brine could be cooled down
to about —85°C, well below its singular temperature
around —-35°C. In a MgCl, brine, the singularity occurs
at slightly higher temperatures, around —30°C. This
comparison illustrates that the temperature of the sin-
gularity, or the fundamental change in the structure of
water, increases in solutions with higher ionic strength.

A comparison of peak positions of ice, hydrohalite
and MgCl,*12H,0 with values given by Dubessy et al.
(1982), Sceats & Rice (1982) and Falk & Knop (1973)
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Fic. 13. A synthetic fluid inclusion with a 20.2 mass % MgCl, solution at selected temperatures: 20°C (a), and —120°C (b, ¢, and
d). See text for further details.
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FiG. 14. Volume-fraction estimate of the vapor bubble (solid circles) and ice (open cir-
cles) as a function of temperature in the fluid inclusion illustrated in Figure 13c. Vol-
ume fractions are obtained from an area analysis of a two-dimensional projection.
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FIG. 16. Temperature dependence of peak position (open and solid circles) and half-width (open and solid triangles) of Av;*
(a), Av,* (b) and Av3*d (c) of a MgCl, brine. The open symbols illustrate a brine in the presence of a vapor bubble (as in Fig.
13a), whereas the closed symbols represent a brine in the presence of both a vapor bubble and ice (as in Fig. 13c). The relative
intensities of A, and Av; are indicated as a ratio to Av;*9 (d).

is indicated in Table 1. The main peak of pure ice has a
higher wavenumber than indicated by Dubessy et al.
(1982), whereas the second peak of ice is positioned at
much lower values. This large difference is caused by
the difference in analytical technique applied to the
spectra. In this study, peak values are obtained from the
Gaussian—Lorentzian components. Dubessy et al.
(1982) omitted this fitting procedure and analyzed the
peak position straight from the raw spectrum. Conse-

quently, half-width values of specific peaks were not
determined. The second peak of ice has a broad half-
width value and is not very pronounced; as a result, an
estimate of exact position from the raw spectrum is not
reliable. The four peaks of hydrohalite are similar in
both studies. However, the relative intensities of indi-
vidual peaks are different. The spectrum given in
Dubessy et al. (1982) corresponds to a single crystal of
hydrohalite with a specific orientation. In this study, I
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F1G. 19. Variable relative intensities of the Raman peaks be-
longing to MgCl,*12H,0 (MH) at —190°C, as a conse-
quence of different orientations of the crystals.
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FiG. 20. Raman spectrum of a frozen synthetic fluid inclusions at —190°C with a combina-
tion of ice and MgCl,*12H,0 peaks (MH). The dotted curve is a Raman spectrum of
pure ice, which is subtracted to obtain a signal purely resulting from MgCl,*12H,0.

showed that fluid inclusions invariably form a micro-
crystalline mixture with a constant distribution of peaks,
i.e., position, half-width and intensity. The low-inten-
sity peak at 3326 cm™' was not recognized by Dubessy
et al. (1982), and they illustrated two more peaks at 3089
and 3209 cm™!, which probably belong to ice. Dubessy
et al. (1982) argued that there is no interference between
the spectra of ice and those of the hydrates. However,
Figures 9 and 20 clearly indicate an overlap of the two
spectra. Moreover, the MgCl,12H,0 has a major
Gaussian—Lorentzian contribution (3196 cm™) that
nearly coincides with the second peak of ice. This peak
was not identified by Dubessy et al. (1982), who illus-
trated the presence of two other peaks in this region
(Table 1), probably belonging to ice.

Temperature control during freezing experiments is
of major importance for the cultivation of salt hydrates.
For example, MgCl,*12H,0 could only be made to crys-
tallize during slow cooling. Rapid cooling has been rec-
ommended in literature on different types of
heating—freezing stages (e.g., Roedder 1984). In this
study, I show that the crystallization of some salt hy-
drates is inhibited by rapid cooling, and measurements
could only be performed in a metastable system con-
taining a supersaturated brine and ice. The melting tem-
perature of ice obtained is meaningless in terms of total
salinity of the aqueous solution. Figure 26 illustrates the
occurrence of phase assemblages in three individual
fluid inclusions with the aqueous solutions previously
described (see also Figs. 6, 13); it summarizes the re-
sults of the combined technique of Raman spectroscopy
and microthermometry. The temperature overlap of dif-

ferent phase-assemblages, especially in the H,O-NaCl
and H,O-MgCl, systems, illustrates the difficulties en-
countered in interpreting phase changes solely based on
microthermometry.

Natural samples from dolomitized carbonic rock in
the Upper Muschelkalk (upper Rhein Graben, south-
western Germany) were used to test the method. Small
primary fluid inclusions were identified in saddle dolo-
mite (Fig. 27). The inclusions have regular negative
crystal shapes, and are in general smaller than 2 pm in
diameter. Only a few of them reach a size of about 10
pm. They contain a homogeneous aqueous fluid with
about 4 vol.% vapor bubble at room temperature. Total
homogenization occurs in the range of 72.5° to 123°C,
to the liquid phase. Low-temperature behavior was dif-
ficult to observe, and could only be deduced from cy-
cling experiments and Raman spectroscopy. During fast
cooling, the vapor bubble increased in size up to
10 vol.% at —100°C. During subsequently heating, the
presence of a glass became obvious from recrystalliza-
tion phenomena, i.e., the vapor bubble disappeared
slowly. Around -50°C, the clear glass developed a
granular texture in the absence of a vapor bubble. At
slightly higher temperatures, the vapor bubble reap-
peared and floated in a clear mass, in which ice or
hydrate crystals were not distinguishable. At approxi-
mately —21°C, the vapor bubble moved suddenly to
another corner of the inclusion. Finally, around +5°C,
the vapor bubble moved again to another corner. Only
Raman spectroscopy could reveal the physical meaning
of these observations. The fluid inclusion contains a
mixture of ice and hydrohalite at —138°C (Fig. 28a).
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Fi16. 22. Temperature dependence of the four main peak positions (open circles) and associated half-width (solid triangles, of
Av™ (a), Av,™ (b), Avs™ (c) and Av,™ (d) of MgClye12H,0. The letters p and w indicate the best-fit curves for peak

position and half width, respectively.

During the development of the granular texture, the in-
clusion still contains both solid phases (Fig. 28b). Con-
sequently, this coarsening process does not correspond
to eutectic or peritectic melting. The temperature of fi-
nal melting of ice was estimated at —23.4°C by measur-
ing changes in Raman spectra during stepwise heating.
This temperature corresponds approximately to the first
sudden movement of the vapor bubble. Subsequently,
the inclusion contains an aqueous solution and
hydrohalite (Fig. 28c), which finally melts metastably
at +4.6°C. Therefore, Raman spectroscopy has revealed
true melting temperatures of the phases present at low
temperatures in the fluid inclusion, and it has revealed
the nature of the type of dissolved salt, i.e., NaCl. Fur-
thermore, the temperature of ice melting indicates the

presence of another type of salt, as it is below the eutec-
tic temperature of the binary system H,O-NaCl. The
positive temperature of melting of hydrohalite in the
presence of a vapor bubble could have been mistaken
for clathrate melting. However, Raman spectroscopy
clearly indicates the presence of hydrohalite, and gases
like CO, or CH4 could not be detected in the vapor
bubble.

CONCLUSIONS

A combined Gaussian—Lorentzian fitting procedure
allows an exact reproduction of the measured Raman
spectra of aqueous solutions. The spectrum of water
consists of three deconvoluted bands, that of ice and



RAMAN SPECTRA OF FLUID AND CRYSTAL MIXTURES 1305

| 1 | 1 L 1 1 | 1 1 1 1 | Il 1

MgCl,-brine glas -190 °C

5
T
—
_%\ ] L
2 - Ay
% 1500~ -
"Avy .
1000 H -
+Av, L
500 H Av L
. "AVs
FiG. 23.  Raman spectrum of MgCl,-rich
glass at —190°C with five Gaussian— - -
Lorentzian contributions, Av&, Av,8, AV et e e ’ R
Avsg, Avg8 and Avse. 0 2 |
T T I T T T T | T T T T I T T T T I T T
3000 3200 3400 3600
Wavenumber / cm’
15000 . 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 I
1| Eutectic melting Sty I
1| H,0 - NaCl - I

12000
o

pr 4

; 9000 —
B! i FIG. 24. Raman spectra of a syn-
8 1 thetic fluid inclusion with a 23.2
'E 6000 — mass % NaCl solution at either
— side of the eutectic temperature.
1 HH: hydrohalite. The heating—
| freezing stage was calibrated di-
rectly after measurements, re-

3000 —

sulting in a correction with a
two-decimal indication of tem-
R perature.

|
3800

T | |
3200 3400 3600

-1
Wavenumber / cm

|
3000



1306 THE CANADIAN MINERALOGIST

15000 | 1 | 1 | L 1 L |
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FiG. 25.  Series of Raman spectra of a synthetic fluid inclusion with a 20.2 mass % MgCl,

solution between —37.9° and —28.1°C, reflecting eutectic melting (at —33.1°C) and final
melting of ice (at —28.2°C).

Temp. Phase Assemblages
H,0 H,0 - NaCl (23.2 mass% NaCl) H,0 - MgCl, (20.2 mass % MgCl,)
water lce bring  glass ice brine glass brine glass brine brine Ice
vapour wvapour | vapour vapour hydrohalite hydrohalite hydrohalite vapour lce lce vapour MqCly-hydrate
vapour vapour vapour VBpour vapour vapour
+100°CA-g-------- Rt EEEEE LR R L s R R LR LR E k]
Te Tm (HH) Tm (ice) Te
AN DN R - . N [ A . —
208 Ed 5
25 212 -20. 25 & 20p @
a5 I X -33.1
e +ice 70
Y tice
82 50 0 go *MH
iﬁﬂ
A90°C {-emman U PR SR I [ R — RN PR R —

FIG. 26. Phase assemblages as a function of temperature (Temp.) in three fluid inclusions with a pure H,O, HO-NaCl and
H,0-MgCl, fluid. Numbers are in °C, corresponding to phase changes described in the section “Results”; fast and slow refer
to fast (40°/min) and slow (5°/min) cooling runs, respectively. Te and Tm are the eutectic and final melting temperature,
respectively. HH and MH are hydrohalite and MgCl, hydrate, respectively.
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FiG. 27. (a) Zoned crystal of dolomite from a drill core of Muschelkalk (Triassic) in the upper Rhein graben (Rot, Germany).
The dolomite reveals a high concentration of tiny inclusions (shading of crystal). (b) Fluid inclusion with regular shape,

containing a saline aqueous liquid solution (aq) and a vapor bubble (vap).

1600 — 3‘1"5 aums i
1400 3407 l 3436 n
’:-‘S'\ | \ / 3541 |
& 1200 - a l .
= 1b -
o
5 1000 =
= C -138°C
800 470
600 -1g°C |
h T T T T T T T T T T T T T T 3
3000 3100 3200 3300 3400 3500 3600 3700
Wavenumber (cm™)
Fic. 28.

Series of Raman spectra of a natural fluid inclusion in dolomite (see Fig. 26) at

—138°C (a), -47°C (b), and —19°C (a), indicating the presence of ice and hydrohalite.

hydrohalite, six bands, that of MgCl,*12H,0, eight
bands. Both hydrohalite and MgCl,*12H,0 have well-
defined narrow peaks. The Raman spectrum of MgCl,—
H,0 “glass” resembles that of a brine, but consists of
five deconvoluted bands and is much broader. The
NaCl-H,0 “glass” resembles that of a combination of

ice and hydrohalite at much lower intensities and greater
half-widths.

A brine spectrum is substantially different from the
spectrum of pure water. The relative peak position, half-
width and intensity of the three Gaussian—Lorentzian
bands are affected by both temperature and salinity.
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The deconvoluted Gaussian—Lorentzian bands of ice
are affected by the presence of a brine and salt hydrate.
The main peak of each is shifted by 5 and 10 cm™, re-
spectively, to lower wavenumbers.

The distribution and occurrence of ice-like phases,
salt hydrates, brine and water in fluid inclusions are
highly dependent on the freezing—heating procedure. Up
to four different phase-configurations may appear in the
same inclusion at the same temperature. The presence
of a brine and ice at very low temperatures (—190°C)
may regularly occur, and represents a metastable con-
figuration, which cannot be re-equilibrated by recrys-
tallization.

The freezing behavior of a MgCl, brine and a NaCl
brine are substantially different. Rapid cooling causes
the formation of a hydrohalite—ice-like glass from NaCl
solutions, and a brine-like glass from MgCl, solutions,
in the presence of small crystals of ice. The NaCl glass
recrystallizes to a microcrystalline mixture of ice and
hydrohalite a few degrees above the eutectic tempera-
ture. The MgCl, brine crystallizes partly to ice and a
supersaturated brine around —110°C. A MgCl, hydrate
could not be formed by rapid cooling.

The combination of Raman spectrometry and
microthermometry allows an exact estimate of phase
changes within fluid inclusions during freezing—heating
experiments. Eutectic temperatures in the systems
NaCl-H,0 and MgCl,-H,O were exactly reproduced
in fluid inclusions by this combined technique.

A NaCl brine has a singular temperature around
—-35°C, and a MgCl, brine has one around —30°C, where
the properties of water exhibit an anomalous behavior.
This singularity could not be reached for pure water, as
the nucleation of ice occurred at slightly higher tempera-
tures, around —40° to —35°C. Those singularities could
not be detected from the raw spectra, but were obvious
from trends in the Gaussian—Lorentzian components.

Measurements of melting temperatures of ice-like
materials within fluid inclusions containing a metastable
phase-assemblage may result in erroneous estimations
of salinity.
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APPENDICES

Peak positions, half-width values, amplitude ratios
and Gauss factors are fitted to a polynomial equation in
temperature (eq. Al), a sigmoid function (eq. A2), or a
Lorentz function (eq. A3). The parameters of the fitting
curves are given in the following tables.

f(x) = ag + a;T + a,T? + a3T? (A1)

bl
b, - T

f(x)=b, +

1+exp (A2)

3

€1

f(x)=cy + —mm—
() 0 (T702)2+c3

(A3)
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APPENDLX A WATER

TABLE Al. PARAMETERS IN EQUATION Al

TABLE B4. PARAMETERS IN EQUATION A2
TO CALCULATE GAUSS FRACTION VALUES OF ICE

TO CALCULATE PEAK VALUES OF WATER b, b, b, by
a, 8 a a, Av, 0.0 1.39634 299.499 15.4955
Av, 1.0 -1.0 141.179 $.90742
Av, 1.0 -1.0 160.543 5.01269
Av, 24323 81038 -0.02i876 20041107 Av, 10 - - -
v, 2280.6 7.4923 0019838 1.7856=10"  Aw, 1.0 - - -
Av; 3696.3 ~0.7151 0.0024723 —3.2519-10°  Av, 0.6882 0.311741 111.446 10.6304
TABLE A2, PARAMETERS IN EQUATION Al APPENDIX C. NaCl BRINE
TO CALCULATE HALF-WIDTH VALUES OF WATRR
— TABLE Cla. PARAMETERS IN EQUATION Al
3 a, a, a, TOCALCUTATE PEAK VALUES OF NaCl BRINE RELOW —35°C
Av, 280.9 —0.16896 - - a, a
v ~1020.7 10.962 ~0.031448 2.9345.10°
Av, 26.865 0.28989 - -
Av, 3415.4 0.16632
Av, 3116.81 0.59295
) AV, 37182 —0.44653
TABLE A3, PARAMETERS IN EQUATION Al
TO CALCULATE AMPLITUDE RATIOS OF WATER T T
TABLE Clb. PARAMETERS IN EGUATION Al
2 4 a, TO CALCULATE PEAK VALUES OF NaCl BRINE ABOVE —35°C
Av./Av, 3.2346 ~0.011052 1.0011+10° 2 . a
Av,/ Av, ~0.38557 0.0026312 27249410 o o -
Av, 34693 ~01.16834 0.00041968
. ) Av, 3191 0.43391 (00064206
TABLE A4, PARAMIETERS IN EQUATION Al Av, 35288 0.54531 000082518
TO CALCULATE GAUSS FRACTION VALUES OF WATER
a, g TABLE C2a. PARAMETERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES OF NaCl BRINE BELOW -35°C
Av, 1 -
Av, 0.76741 ~0.00087464 & 2
Av, 1 - !
APPENDIX : Av 254.58 -0.23777
AppeNDIX B. TCk B\J; 154.537 0.32086
TABLE B1. PARAMETERS IN CQUATION Al Av, -99.96 0.924
TO CALCULATE PEAK VALUES OF ICE
a a s TABLF C2b. PARAMETERS IN EQUATION Al
' : TO CALCULATE HALF-WIXITH VALULS OF NaCl BRINE AROVIE —35°C
Av, 3094.3 0.05498 0.00051841
Av, 3214.0 0.11898 0.00018456 a 4 a
Av; 2950.6 0.14520 0.00028922
Av, 3338.3 -0.070014 0.00076117
Av, 3405.1 0.11277 - g& 5??3‘21 g}géé;’ -
3236.8 0.21505 - 2 . -0.17207 -
Yo Av, 342.27 -1.5403 0.0025504
TABLE B2. PARAMETERS IN EQUATION Al . )
TO CALCULATE HALF-WIDTH VALUES OF ICE . TABLE C3a. PARAMETERS IN EQUATION Al
TO CALCULATE AMPLITUDE RATIOS OF NaCl BRINE BELOW ~35°C
Ay a ay ay o
M a4
-0.393 0041831 7.1178-10
ﬁ& ‘}Sﬁgg 8?2832 000 z Aviiv, 071925 -0.00064245
Av, _16.56 0.53843 _ _ AviiAv, -0.430861 0.0022377
Av, 77.247 - - -
Av, 66.354 0.026498 - -
Av, 08.24 0.952989 - - o .
IABLE C3b, PARAMETERS IN EQUATION Al
- TO CALCULATE AMPLITUDE RATIOS OF NaCl BRINE ABOVE —35°C
TADLE B3. PARAMETERS IN EQUATION A1
TO CALCULATE AMPLITUDE RATIOS GF 1CE ay a
Av/Av 1.0557 —0.0020552
a, a. a 2
———, - ‘ : ' Avjhv, 078153 34388410 *
Av,/ Ay, 0.067253 - - -
Avir Ay, 0.017219  —0.00033452  5.5643-10° -
Av,/ Av, 0.0085562  0.00031735 - -
Av/ Av, 0.009864 0.00029357 - -
Av,/Av, 0.22483 0.0016911 76874410 1.8942+10
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TABLE C4. PARAMETERS IN EGUATION A2
TO CALCULATE GAUSS FRACTION VALUES OF NaCl BRINE
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TABLE DZb. PARAMETERS TN EQUATION AZ
TO CALCULATE HALF-WIDTH VALUES OF HYDROHALITE

b, by b, b, by b, b, by
Ay, - 1.0 177.696 11.3988 Av, 7.83758 135.169 354351 56.9342
v, 1.9 ~0.5 254,716 40.0197 Av, 791738 11.5538 225127 28.5795
AV, 1.0 08 300,411 443349 _
TABLE D2c. PARAMETERS IN EQUATION A3
APPENDEX D, 1IYDROHALITE TO CALCULATE HALF-WIDTH VALUES OF HYDROUALITE
TABLE D1a. PARAMETLRS IN EQUATION Al
TQ CALCULATE PEAK VALUES GF HYDROHALITE & c, o I
2 a, a, Av, 9.9826 - - -
Ay 145.611 239757.0 177.508 2497.65
A, 3424.2 ~0.0637114 4.6925410°°
A, 3405.8 0.0083002 60449410 °
Av, 34403 —0.019468 - TABLE D3. PARAMETERS IN EQUATION Al
Av, 3535.4 0.048576 - TO CALCULATE AMPLITUDE RATIOS OF HYDROHALITE
Avg 33271 —-0.0045753 —0.00010315
ay a a a;
TABLE I}1b. PARAMETERS IN EQUATION A3
TO CALCULATE PEAK VALUES OF IIYDROHALITE AvjAv, 0.3527 00018121 —2.3576+10° 8.0838-10°
Avy/Av, —0.25465 0010539 —7.5602:107° 1.929810°7
AvjAv, 0.20364 0.00055598 - -
o < € € AviAv, 0.0094246 80162107 - -
Avg/Av, 0.0080415  —7.6362+10° 19783107 -
Av, 1515.83 ~71027.5 187.414 980.863
T TABLE Dda. PARAMETERS IN EQUATION A2
TO CALCULATE GAUSS FRACTION VALUES OF HYDRGHALITE
TABLE D2a. PARAMETERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES CF HYDROBALITE -
. by b, b, b;
k) ay a, b —
Av, 0.068758 0.503395 208.822 20,0612
Av, 01723 - - -
A, —-0.33414 0.062874 - Av, 0.0 - - -
Av, 3.9057 —0.0022915 0.00028995 Av, 1.0 _10 86.6571 39.1308
— Av, 0.0 - - -
Av, 1.0 - - -
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APPENDIX E. MgCl, BRINE (+ VAPOR)
TABLE Ela PARAMETERS IN EQUATION Al

THE CANADIAN MINERALOGIST

TARLE F4. PARAMETERS IN EQUATION AZ
TO CALCULATE GAUSS FRACTION VALUES OF MgCl, BRINE

TO CALCULATE PEAK VALUES OF MgCl, BRINE BELOW -30°C

by b, b b,
a, a,
_ Av, 1.0 - - -
Av, 1.0 -1.0 369.906 69.082
Av, 3433.7 0.02263 Ay, 1.0 - - -
Av, 2105.913 Q71103

TABLE Elb. PARAMETERS IN EQUATION A2
TO CALCULATL PEAK VALUES OF MgCl, BRINE BELOW -30°C

ArpENDX T MgCl; BRINE {(+ VAPOR AND ICE)

TABLE Fla. PARAMETERS IN EQUATION Al
TO CALCULATE PEAK VALUES OF MgCl, BRINE
TN THE PRESENCE OF ICE AND VAPOR BUBBLE BELOW -70°C

by by by b,
. R o ay a, ay
Av, 692,744 —137.583 191.095% 53469410 °
Ay, 3435.0 —0.015828 -
Av, 3126.5 ~0.40882 0.0011503
Ay, 15264 -0.10619 -
TABLE [le. PARAMETERS IN EQUATIGN A
TO CALCULATE PRAK VALUES OF MgCl, BRINE ABOVE -30°C
. TABLE Flb, PARAMETERS IN EGUATION al
a a, a, a, TO CALCULATE PEAK VALUES OF MgCl, BRINE
) IN THE PRESTENCE OF ICE AND VAPOR BUBBLE ABOVE —70°C
Av, 3361.42 0437114 —0.0004822 -
Av, 3308.9 011184 - - a, a,
Av, 1625.7 17.691 —-0.053123 5.3469:10°
Ay, 3390.23 0.20453
Av, 3317.679 —0.13172
TABLE F2a. PARAMETERS IN EQUATION Al Av, 3222.94 1.3876

TO CALCULATE [TALF-WIDTH VALGES OF MgCl, BRINE BELOW -30°C

a, a s TABLE F2a, PARAMETERS IN EQUATION Al
TO CALCULATE UALF-WIDTH VALUES OF MgCl, BRINE
IN THE PRESENCE OF ICL AND VAPOR BUBBLE BELOW -70°C
Av, 657.887 —4.36778 0.0089312
Av, 120,524 06043 -

4 a4 &

gv, 110.23 0.19903 -

V. 2633 0054777 -

TABLE E2b. PARAMETERS IN EQUATION A2 5 _ -
TO CALCULATE NALF-WIDTH VALUES OF MgCl, BRINE BELOW —30°C av 105.48 2915 00071036
by b, b, b,

Av, 69.089 100.0 194.2073 3.75735

TABLE E2e. PARAMETERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES OF MgCl, BRINE AROVE —30°C

L a a 24
Av, —42.093 1.13 ~-0.0012455 -
Av, 31597 ~0.19949 - -
Av, 1631.0 —13.334 0.039776 397471074

TABLE E3a. PARAMETERS IN EQUATION Al
TO CALCULATE AMPLITUDE RATIOS CF MgCl, BRINE BELOW -30°C

a %
Avy/Av, (1077384 0.0032203
Av,iAv, 0.8662656 0.0047656

TABLE 13b. PARAMETERS IN EQUATION Al
TO CALCULATE AMPLITUDE RATIOS OF MgCl, BRINE ABOVE ~30°C

% a a a;
Ay, 3.402% -0.015089 190524107 -
Avydv, 4.3674 —0.035687 0.0001012 —9.6049+10 *
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TABLE F2b. PARAMUTERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES OF MgCl, BRINE
IN THE PRESENCE OF ICE AND VAPOR BUBBELE ABOVE -70°C

APPENDIX G. MgCl, HYDRATE

TABLE Gi. PARAMETERS [N EQUATION Al

TO CALCULATE PEAK VALUES OF MgCL«12H,0

4 3
. 2 ] )
Av, 101.698 0.24103
Av, 170538 042184 Av, 35194 —0.023424 —0.00010709
Avy 318.86 —0.62161 Av, 3464.2 a.o11001 -
Av, 3402.7 0.0026945 0.00016458
Av, 3186.2 0.15331 -
Av, 313221 008361 —(00078418
TABLE F3a. PARAMETERS IN LQUATION Al Av, 3433.6 0.033242 0.00012063
TO CALCULATE AMPLITUDE RATIOS OF MgCl, BRINE Av, 3484.4 —0.02159 -
1N THE PRESENCE OF ICE AND VAPOR BUBBLE BELOW —70°C Avy 33897 -0.064718 0.0011862
3 2
TABLE G2. PARAMETERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES OF MgCl»12H,0
AvyiAv, 0.8604 -
AviAv, 01712 0.000935126
. ) . a4 a a
TABLE F3b. PARAMETERS IN EQUATION Al Av, 8.9767 0.041667 0.00027917
TO CALCULATE AMPLITUDE RATIOS OF MgCl, BRTNE Av, 10,993 0022382 0.00016453
IN THE PRESENCE OF ICE AND VAPOR BUBELE ABOVE -70°C Av; 22073 0079256 6.00019521
Av, 41.306 0.17022 —
Av, 25.243 —0.06908 0.0018587
a a, Av, 36.302 -0.037997 -
Av, 11.972 - -
Av, 283.89 -0.25826 ~
Av.Av. 0.8604 -
Ay 073 —0.0017994
T TABLE G3, PARAMETERS IN EQUATION A2
TO CALCULATE GAUSS FRACTION VALUES OF MgCi,»12H,0
TABLE F4. PARAMETERS IN EQUATION A2
TO CALCULATE GAUSS FRACTION VALUES CF MgCl, BRINE
IN THE PRESENCE OF ICE AND VAPOR BUBBLE by b, b, by
b, b b, b, Av, 0.0 - - -
Av, 1.0 - E -
Avy 0.0 1.0 130.699 33.3631
Av, 0.0 10 28,1524 36.7894 Av, 1.0 - - —
Av, 1.0 -1.0 378424 60.4697 Av, L0 - - -
Av, 90 10 122,824 104693 Aw, 1.0 - - -
Av, 1.0 - -
Avg 1.0 - - -
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TABLE G4. PARAMETERS [N EQUATION Al
TO CALCULATE AMPLITUDE RATIOS F'OR THREE
DIFFERENTLY ORIENTED CRYSTALS OF MgCt+12H,0

Avyidv, AviAv, AvgAv, AvgAv, Avghv, Avihv AvgAv,

orientation 1

a, 0171 0.0407 0.034 ~0.0123 0.124 01253 00933

a 000273 0.00387  (.0022 0.000967  0.0012 0.000933  0.00367
oricntation 2

a, 0.192 0.0767 0.0773  -0.0123 0.0693 0.0473 -0.1073

a, 0.0016 0.00267  0.00153  (.000967 0.00113  0.000333 0.00347
orientation 3

a, (0893 0.1333 1 000567 0.0973 00067 0056

a, 000113 0.00193  Q.001 0.000633  0.00053  0.000333  Q.0022

ArpENDIX H. L0 - MgCl, — GLASS

TABLF HI. PARAMETERS IN EQUATION Al
TO CALCULATE PEAK VALUES OF HO - MgCl, - GLASS

ay &
Av, 3444.5 -
Av, 33300 -
Av, 3107.3 0.15235
Av, 31775 -
Ay, 3514.5 -

THE CANADIAN MINERALOGIST

TABLE HZ. PARAMETERS IN EQUATION Al
TO CALCULATE HALF-WIDTH VALUES OF H,0 - MgCl, - GLASS

a, a
Av, 85.5 0.1938
Av, 2893 —0.082003
Av, 80.055 —0.0216
Av, 137.32 0.21035
Av, 33491 0.11792

TABLE H3. PARAMETERS IN EQUATION Al
TO CALCULATE AMPLITUDE RATIOS OF FLO — MpCl, — GLASS

a L
Av/Av, 048673 0.0005995 1
vi/iv, 0.38297 —0.0016793
Avidv, 062178 -0.001158
AvgAv, 0.3859 0.0011987

TABLE [14. PARAMETERS IN EQUATION A2
TO CALCULATE GAUSS FRACTION VALUES OF H,0 - MgCl, - GLASS

by by b. b,
Av, Lo - - -
Av, 1.0 - - -
Av, 1.0 -10 147.201 8.62919
Av, Lo - - -
Av, 040 - - B




