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Raman spectra of ice, NaCl·2H2O (hydrohalite), CaCl2·6H2O (antarcticite), α-CaCl2·4H2O, γ-CaCl2·4H2O,
CaCl2·2H2O (sinjarite), MgCl2·12H2O, FeCl2·6H2O, FeCl2·4H2O, and a LiCl hydrate are characterized in
synthetic fluid inclusions in quartz at about −190 °C. Each hydrate can be distinguished on its characteristic
Raman bands, which occur at wavenumbers in the range of the stretching vibration mode of water (2800 to
4000 cm−1). The spectra provide the basis for the interpretation of Raman spectra obtained in natural fluid
inclusions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Salt-bearing aqueous fluid inclusions are common in a variety of
geological environments (e.g. Roedder, 1984; Yardley and Graham,
2002). NaCl is the most common salt component within inclusions,
which can be only identified directly by destructive methods such as
ion chromatography of crushed samples (e.g. Banks and Yardley, 1992)
or laser ablation inductively-coupled-plasma mass spectroscopy (e.g.
Heinrich et al. 2003). Ice melting temperatures obtained from
microthermometry can be directly related to a salt component and
can be recalculated as a concentration by using the term of equivalent
mass% NaCl (in literature the term weight% is often incorrectly used,
because weight is a force; see also Bakker, 2004). The presence of cubic
crystals in fluid inclusions that readily dissolve at higher temperatures
(up to 800 °C) is also indicative for the presence of NaCl. However, most
types of salts show a similar morphology and the ice melting
temperatures below 0 °C may result from a large variety of salt types.
Consequently, optical microscopy and microthermometry are incon-
clusive methods for identifying the type of salt component, which is
dissolved in the aqueous solution or present as cubic crystals. Eutectic
reactions observed during microthermometric analysis of fluid inclu-
sions are generally used to identify the salt system in fluid inclusion
research (e.g. Borisenko, 1977). However, due to metastability resulted
from inhibition of salt hydrate or ice nucleation and poor microscopical
resolution, those reactions are often absent or difficult to observe

(Bakker, 2004; Baumgartner and Bakker, 2009). Therefore, optical
investigations are often not sufficient for understanding the complexity
of phase equilibria at low temperatures in salt-bearing aqueous fluid
inclusions. At low temperatures, water in the presence of dissolved salts
form salt hydrates (e.g. NaCl·2H2O)with awell-defined number of H2O
molecules in the crystal lattice (e.g. Franks, 1972, 1973). In Raman
spectroscopic analyses, those molecules have a limited amount of
vibrational modes, which are most prominent at wavenumbers in
the stretching region of water, between 2800 and 4000 cm−1 (O–H
vibrations). Therefore, the stretching region of water is the most
informative region for identifying the phases occurring in aqueous fluid
inclusions, i.e. liquid, ice, and salt hydrates. The Raman bands are
characteristic for each specific salt hydrate and can be used to identify
the type of dissolved salt from specific hydrate phases (Dubessy et al.,
1982; Dubessy et al., 1992; Bakker, 2004). The available Raman
spectroscopic data of salt hydrates are limited and partly inconsistent.
This study gives a summary and comparison of existing data and
presents as well new datasets. Reference Raman spectra of ice and salt
hydrates, i.e. NaCl·2H2O (hydrohalite), CaCl2·6H2O (antarcticite),
α-CaCl2·4H2O, γ-CaCl2·4H2O; CaCl2·2H2O (sinjarite), MgCl2·12H2O,
FeCl2·6H2O, FeCl2·4H2O and a LiCl-hydrate, which nucleated during
freezing experiments in the synthetic fluid inclusions in quartz were
obtained. Those spectra canbeused for the identificationof salt hydrates
in natural fluid inclusions, which may nucleate during microthermo-
metric investigations.

2. Methods

Fluid inclusions have been synthesized in thermal cracked natural
quartz cores (see Baumgartner, 2009). These experiments were
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performed with the pure water system and binary salt-water systems
of NaCl–H2O, CaCl2–H2O, MgCl2–H2O, FeCl2–H2O, and LiCl–H2O.
Microthermometry was performed with a LINKAM MDS 600
heating–freezing stage and samples were cooled by liquid nitrogen
to−190 °C. The stage was calibratedwith synthetic fluid inclusions of
CO2 (melting at −56.6 °C) and H2O (melting at 0.0 °C and critical
homogenisation at 374 °C). The analytical error of temperature
measurements is about 0.2 °C. Raman spectra of salt hydrates at low
temperatures were recorded by attaching the heating–freezing stage
to the Raman spectrometer. Identification of solid species was
performed with a LABRAM (ISA Jobin Yvon) instrument using a
frequency-doubled 120 mW polarized Nd-YAG laser with an excita-
tion wavelength of 532.2 nm. All measurements were taken with an
LMPlan FI 100×/0.80 n.a. objective lens (Olympus). The power of the
laser at the quartz sample is about 1 to 1.5 mW. Raman spectra were
taken in the range 2800 to 4000 cm−1, where the most characteristic
O–H vibrational modes of all salt hydrates occur. The pixel-resolution
of the Peltier-cooled CCD detector (1024×256 pixel, open electrode
chip) is about 1.0 to 1.2 cm−1. The wavenumbers are calibrated with
the Rayleigh scattering (0 cm−1), silicon (520.7 cm−1), and polyethy-
lene (main peaks at 1062.1, 1128.09, 1294.8, 1438.8, 2847.8, and
2880.9 cm−1), by defining corrected wavenumbers in a linear best-fit
equation of measured wavenumbers. During heating and freezing of
the synthesized inclusions, hydrates nucleate and Raman spectra of
these hydrates were collected subsequently at various temperatures.
The integration time varied between 10 and 300 s, depending on the
signal intensity of the inclusions, the volume of the inclusions, the
volume of the hydrate crystals, and the depth of the inclusions in the
host quartz. Each spectrum is obtained with 4 accumulations.

3. Raman spectra of ice and salt hydrates

3.1. Ice

The Raman spectrum of water is a relative weak signal in the range
2800 to 4000 cm−1 at room temperature. The presence of an aqueous
liquid solution in fluid inclusions hosted in minerals, which reveal a
relatively high background signal (e.g. calcite, fluorite), may not be
detectable by Raman spectroscopy. This study has revealed that ice
has a pronounced spectrum at low temperature and can be even
detected in host crystals, which show fluorescence. Raman measure-
ments on synthetic fluid inclusions in quartz reveal main peak
positions for ice at about 3090±3 cm−1 at −190 °C (Fig. 1).
Additionally, a broad band can be defined at 3218 cm−1 and at
approximately 3321 cm−1. Themeasured fluid inclusion in Fig. 1 has a
critical density, and upon freezing a vapour phase remains present.
Inclusions containing all liquid, i.e. absence of the vapour bubble,
reveal a different spectrum after the nucleation of ice: at −190 °C the
main peak occurs at lower relative wavenumbers than the previously
mentioned number, such as the 3073 cm−1 shown in Fig. 2. Freezing
of these inclusions cannot be optically identified, but the Raman
spectrum that is typically for a liquid H2O solution was not detected in
frozen “all-liquid” inclusions, indicating that all water was trans-
formed into ice. Relative wavenumbers down to about 3050 cm−1

were observed in other “all-liquid” inclusions. This shift in relative
wavenumbers is reproducible in the same fluid inclusion, indicating
that inclusions do not re-equilibrate or decrepitate. The small
inclusion in Fig. 2 was subsequently heated to −5 °C in order to
recrystallise the ice and cooled again down to −190 °C. The ice peak
was now shifted to 3096 cm−1, at a significantly higher value than the
peak position illustrated in Fig. 1. The shift in relative wavenumbers
due to this recrystallisation process is also reproducible.

Fluid inclusions are regarded as containers with a constant total
volume, therefore, ice nucleation must result in high internal
pressures, due to the differences in the molar volume of ice and
water. Garg (1988) reported a peak-shift to lower wavenumbers as a

function of pressure. He observed the main peak positions for ice at
−185.5 °C at 3088 cm−1 at 0.0001 GPa,whereas at 0.353 GPa the peak
shifts to 3034 cm−1. In the present study, a linear best-fit equation
through his dataset reveals the pressure as a function of the peak shift:

p = 19:226−0:0062249⋅Δν1 ð1Þ

where p is pressure in GPa and Δν1 is the relative wavenumber of the
main ice peak obtained by Raman spectroscopy (in cm−1). According
to Eq. (1) the observed peak position at 3050 cm−1 corresponds to a
calculated internal pressure of 240 MPa, whereas the example
illustrated in Fig. 2 has an internal pressure of 97 MPa after ice
nucleation. After recrystallising the ice at −5 °C, the main ice peak at
about−190 °C shifts to higher relativewavenumbers, even exceeding

Fig. 1. Raman spectrum of ice at -190 °C. The measured fluid inclusion contains vapour
and water at 20 °C (with a critical density), and vapour and ice at -190 °C.

Fig. 2. Raman spectra of ice at -190 °C measured in an ball liquidQ fluid inclusion
(arrow). a. the spectrum directly measured after the nucleation of ice (main peak at
3073 cm-1); b. the spectrum after recrystallization at -5°C and recooled to -190 °C (main
peak 3096 cm-1). The dashed lines indicate the position of themain peaks as illustrated in
Fig. 1.

59M. Baumgartner, R.J. Bakker / Chemical Geology 275 (2010) 58–66



Author's personal copy

those values illustrated in Fig. 1, likely due to relaxation processes
(e.g. elasticity) in the quartz adjacent to the overpressurized fluid
inclusion. Nevertheless, the fluid inclusions do not reveal any
permanent re-equilibration textures, and repeatedly microthermo-
metrical experiments on the same inclusion result in the same shift of
relative wavenumbers of the main ice peak.

Dubessy et al. (1982) observed the main ice peak at 3090 cm−1

and a minor peak at 3250 cm−1 at −170 °C in frozen aqueous
solutions. Ni et al. (2006) determined the main ice peak at 3098 cm−1

in synthetic fluid inclusions at −180 °C, which significantly differ
from this study. Bakker (2004) has quantified the shift in the main
peak position of ice as a function of temperature, and has calculated its
value at 3102 cm−1 at −190°C and at 3105 cm−1 at −170 °C. These
numbers also deviate from the values obtained in the present study.
Re-examination of the raw data from Bakker (2004) demonstrates
differences in the calibration method of wavenumbers. A polynomial
best-fit of the second order through the wavenumbers of standards
(silicon and polyethylene) results in overestimated wavenumbers
above 3000 cm−1. The temperature dependent equation for the main
ice peak given by Bakker (2004) has to be adjusted according to the
calibration method of this study (Eq. (2)):

Δν1 = 3082:3 + 0:05498⋅T + 0:00051841⋅T2 ð2Þ

where T is temperature (in K). A linear combination of Eqs. (1) and (2)
results in a definition of the relative wavenumber of the main peak of
ice as a function of temperature and pressure:

Δν1 = 3082:3 + 0:05498⋅T + 0:00051841⋅T2−160:645⋅p ð3Þ

where T is temperature (in K), and p is pressure in GPa.

3.2. NaCl hydrates

Hydrohalite can be identified at low temperatures by specific Raman
bands,which occur in the OH stretching region ofwater. In this study, the
spectra reveal four main peaks for hydrohalite centred at about 3402±
2 cm−1, 3418±1 cm−1, 3432±2 cm−1 and 3536±4 cm−1 at−190 °C
(see Fig. 3). In addition, two peaks with relatively low amplitude
intensities are located at about 3300±1 cm−1 and 3321±2 cm−1.
Raman spectra recorded on differently orientated hydrohalite crystals
showavariation in relativepeak intensities,which is a consequenceof the
relative crystal orientation compared to the polarized laser beam
(compare Fig. 3a and b, Table 1). Temperature changes have only minor
influence on the position of the four main peaks. For example, the main
peak varies only between 3419 cm−1 and 3420 cm−1 between−190 °C
and−50 °C. At higher temperatures, the Raman bands of hydrohalite are
broadening and individual peaks merge into a broader band (see also
Bakker, 2004).

Previous Raman spectroscopic studies on frozen NaCl-bearing
aqueous solutions (Dubessy et al., 1982) reveal slightly higher peak
positions for hydrohalite, at 3406, 3422, 3438 and 3536 cm−1 at
−170 °C, whereas the peaks identified at 3089 and 3209 cm−1

represent ice (c.f. Fig. 1). The peak values recorded by Samson and
Walker (2000) at −185 °C in aqueous solutions correspond to the
values obtained in this study, i.e. from measurements on single
hydrohalite crystals in synthetic fluid inclusions. The Raman bands
measured in synthetic inclusions given by Ni et al. (2006) are at
significant higher wavenumbers (approximately +5 cm−1) than the
values obtained in this study. Bakker (2004) defined five peak
positions for hydrohalite at 3326 cm−1, 3407 cm−1, 3424 cm−1,
3439 cm−1 and 3539 cm−1 by analysing the spectra with Gaussian–
Lorentzian contributions, which are also centred at higher wavenum-
bers compared to the results in this study. Due to improved
calibration procedures that are illustrated in the previous paragraph,
these values have to be shifted about 6 cm−1 to lower wavenumbers.

3.3. CaCl2 hydrates

Cooling experiments with inclusions containing a fluid in the
CaCl2–H2O system may lead to the precipitation of various stable and
metastable solid phases (see Baumgartner and Bakker, 2009). High
saline inclusions (about 50mass% CaCl2)may nucleate different CaCl2-
hydrates, i.e. CaCl2·6H2O (antarcticite),α-CaCl2·4H2O, γ-CaCl2·4H2O,
and CaCl2·2H2O (sinjarite), and these hydrates can be distinguished
on their characteristic Raman bands and melting behaviour. Raman
spectra of antarcticite obtained from synthesized inclusions, reveal
characteristic peak positions in the OH stretching region that differ
from hydrohalite (Fig. 4, Table 2). The four main peak positions are

Fig. 3. Raman spectra of hydrohalite at -190 °C, obtained from two single hydrate crystal
with different orientations, as illustrated in the synthetic fluid inclusion (arrows). The
relative intensities of spectra a and b are given in Table 1.

Table 1
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the hydrohalite spectra illustrated in Fig. 3.

Δν (in cm−1) Rel. int. Fig. 3a Rel. int. Fig. 3b

3300 2 3
3321 5 3
3402 71 37
3418/3419 100 71
3432 43 100
3536 17 67
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centred at 3386±2, 3405±2, 3410±2, and 3430±1 cm−1 at
−190 °C (Fig. 4a). A minor peak is present at 3242±3 cm−1. The
peak with the highest intensity is always located near 3430 cm−1.
Dependingon the crystallographic orientation, the peaks at 3386, 3405
and 3410 cm−1 can merge to a broader band, that is centred on
3405 cm−1 (Fig. 4b). The peak centred at 3386 cm−1 is only evident as
a shoulder in Fig. 4b.

The Raman bands of antarcticite in frozen aqueous solutions
(−170 °C) that were identified by Dubessy et al. (1982) are
corresponding only in part to the values obtained in this study. The
peak position centred at 3090 cm−1 overlap with the main peak
position observed of ice (c.f. Fig. 1), and the four main peaks are
located at lower values, i.e. approximately 3 wavenumbers, compared
to our results. Dubessy et al. (1982) identified two minor peaks at
3448 and 3513 cm−1, which are not detected in the synthetic fluid
inclusions. The Raman bands of antarcticite given by Samson and
Walker (2000) at temperatures between −175 and −185 °C (at
3386, 3406 and 3432 cm−1) correspond to values of our study.

TheRamanspectrumobtained fromα-CaCl2·4H2Oat−190 °C reveals
mainpeakpositions centred at about 3365±6and3445±2 cm−1 (Fig. 5,

Table 3). The highest intensity is always obtained from the latter peak,
independent of the orientation of the hydrate crystal. Shoulders on the
main peak are located at 3423±3 and 3475±5 cm−1. The peak at
3365 cm−1 has a relatively broad width at half height (FWHH), which
may have resulted from the overlap of multiple components (i.e.
Gaussian–Lorentzian functions). This may also cause the relatively
wider span in peak positions dependent on hydrate crystal orientation.
A broad double peak is observed in the range 3150 cm−1 to 3250 cm−1.

Fig. 4. Raman spectra of antarcticite at -190 °C. Variable peak intensities (a and b) are
caused by different crystallographic orientation of the measured hydrate crystals (see
Table 2). The measured fluid inclusion contains at room temperature a metastable
phase assemblage of vapour and brine. After cooling and hydrate nucleation, a stable
phase assemblage was obtained with brine, vapour and antarcticite, which melts at
about 30 °C.

Table 2
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the antarcticite spectra illustrated in Fig. 4.

Δν (in cm−1) Rel. int. Fig. 4a Rel. int. Fig. 4b

3242 2 4
3386 15 –

3404/3405 34 56
3410 40 –

3430/3431 100 100

Fig. 5. Raman spectra ofα-CaCl2·4H2O at -190 °C. Variable peak intensities (a and b) are
caused by different crystallographic orientation of the measured hydrate crystals (see
Table 3). dp indicates a double peak, that consist of at least two Gaussian-Lorentzian
components. The images of the inclusions illustrate metastable phase assemblages at
-190 °C (i.e. vapour + brine + hydrate) and the positions of measurement (arrows).
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Deconvolution of this part of the spectrum resulted in two Gaussian–
Lorentzian components centred at approximately 3196 and 3216 cm−1.

γ-CaCl2·4H2O is defined by a relatively broad signal at −190 °C in
the range 3100 cm−1 to 3600 cm−1 (Fig. 6), which implies the
presence of a poorly crystallised phase (see also Baumgartner and
Bakker, 2009). The highest intensity of this spectrum is obtained at
about 3434 cm−1. Shoulders, which may appear due to different
orientations of the hydrate crystal, are defined at about 3260, 3392,
3463 and 3575 cm−1.

Sinjarite (CaCl2·2H2O) displays a complex spectrum morphology
at −190 °C with the main peaks centred at 3424±2 and 3376±

1 cm−1 (Fig. 7, Table 4). Depending on the orientation of the hydrate
crystal, a third main peakmay occur at 3403±3 cm−1. A peak with a
broad FWHH occurs in the range 3462 to 3471 cm−1. This peak may
include multiple Gaussian–Lorentzian components, which are inde-
pendently varying their intensity with hydrate crystal orientation.
Furthermore, shoulders are defined at 3190±2, 3242±9, 3285±4,
3318±5, 3352±4 and 3557±2 cm−1. These shoulders may be

Table 3
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the α-CaCl2·4H2O spectra illustrated in Fig. 5.

Δν (in cm−1) Rel. int. Fig. 5a Rel. int. Fig. 5b

3196/3197 dp (24) dp (19)
3215/3217
3362/3368 98 63
3423/3424 78 68
3444/3446 100 100
3475 54 44

Fig. 6. Raman spectra of γ-CaCl2·4H2O at -190 °C. a and b reveal the variation of the
morphology of this broad spectrum caused by different crystallographic orientations.
hp are hidden peaks that are suspected in the spectrum, and appear as shoulders.

Fig. 7. Raman spectra of sinjarite at -190 °C. Variable peak intensities (a and b) are
caused by different crystallographic orientation of the measured hydrate crystals (see
Table 4). hp are hidden peaks that may develop into real peaks in specific orientations,
or remain present as shoulders. Note that this fluid inclusion is the same one as
illustrated in Fig. 6 (see also Baumgartner and Bakker, 2009).

Table 4
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the sinjarite spectra illustrated in Fig. 7.

Δν (in cm−1) Rel. int. Fig. 7a Rel. int. Fig. 7b

3190 hp 7
3242 13 hp
(3285) hp hp
3318 hp 33
3352 26 hp
3376 66 85
3403 hp 94
3423/3424 100 100
3462/3471 43 80
3557 8 13
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hidden or camouflaged by main peaks depending on hydrate crystal
orientation.

3.4. MgCl2 hydrate

MgCl2-hydrate and ice nucleation may occur during cooling experi-
ments in synthetic fluid inclusions that contain a H2O–MgCl2 solution.
Fluid composition with less than 40 mass% MgCl2 may nucleate

MgCl2·12H2O. The Raman spectrum of MgCl2·12H2O at −190 °C is
defined by a great number of peaks in the range of 3000 to 3600 cm−1

(Fig. 8, Table 5). Themain peak is allocated at 3511±2 cm−1. Due to the
effect of the crystallographicorientationof themeasuredhydrate crystals,
the peak at 3402 cm−1may exceed this peak in intensity, and itmayhide

Fig. 8. Raman spectra of MgCl2·12H2O at -190 °C. Variable peak intensities (a and b) are
caused by different crystallographic orientation of the measured hydrate crystals (see
Table 5). The illustrated fluid inclusions contain a stable phase assemblage (fi1: ice +
hydrate+vapour) and ametastable phase assemblages (fi2: ice+brine+vapour) and at
-34 °C. The arrow indicates the position of the laser-spot during the measurement.

Table 5
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the MgCl2·12H2O spectra illustrated in Fig. 8.

Δν (in cm−1) Rel. int. Fig. 8a Rel. int. Fig. 8b

3188/3189 60 53
3250 – 23
3322/3326 60 43
3397 80 –

3402 – 100
3422 60 –

3456/3458 60 27
3479/3481 35 27
3510/3511 100 60

Fig. 9. Raman spectra of FeCl2·6H2O at -190 °C. Variable peak intensities (a, b and c) are
caused by different crystallographic orientation of the measured hydrate crystals (see
Table 6).
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or overlapwith the peaks centred at 3397±5 and 3422±5 cm−1 due to
its broad FWHH. Furthermore, the peak at 3189±5 cm−1 with a broad
FWHH is of importance to the characterizationofMgCl2·12H2O. This peak
nearly overlapswith the smaller peakof ice (c.f. Fig. 1). Someminor peaks
are present at 3250±4, 3457±2, and 3480±4 cm−1. The spectra
illustrated in Fig. 8 also reveal the Raman bands of ice, i.e. 3090 and
3218 cm−1, because the MgCl2 hydrate and ice could not be completely
separated during the measurements.

Most of the Raman bands for MgCl2·12H2O in aqueous solution
measured by Dubessy et al. (1982) at−170 °C correspond to the peak
values obtained in synthetic fluid inclusions in this study. The major
peak at 3189 cm−1 was not observed in aqueous solutions, and the
peak at about 3091 cm−1 (see Fig. 4 in Dubessy et al., 1982) probably
belongs to ice. Small variances in peak values are due to the
differences in measurement conditions, e.g. temperature. The occur-
rence of the Raman band at about 3250 cm−1 is not described in
previous studies. The variance in morphology of the Raman spectra of
MgCl2·12H2O due to hydrate crystal orientation was also illustrated
by Bakker (2004). The Raman bands identified by Bakker (2004) are
about 6 cm−1 wavenumbers higher than the bands observed in this
study, similar to the misfit of values observed for hydrohalite (see
Fig. 3) due to previously described calibration method. The temper-
ature influence on the position of the main peak (ΔνMg) that is
centred at 3511 cm−1 at −190 °C is given by the improved equation
(c.f. Bakker, 2004):

ΔνMg = 3513:4−0:023424⋅T−0:00010709⋅T2 ð4Þ

where T is temperature (in K). This equation illustrates a decrease of
about 10 cm−1 up to −30 °C.

3.5. FeCl2 hydrates

The nucleation of FeCl2·6H2O occurs in inclusions containing an
aqueous solution with less than 54 mass% FeCl2. In this study, Raman
spectra taken at−190 °C from inclusions with 36 mass% FeCl2 reveal a
mixture of ice (3090 and 3218 cm−1) and FeCl2·6H2O crystals (Fig. 9),
that consist of four Raman bands centred at 3372±2, 3389±2, 3411±
2, and 3426±2 cm−1. Different crystallographic orientations of the
measured hydrate crystals may influence the relative intensities
(Table 6) of these peaks. As shown in Fig. 9b and c, the peak at
3372 cm−1 is only present as a shoulder in the Raman spectrum shown
in Fig. 9a. Furthermore, the peak at 3389 cm−1 is not detectable in the
Raman spectrum shown in Fig. 9c. In microthermometric experiments,
some inclusions nucleated a metastable FeCl2-hydrate phase, which is
most probably FeCl2·4H2O. According to equilibrium thermodynamics,
this phase can only be stable in a 54.0 to 77.9mass% FeCl2 solution at low
temperatures (Linke, 1958). However, metastabilities similar to those
observedwith CaCl2 solutions (see Baumgartner and Bakker, 2009)may
occur in these inclusions. The Raman spectrum reveals two main peaks
at 3386 and 3404 cm−1 at −190 °C (Fig. 10) and is significantly
different from the previously mentioned FeCl2 hydrate. The spectrum
also reveals a broad band at about 3170 cm−1, and a minor peak at
3520 cm−1.

3.6. LiCl hydrate

A Raman spectrum of an unknown hydrate phase of LiCl was
obtained in LiCl-bearing aqueous fluid inclusions (Fig. 11). This
spectrum is characterized by two band positions centred at 3359±2
and 3376±1 cm−1 at−190 °C. This double peak ismodified to a single
broad band at −10 °C with the main peak position at 3380 cm−1.
Melting temperature of this phase in microthermometric experiments
was estimated between 75 and 104 °C, which reflects the liquidus with
LiCl·H2O (see Baumgartner, 2009).

LiCl hydrate Raman spectra have been reported by e.g. Manewa
and Fritz (1972) and Dubessy et al. (1992). Manewa and Fritz (1972)
document Raman bands at 3342, 3434 and 3544 cm−1 for LiCl·H2O
and 3445 cm−1 for LiCl·2H2O at room temperatures, which are
significantly different from our results. The Raman band presented by
Dubessy et al. (1992) for LiCl·5H2O consists of a broad band at
approximately 3430 cm−1 with a large FWHH, and resembles the
spectrum of a liquid salt-bearing solution at low temperatures (c.f.
Fig. 17 in Bakker, 2004), or a poorly crystallised solid hydrate phase (c.f.
Fig. 6). Consequently, the available data on LiCl hydrates are

Table 6
Raman peak positions, in relative wavenumbers (Δν) and their relative intensity
(maximum 100) of the FeCl2·6H2O spectra illustrated in Fig. 9.

Δν (in cm−1) Rel. int. Fig. 9a Rel. int. Fig. 9b Rel. int. Fig. 9c

3372 hp 54 43
3389 100 73 hp
3410/3412 68 100 100
3426/3427 61 63 50

Fig. 10. Raman spectrum of FeCl2·4H2O at -190 °C.

Fig. 11. Raman spectrum of a LiCl hydrate at -190 °C.
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inconsistent, and further research is required to identify the specific
hydrates.

4. Natural fluid inclusions

Microthermometry is generally used to identify salt components in
fluid inclusions by the observation of eutectic temperatures and final
melting of ice and salt hydrates (e.g. Borisenko, 1977; Haynes, 1985;
Schiffries, 1990; Davis et al., 1990). Multi-component salt systems in
natural fluid inclusions show various complex phase assemblages at
low temperatures (e.g. Zwart and Touret, 1994; Schiffries, 1990), and
an accurate identification by purely optical means is difficult. In
combination with microthermometry, Raman spectroscopy at low
temperatures in natural fluid inclusions offers the possibility to
identify phase assemblages, including specific salt-hydrates, and

thereby the composition of fluid inclusion (see also Bakker, 2004).
This combined method have been applied in only a few natural fluid
inclusion studies, which reveal simple hydrohalite spectra (e.g.
Derome et al., 2007), or complex spectra with a variety of peaks
that cannot be assigned to a single hydrate phase (e.g. Gasparrini
et al., 2006; Schneider et al., 2008). The supposed Li-rich brines in
the Larderello geothermal system (Cathelineau et al., 1994) could not
be verified with cryogenic Raman spectroscopy, due to the lack of
reference spectra.

Salt-hydrates in a homogeneous assemblage of natural fluid
inclusions in dolomite from Carboniferous rocks from the Cantabrian
Mountains (see Baumgartner, 2009) were detected with Raman
spectroscopy at low temperatures. Mixtures of ice and hydrohalite
were detected at −190 °C (Fig. 12a, c.f. Figs. 1 and 3) in a variety of
inclusions. Other inclusions reveal a mixture of ice and antarcticite
(Fig. 12b, c.f. Figs. 1 and 4), and occasionally, complex mixtures of ice,
hydrohalite, and α-CaCl2·4H2O (Fig.12c, c.f. Figs. 1, 3, and 5) were
identified in the Raman spectra at −190 °C. This example illustrates
the variety of phase assemblages (and metastabilities) that occur in
natural inclusions containing a NaCl–CaCl2-rich brine. The illustrated
spectra in Fig. 12 are mechanical mixtures of ice and hydrate crystals,
and are composed of a simple addition of the spectra of individual
phases that are present in the inclusion.

5. Conclusions

Cryogenic Raman spectroscopy on synthetic fluid inclusions allows
the identification of a variety of salt hydrates that are formed in
inclusions from an aqueous liquid solution upon freezing. The selected
binary solutions consist of H2O–NaCl, H2O–CaCl2, H2O–MgCl2, H2O–
FeCl2 and H2O–LiCl mixtures. The hydrate Raman spectra obtained
from these inclusions include hydrohalite (NaCl·2H2O), antarcticite
(CaCl2·6H2O), α-CaCl2·4H2O, γ-CaCl2·4H2O, sinjarite (CaCl2·2H2O),
FeCl2·6H2O, FeCl2·4H2O, and a LiCl hydrate. These spectra can be used
as reference spectra for the analyses of natural fluid inclusions. The
morphological variation of these spectra is dependent on temperature
and relative orientation of the hydrate crystals if a polarized laser is
used. However, these variations are only in peak intensities and not in
peak positions, and thereby reliable parameters have been established
for the identification of specific hydrate phases. The Raman spectra of
mechanical mixtures in multi-component systems can be recon-
structed by a simple addition of individual spectra according to their
relative proportions.
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