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Abstract The O-H stretching region of the Raman spec-
trum of aqueous solutions (H,O-NaCl mixtures) is a set of
poorly defined broad bands between 2,800cm ' and
3,800cm '. The morphology of this spectral region is
systematically characterised by deconvolution, using three
Gaussian—Lorentzian contributions. This method allows a
purely geometrical description of the spectra of pure H,O
as well as saline solutions at room temperatures. A pure
H,O reference solution has peak positions at 3,223cm ™"
(Peakl), 3,433cm ' (Peak2) and 3,617cm™ ' (Peak3). The
morphology of the Raman bands is influenced by the
presence of NaCl in the aqueous solution. The variation in
Peakl values is correlated with the salinity of the aqueous
solutions according to the equation:

Av; = 3222.8 + 1.69sal

where sal is the salinity (in mass%) and Av; is the relative
wavenumber (cm ') of Peakl. The contours of the Raman
spectra of aqueous solutions in fluid inclusions in quartz are
influenced by the birefringence of the host crystal, the
orientation of the quartz-fluid interface, and the depth of the
inclusion. The variation in Peak! due to birefringence is
3,220cm ! to 3,239cm”! using a polarised laser beam.
Reflection polarisation caused by the orientation of the
quartz-fluid interface results in a variability of 14cm ',
independently from the orientation of the indicatrix. The
effect of birefringence is reduced with increasing depth.
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The Raman spectra of aqueous solutions in natural fluid
inclusions can be used to calculate the salinity (in mass%
NaCl) if the host quartz can be orientated with its optical
axis parallel to the polarisation plane of the laser. Raman
equipment that does not offer this possibility still can be
used to analyse the salinity: multiple spectra must be
acquired over at least 90° rotation of the sample; the lowest
value of the deconvolved Gaussian—Lorentzian contribution
of Peakl is a measure of the salinity.

Introduction

Knowledge of the salinity of fluid inclusions, including the
type of salts and their amounts, is of importance for the
interpretation of geological fluids and their role in rock-
forming processes like diagenesis, metamorphism, and
hydrothermal processes (e.g. Roedder 1984). One of the
most important binary fluid systems for understanding
geological processes is the NaCl-H,O system. Raman
spectroscopy offers a powerful tool for the investigation
of the aqueous phase in fluid inclusions (e.g. Burke 2001)
and can provide insights into vibrational modes of H,O
molecules. The liquid water spectrum can be strongly
influenced by temperature and dissolved ions (e.g. Ratcliffe
and Irish 1982; Rull and de Saja 1986; Frantz et al. 1993).
Raman spectroscopy at selected low temperatures (down to
—190°C) can be used to identify salt hydrates in frozen
inclusions (e.g. Dubessy et al. 1982; Dubessy et al. 1992;
Bakker 2004). The salinity of fluid inclusions is normally
indirectly determined with microthermometry by measuring
melting temperatures of, for example, ice, salt-hydrates or
salts in the presence of a vapour phase. However, the
presence of metastable phase assemblages can lead to
erroneous estimations of salinity. The combination of
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Raman spectroscopy with microthermometry offers new
possibilities to identify the salinity and phase changes in
those fluid inclusions (e.g. Bakker 2004).

The present study provides a method for analysing the
Raman spectra of synthetic pure water and saline fluid
inclusions at room temperature using Gaussian—Lorentzian
functions that deconvolve the spectroscopic signal, i.e. the
fitting of multiple spread functions to obtain hidden peaks
(PeakFit 2002 4.11, user manual). The deconvolved spectra
are evaluated to the use as a spectroscopic methodology to
determine the salinity of natural aqueous fluids.

The Raman spectrum of H,O can be substantially
different between a free drop of water and a fluid inclusion
as a result of polarisation effects (e.g. Dubessy et al. 2002).
The Raman spectra of aqueous solutions in fluid inclusions
may be influenced by the crystallographic orientation of the
host mineral, due to the interaction between light (laser) and
a birefringent mineral such as quartz (e.g. Turrell and
Corset 1996). The spectral slopes in Fig. 1 in the range of
2,800cm ™" to 3,800cm ' relative wavenumbers (Av) for
the enclosed fluid compared to that of a free water drop of
the same composition depends on the orientation of the host
quartz. Another polarisation effect to investigate is caused
by the quartz-fluid inclusion interface, i.e. polarisation due
to reflection. There are effects due to the angle between the
plane of polarisation of the laser and the plane defined by
the inclusion wall onto which the laser is incident (Fig. 2).
The slope of the Raman spectrum is much steeper for the
fluid in an inclusion than for a free water drop. For the
same crystallographic orientation of the quartz host, an
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Fig. 1 Raman spectra of pure liquid water at 22°C measured in a
synthetic fluid inclusion with different crystallographic orientations of
the host mineral compared to a liquid water spectrum (thick line)
measured in a free water drop. The arrow illustrates the spot of
measurement within the inclusion. The spectrum labelled a was
measured at the location shown by the arrow in the inclusion in the
image, whereas the spectrum labeled b was measured at the same
point, but after 40° rotation of the sample
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Fig. 2 Raman spectra of pure liquid water at 22°C measured in a
synthetic fluid inclusion in quartz at two different locations at the
interface (marked with arrows a and b, respectively) compared to the
liquid water spectrum (thick line) measured in a free water drop.
Measurements were taken at the same crystallographic orientation of
the quartz host crystal

approximately perpendicular interface, i.e. parallel to the
sample surface (arrow “b” in Fig. 2), results in a steeper
spectral slope than for an inclined interface (arrow “a” in
Fig. 2). These two polarisation effects on a laser beam
crossing the quartz host in order to characterise the fluid
entrapped in inclusions are also experimentally examined
and quantified in this study.

O-H “Stretching” Raman bands

Dissolved salts in fluid inclusions are normally characterised
by freezing point depression of the aqueous solution.
However, microthermometry does not uniquely identify the
anions and cations in the solution. Theoretically, eutectic
temperatures can be used to identify the salt component in
binary systems with H,O, although, these temperatures are
difficult to measure accurately. Furthermore, in natural
multi-component salt-H,O systems the eutectic temper-
atures are unknown. Dissolved electrolytes that are present
as mono-atomic ions are not Raman active, but they can
influence the characteristic Raman bands of the solvent,
i.e. the aqueous solution. The most informative region of
the Raman spectrum of water is the “stretching”' region
between 2,800cm ' and 3,800cm ™' (e.g. Walrafen 1962).
This region shows a broad undulating elevated signal,
which is a complex profile of overlapping bands. These
bands can be defined according to a variety of theoretical

! The vibration modes of a water molecule, i.e. a nonlinear triatomic
molecule, are always composites of simultaneous stretching and
bending of bonds.
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vibrational modes such as unperturbed-, symmetric-,
antisymmetric-, bending-vibrations and overtones. Multiple
Gaussian—Lorentzian functions can be used to deconvolve this
composite spectrum. However, many possibilities for fitting
this “stretching” region are published in the literature: five
deconvolved Gaussian components are defined by e.g. Carey
and Korenowski (1998), Furi¢ et al. (2000), Li et al. (2004),
and Chumaevskii et al. (2001); four components are
defined by e.g. Rull (2002); and three components are
defined by e.g. Gopalakrishnan et al. (2005). Therefore,
the spectral analyses of the “stretching” region are far from
straightforward.

The contour of the Raman spectrum can be described by
purely geometrical properties, such as amplitude (intensity),
area, and slope (first derivate) in a wavenumber vs.
intensity diagram (e.g. Mernagh and Wilde 1989; Furi¢
et al. 2000). Bakker (2004) recommends a purely
geometrical fit of the Raman water spectrum with three
Gaussian—Lorentzian contributions with signal positions at
3,222cm !, 3,433cm L, and 3,617cm . This approach is an
unambiguous procedure for fitting spectra and allows a
relative easy comparison of peak positions and changes in
spectrum morphology among aqueous solutions of different
salinities.

The structure of liquid water is significantly altered if
charged ions, which interact with the permanent dipole
moments of the water molecule, are present. With increas-
ing number of cations and anions in the solution, this liquid
structure becomes more and more coordinated (e.g. Rull
and de Saja 1986). The positions and intensities of the
deconvolved peaks in the OH stretching band can be related
to the salt concentration. Chlorides in aqueous solutions
cause a decrease in intensity of the stretching band at about
3,250cm ! but do not change the band position, while the
intensity of the band at about 3,440cm ' increases and its
positions shifts to higher wavenumbers (e.g. Chumaevskii
et al. 1999). The change in spectral shape caused by
dissolved electrolytes in water was also studied by Mernagh
and Wilde (1989), who introduced a “skewing parameter”
to determine the salt concentration in the solutions. Polar-
isation effects on the spectra of aqueous solutions in fluid
inclusions, caused by the host mineral, were not included in
this study. Furi¢ et al. (2000) introduced the Raman
“difference” spectroscopic method to analyse chlorinity in
aqueous fluids. This method was revised by Dubessy et al.
(2002), using area-normalised Raman spectra. Neverthe-
less, the variety of contour of the Raman “stretching” water
bands for equal fluids in inclusions (see Figs. 1 and 2) in
quartz reduces the usefulness of Raman spectroscopy to
fluid inclusion research. The present study provides a new
method to rehabilitate the application of Raman spectros-
copy to the analyses of aqueous solutions in fluid
inclusions.

Experimental procedures and methods
Methods

Microthermometry measurements were carried out with a
Linkam MDS 600 heating-freezing stage. Calibration was
carried out using synthetic fluid inclusions with melting
points of CO, at —56.6°C, the melting of H,O ice at 0.0°C,
and the critical homogenisation temperature of water at
374.0°C. Raman spectroscopy was performed with a
LABRAM (ISA Jobin Yvon) instrument using a frequen-
cy-doubled 100mW Nd-YAG laser with an excitation
wavelength of A = 532.6nm. The polarisation state of the
laser is consistent with the north—south direction (y-axis) of
the microscope stage. All measurements were taken with a
LMPIlanFI 100%/0.80n.a. (Olympus) objective lens. Mea-
surements have a precision of 1.62cm™ " at low A v (around
Ocm ') and 1.1cm 'at high A v (around 3,000cm ). For
internal calibration, silicon (520cm™ '), polyethylene
(1,062cm™ !, 1,128cm !, 1,169cm !, 1,295cm !,
1,487cm ™!, 1,439cm™!, 2,848cm ', 2,881cm71), calcite
(156cm™"', 283cm™!, 713cm™", 1,087cm ™', 1,437cm ') and
diamond (1,332cm ') were used. As the Raman measure-
ment of liquid phases is very temperature sensitive, the
spectra were taken at constant temperature (22°C) with
varying integration times depending on the signal intensity
of the inclusion. The background correction was done,
by subtracting the quartz host spectrum directly adjacent
to the inclusions from the signal of the fluid (see also
Bakker 2004). In some cases, a second baseline correction
was done with a straight-line correction. The latter was
only performed in cases when the spectrum subtraction of
the host mineral did not result in a straight horizontal
background signal at zero intensity due to irregular
fluorescence. A deconvolution with three Gaussian—
Lorentzian functions was applied to each spectrum using the
program Peak Fit 2002 v. 4.11 (© SYSTAT Software Inc.).

Synthesis of fluid inclusions

Fluid inclusions were synthesised in thermal shock frac-
tures in natural Brazilian quartz according to the method of
Shelton and Orville (1980) and Bodnar and Sterner (1987).
The synthesis was performed in cold seal pressure vessels
using a healing time of approximately 2weeks (Tables 1
and 2). The crack healing process takes place at about
600°C at varying pressures between 80MPa and 230MPa.
The desired pressure of experimentation was calculated
according to Zhang and Frantz (1987) using the program
ISOC (Bakker 2003) to obtain homogenisation temper-
atures of about 400°C for all of the experiments. The
cooling down of the pressure vessels was performed along
the specific isochoric path of the experiments to prevent
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Table 1 Experimental conditions of H,O synthetic fluid inclusions in
crystallographically orientated quartz cores. P (pressure) and T
(temperature) represent the experimental conditions

Experiment  Orientation® Duration P T
[days] [MPa] [°C]

MYR-003 unknown 15 87.4 (0.6) 589.1 (£1.3)
MYR-027  [0001] 15 86.4 (£0.6)  588.1 (£0.6)
MYR-028  [1010] 15 86.5 (£1.0) 6002 (£0.1)
MYR-029  [1010] 15 86.1 (£0.5)  601.3 (20.1)
MYR-041  [2110] 15 86.5 (£0.8) 6022 (+0.2)
MYR-042  [1011] 15 86.4 (£0.4) 6003 (£1.1)

?Line orientation parallel to the length of the cylindrical quartz core

decrepitation or stretching of the fluid inclusions. The
experiments with pure water solutions (Table 1) were done
with drilled quartz cores of known orientation. In experi-
ments in the H,O-NaCl system, the intended salinity of
the added fluid was varied between 4 and 24 mass% NaCl
(Table 2). After synthesis, the quartz core was cut in Imm
thick sections, doubly polished and analysed with micro-
thermometry and Raman spectroscopy. The software ISOC
(Bakker 2003) was used for the calculation of isochores
and specific bulk densities at experimental conditions. To
verify the salinity and density, microthermometry was
carried out on the different solutions of the measured
inclusions (Table 3). Salinity calculations from ice melting
temperatures were done with the program BULK (Bakker
2003) using the equation of state of Bodnar (1993). Intended
salinities (Table 2) and calculated salinities (Table 3) are
slightly different due to experimental difficulties (e.g. H,O
loss during welding of the capsules). Homogenisation
temperatures from low salinity experiments correspond to
values calculated with the equation of state according to
Zhang and Frantz (1987) using the program LONER 38

Table 2 Experimental conditions of NaCl-H,O synthetic fluid
inclusions in quartz. P (pressure) and 7" (temperature) represent the
experimental conditions

Experiment  Intended Duration P T
mass% NaCl [days] [MPa] [°C]

MYR-008 4 16 129.9 (0.5) 599.2 (+£0.2)
MYR-009 6 14 137.2 (#1.8) 601.3 (£0.1)
MYR-010 8 14 145.7 (x1.8)  600.3 (£0.2)
MYR-011 10 15 158.5 (+0.5)  600.6 (£0.5)
MYR-012 12 14 164.8 (£0.2) 600.4 (£0.2)
MYR-013 14 14 174.9 (0.8) 601.4 (£0.1)
MYR-017 16 15 195.2 (£0.2) 599.4 (£0.3)
MYR-015 18 14 195.7 (£0.3)  601.3 (£0.1)
MYR-016 20 14 206.2 (+0.4) 600.3 (£0.2)
MYR-018 22 14 229.7 (x1.1) 600.3 (£0.3)
MYR-004 23 14 225.6 (+0.4) 602.6 (£0.3)
MYR-019 24 14 231.3 (+0.1) 600.3 (£0.3)
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(Bakker 2003), whereas higher salinity experiments are
reproduced by the equation of state of Bodnar and Vityk
(1994, program LONER 32, Bakker 2003). It should be
noted that predicted homogenisation temperatures differ by
up to 2.5% of measured values.

Raman spectroscopic procedures

Reference Raman spectra of pure water and saline solutions
(up to 24 mass% NaCl) were taken in open plastic tubes
with a volume of about 480mm°. The depth of focus was
adjusted to obtain a maximum intensity of the spectrum.
The deconvolved spectra were used to compare measure-
ments made on free drops with measurements in fluid
inclusions with similar salinities.

In contrast to the Raman measurement of homogeneous
surfaces and pure solutions, measurements of fluid inclu-
sions are more complicated. Inclusions with equal fluids
may reveal significantly different Raman signals, i.e.
amplitude intensity, due to the total inclusion volume,
inclusion shape, and the depth of focus. To compensate these
effects for direct comparison of individual fluid inclusions, the
whole spectrum can be normalised by scaling the maximum
amplitude, at approximately 3,5000m7], to equal intensities.
The normalisation was done with the LABSPEC 2.09
(Horiba, Jobin Yvon) software. Normalisation is not neces-
sary for the comparison of peak positions and peak intensity
ratios of different saline aqueous solutions.

Correlations between the geometric properties of inclu-
sions and contour modifications in the Raman bands were
investigated with five fluid inclusions in experiment MYR-
019. The shape and size (including length and projected
area) of these inclusions were defined according to the
method of Bakker and Diamond (2006) by rotating the
sample stepwise on a spindle stage.

As previously described the contour of the Raman
spectra of H,O-rich inclusions depends on the crystallo-
graphic orientation of the host quartz and the orientation of
the interface (i.e. fluid inclusion wall). To investigate
the crystal orientation effects on the Raman spectra, the
samples were rotated over 180° in steps of 10° on the
microscope stage. The rotation angles 0°, 90°, and 180° are
defined as three extinction positions, where at 0° the c-axis
is parallel to the north—south direction of the microscope
stage, i.e. parallel to the laser polarisation plane. In these
sets of measurements on the same inclusion, the liquid
phase was always measured at the same location within the
inclusion. For distinct orientations of the host crystal, quartz
cores were drilled parallel to the c-axis, i.e. direction [0001],
perpendicular to the c-axis, i.e. direction [IOTO} and parallel
to the a-axis, i.e. direction [IOTI]. One orientation was
drilled exactly perpendicular to one of the rhombohedral-
planes [2TTO] (see also Table 1). Influences on the Raman
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Table 3 Properties of NaCl-H,O synthetic fluid inclusions in quartz

Experiment mass% NaCl p T Th n

[g/em’] [°c] [°C]

MYR-008 4.5 (£0.2) 0.52 (+0.01) —2.7 (£0.1) 396.5 (#6.1) 30
MYR-009 5.9 (£0.2) 0.55 (£0.01) -3.6 (£0.1) 401.7 (£3.7) 30
MYR-010 7.6 (£0.0) 0.58 (+0.00) —4.8 (£0.0) 402.7 (+0.4) 10
MYR-011 9.7 (+0.6) 0.59 (+0.13) —6.4 (£0.4) 402.0 (x1.5) 30
MYR-012 12.1 (£0.0) 0.67 (+0.00) —8.3 (£0.0) 406.9 (+0.7) 10
MYR-013 13.8 (£0.1) 0.71 (£0.00) —9.8 (£0.1) 407.3 (x1.1) 10
MYR-017 15.9 (+0.1) 0.76 (+0.00) —12.0 (£0.1) 403.0 (x1.0) 30
MYR-015 17.9 (+0.0) 0.79 (£0.00) —14.2 (£0.0) 398.3 (£0.2) 10
MYR-016 20.0 (+0.0) 0.82 (0.00) -16.8 (£0.1) 397.2 (£0.6) 10
MYR-018 22.6 (£0.1) 0.85 (+0.00) =20.3 (£0.1) 391.7 (#1.2) 30
MYR-004 23.1 (£0.1) 0.84 (£0.01) =21.1 (£0.1) 404.6 (£12.9) 40
MYR-019 23.2 (+0.0) 0.85 (+0.00) =21.1 (£0.1) 388.5 (£0.5) 10

The melting temperatures of ice (7,,) and the homogenisation temperatures (7},) were measured with microthermometry. The salinity was
calculated using the experimental equation of Bodnar (1993), and density (p) was calculated using the equation of state of Zhang and Frantz
(1987) using the software BULK (Bakker 2003). n is the number of measured inclusions.

spectra caused by the depth of the inclusions in the quartz
host were investigated in experiments MYR-027 and MYR-
029 (Table 1). Ten fluid inclusions at different depths in each
sample were rotated through an angle of 90°, while spectra
were taken every 10°.

The spectral effect of the inclusion shape (reflection
polarisation effects), i.e. the orientation of the fluid-mineral
interface where the laser beam enters, with respect to the
laser’s plane of polarisation, has been studied in a natural
nearly negative-crystal-shaped inclusion (Fig. 3). This
inclusion contains a H,O-NaCl-N,-CO,-rich fluid mixture
(composition of 5 mole% CO, and 95 mole% N, with a salt
concentration of 9.23 eq. mass% NaCl). Raman measure-
ments were taken in steps of 10° rotation (up to 180°) with
focus on the planes m, s, r;, r», r3, and r, of the walls of the
fluid inclusion (see Fig. 3). The Raman spectra were
deconvolved with three Gaussian—Lorentzian functions.

Fig. 3 Negative-crystal-shaped H,O-N,-CO,-rich natural fluid inclu-
sions with 9.23 mass% NaCl (m=prism-plane; 7=rhombohedra-planes;
s=dipyramid-plane). It has an ice melting point at —8.3°C and a
clathrate melting point at 5.3°C. Raman spectral analysis reveals a
composition of 5 mole% CO, and 95 mole% N,. The volume fraction
of the vapour phase is about 12% at room temperature

The angle between the incident laser beam and a specific
fluid inclusion wall was determined by measuring the angle
between the pole of the crystal faces in the wall and the pole
of the plane in which the laser beam is polarised (the pole is
the x-axis of the microscope stage), using a stereographic
projection.

To better quantify the effect of birefringence on the
spectral contour independently from the relative orientation
of inclusion walls, a Smm diameter hole with a depth of
about Imm was drilled in a natural quartz crystal (Fig. 4).
The hole was completely filled with pure water and covered
with doubly polished, orientated quartz plates (cut either
parallel or perpendicular to the optical axis) of various
thicknesses. This setup simulates: 1. a large fluid inclusion
with a well defined orientation of the inclusion wall (i.e. the
quartz cover plate); 2. the inclination of the fluid inclusion
wall; and 3. the thickness of host through which the laser
must pass. Raman spectra were again obtained over a total
rotation of 180°.

Deconvolution

The measured spectra were deconvolved with the program
PeakFit 2002 v. 4.11(© SYSTAT Software Inc.), using

Fig. 4 The experimental setup incident laser beam

of a fluid inclusion simulated by

covering a hole (about 1 mm orientated
depth and 5 mm diameter) drilled hole quartz plate
drilled in a quartz crystal and

covered with a thin double pol- /

ished quartz plate. The volume ‘é/ l&

of the hole filled with solution is e q“a“Z

about 20 mm>

sample rmatmn on the
microscope stage
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Gaussian—Lorentzian functions. The best coefficient of
determination, i.e. R? approaching 1, is obtained by these
functions. The Gaussian contribution is defined by Eq la
and 1b.

IGauss = @, - €Xp [_4 111(2) : qZ} (13)

X —a;
=— 1b
1=— (1b)
where /g, 18 the intensity, x is the relative wavenumber
(em ™), ay is the amplitude, a; is the centre (em ™), i.e. the
peak position, and a5 is full width at half maximum (cm ).
The Lorentzian contribution (/7,,.,z) is shown in Eq 2.

1

T4 )

ILorentz = do -

Raman spectra are best described by a combination of
Gaussian and Lorentzian contributions Eq 3a and 3b. This
equation simply represents the intensity fractionation (¢),
such that ¢ = 1 represents a purely Gaussian contribution
and ¢ = 0 a purely Lorentzian contribution.

I = ¢ Igauss + (1 - (P) “Mrorentz (33-)

L V2 —_ o)
0] az\/rlln_ [Guuss+(1 (P)

(2 [;{l\l}_f_r (1 - (P) ’ mlzz

Equation 3b has been selected to describe individual
deconvolved band contributions of the Raman spectra (see
Peak Fit v. 4.11) in our study. To avoid numerous fitting
possibilities, as described in the previous paragraphs, a
deconvolution with three Gaussian—Lorentzian curves as
illustrated in Fig. 5 was preferred (see also Bakker 2004). It
can be applied to pure H,O as well as to brines.

1
Tar I Lorentz

1= ap (3b)

Results
Salinity

The most significant Raman spectral indicator for the
estimation of the salinity of a free fluid (reference solutions)
is the first deconvolved Gaussian—Lorentzian peak (Peak!,
see Fig. 5). A full set of the experimental results, i.e. a,, aj,
a, and ¢ values of all peaks, is given in the Appendix. It is
possible to determine the specific relative wavenumber of
Peakl (peak position) for fluids of different salinities
(Fig. 6, solid symbols). The data show a linear increase in
relative wavenumber value with increasing salinity. A linear
best fit through this data results in Eq 4.

Avi =a+b-sal (4)
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Fig. 5 Deconvolution of a Raman spectrum of pure water from
sample MYR-003 a and of a 23 mass% NaCl-H,O solution from
sample MYR-004 b at room temperature by defining three Gaussian—
Lorentzian components. Deconvolved peak positions for pure water
are 3,222 cm ! (Peakl), 3,433 cm™ ' (Peak2) and 3,617 cm ' (Peak3),
whereas the positions for the NaCl-H,O solution are identified at
3,266 cm ' (Peakl), 3,454 cm™ ' (Peak2) and 3,609 cm ' (Peak3)

where sal is the salinity in mass% NaCl, Av; is the band
position in relative wavenumbers, a is 3,222.8+0.3cm !,
and b is 1.69£0.02cm '. Measurements of brines with
similar salinities in fluid inclusions may reveal different
Raman contours depending on the orientation of the host
crystal and other factors. For essentially identical salinities,
the deconvolved peak positions (Peakl) can be substantial-
ly different between the reference solutions measured in the
open tubes and the fluid in inclusions (Fig. 6, shaded bars).
In general, Peakl values in fluid inclusions are shifted to
higher relative wavenumbers compared to reference sol-
utions. The shift is illustrated with the dashed lines in
Fig. 6, corresponding to maximally +27cm™' for higher
wavenumbers and a much smaller shift (about —6cm™") for
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Fig. 6 Peak position of the first Gaussian—Lorentzian component
(Peakl) as a function of salinity (mass% NaCl). Filled dots represent
the peak positions measured in pure water and in saline reference
solutions in open tubes. Shaded bars represent the range of peak
positions measured in individual fluid inclusions in quartz over a
sample rotation of 90°. S and " represent the possible maximum offset
in the band position estimation that is caused by rotation

lower wavenumbers. This spectral effect may cause an
incorrect estimation of salinity in fluid inclusions by reference
to Eq 4. For example, Peak] measured at 3,263cm ' in a
fluid inclusion corresponds to 16 mass% NaCl, whereas
the same band position correspond to 24 mass% NaCl in
the reference solution (see Fig. 6). The variation of Peakl
per specific salinity of fluid inclusions is caused by the
rotation of the sample, i.e. a variation in crystal orientation
(indicatrix) with respect to the plane of polarisation of the
laser beam.

Fluid inclusions

The influence of birefringence on the H,O Raman contour
was studied with respect to the crystal orientation of quartz,
i.e. variation of the angle between polarisation plane of the
laser beam and the axis of the ellipsoid representing refraction
indices. Pure H,O fluid inclusions were synthesised in
quartz cores orientated parallel to the c-axis (MYR-029) as
well as perpendicular to the c-axis (MYR-027). Due to
rotation, sample MYR-029 (// c-axis) reveals a strong
modification in the Raman bands, both in Peakl values
and amplitude ratios belonging to Peak2/Peakl (open
symbols in Fig. 7). Rotation results in an increase in
relative wavenumbers compared to free water drops
(Fig. 7a, see also Fig. 6) with a maximum and minimum
about every 45°. Rotation of the crystallographic axis of
quartz (either the a-axis or c-axis) to about the 30° and
120° position orientates them parallel to the laser polar-
isation plane, i.e. y-direction on the microscope stage. The
wavenumber value of Peakl varies between 3,223cm !
and 3,239cm”' whereas the amplitude ratio varies between
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11 O MYR-029
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rotation angle / degree

b 209 ¢ MyR027

fit MYR-027
O MYR-029

1.8 [ fit MYR-029

¥ reference solution

amp.2 / amp.1

T T T T 1
0 20 40 60 80 100 120 140 160 180
rotation angle / degree

Fig. 7 Deconvolved values of Peak! a and amplitude ratios of Peak2/
Peakl b, measured in synthetic fluid inclusions as a function of
rotation in experiments where the sample surface is orientated
perpendicular (MYR-027) and parallel to the c-axis (MYR-029). The
continuous solid line represents a linear best fit through the data points
of sample MYR-027, whereas the data points of sample MYR-029 are
best represented by a sinusoidal fit (dotted line). For reference, the
peak position and amplitude ratio of pure water (reference solution)
are shown

1.18 and 1.72. These values are significantly different
from those in the reference solution (3,222cm71, ratio of
1.06). In contrast, rotation of sample MYR-027 does not
result in significant modification of the Raman bands
(solid symbols in Fig. 7). Both wavenumber of Peak! and
the amplitude ratios are approximately the same as those
of the reference solution. These variations were also
observed in experiments MYR-028, MYR-041 and
MYR-042. However, this rotational effect does not always
occur to a similar extend in a number of inclusions in
these samples. It, therefore, appears that additional non-
rotational effects influence the Raman spectra, which will
be analysed in detail in the next paragraph.

The inclusions depth hardly affects Peak! (Fig. 8), using
pure water in synthetic inclusions in quartz. However, the
crystallographic orientation of the quartz matters. Peakl
varies between 3,218cm ! and 3,225c¢cm ! in inclusions from
MYR-027 (L c-axis), whereas inclusions from MYR-029
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Fig. 8 Deconvolved values of Peakl of synthetic pure water fluid
inclusions as a function of inclusion depth in the quartz host. The
spectra were taken on inclusions for which the sample surface is
orientated perpendicular (MYR-027, a and parallel to the c-axis
(MYR-029, b with measurements made over a rotation of 90°. The
continuous line represents the peak position of pure water (reference
solution)

(// c-axis) reveal a much larger variation, between 3,218cm ™’

and 3,235cm” !, similar to the results illustrated in Fig. 7.
This rotational variability in peak positions is mainly caused
by the effect of birefringence. Within sample MYR-029 most
inclusions display a large variation in peak position.

However, two inclusions show a very small variation (fluid
inclusions at 2pum and 28um depth, Fig. 8b). This
insensitivity to rotation must have resulted from additional
effects such as interface orientation. There is no defined
trend between inclusion depth and the position of the Raman
bands.

The influence of size and depth of the inclusion in quartz
were also studied with saline inclusions (23.2 mass% NaCl)
in an inclined healed crack in experiment MYR-019
(Table 4). The variation in the evaluated peak positions
results from taking spectra at different locations in several
inclusions, but at the same crystallographic orientation of
the quartz (without any rotation of the sample). The scatter
in the data does not reveal a clear relationship between the
size (area and length of the inclusion) and the Peakl of the
fluid. The variation in Peak/ as measured in the same
inclusion indicates that another factor must affect the
Raman spectra, which is not related to birefringence.

To investigate the impact of the orientation of quartz-
fluid interfaces (polarisation due to reflection), a natural
negative-crystal-shaped inclusion was studied (Fig. 3, Ta-
ble 5). Raman measurements taken on different locations in
the inclusion at the same crystallographic orientation show
modifications in the spectra (Fig. 9). The orientation of this
specific negative-crystal-shaped fluid inclusion implies that
it is orientated parallel to the c-axis of the host quartz.
Again, the magnitude of spectral modification depends on
the rotation angle, as described in the previous paragraph,
with minima and maxima in relative wavenumbers and
amplitude ratios every 45°. The axes of the indicatrix
coincide with the laser beam polarisation plane at these
extrema. The six locations show a variety of spectra (Fig. 9,
Table 5). The horizontal interface (m) is more sensitive to
the rotation angle (large modification in the Raman
contour), whereas steeper interfaces (e.g. r,) are less
influenced (Fig. 9, Table 5). There is no clear relationship
between the variability of the spectra and the angle between
the interface plane and the polarisation plane of the laser
beam. This interface-orientation effect was also seen in the

Table 4 Properties represented by the maximum areas and lengths of fluid inclusions in experiment MYR-019

Inclusion Peak position (Peakl) Area Length Tm(ice) Tm(HH) Tw
(em™) (um?) (um) (°0) (°C) (°C)
FI2 3,264 to 3,266 177.0 23.8 —21.1 -18.9 390.8
Fl4 3,261 to 3,269 284.2 29.7 —21.1 -19.0 391.5
FI5 3,270 to 3,273 2343 325 -21.0 -19.0 391.3
F17 3,268 to 3,282 117.2 16.9 =21.1 -19.1 390.3
FI9 3,260 to 3,261 132.1 14.8 -21.0 -18.9 393.0

The melting temperatures of ice “7),(ice)” and hydrohalite “7,,(HH)” as well as the homogenisation temperatures (7) were recorded with
microthermometry. The variation in the evaluated peak positions results from measurements taken at different locations in the fluid inclusions at

the same crystallographic orientation of the host mineral.
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Table 5 Deconvolved values of Peakl of the natural negative-crystal-shaped fluid inclusion during the rotation of the sample up to 180°
Rotation m S r; 7 r3 Ty

©) (em ™) (om ™) (em ™) (om ") (em ™) (em ™)

0 3,234 (£2) 3,236 (£2) 3,236 (£2) 3,232 (£2) 3,235 (£2) 3,234 (+2)
15 3,234 (£2) 3,232 (x2) 3,236 (£2) 2,340 (£3) 3,236 (£2) 3,234 (x2)
30 3,241 (£2) 3,240 (£2) 3,241 (£2) 3,246 (£3) 3,242 (£3) 3,235 (+2)
45 3,244 (£2) 3,239 (x2) 3,243 (£2) 3,254 (+4) 3,246 (£3) 3,237 (£2)
60 3,237 (£2) 3,236 (+2) 3,239 (£2) 3,238 (£3) 3,240 (£3) 3,234 (+2)
75 3,232 (£2) 3,233 (x2) 3,234 (£2) 3,233 (+2) 3,233 (£3) 3,231 (£2)
90 3,233 (£2) 3,230 (x2) 3,231 (£2) 3,233 (+2) 3,238 (£3) 3,234 (+2)
120 3,242 (£2) 3,235 (£2) 3,239 (£2) 3,244 (£3) 3,233 (£3) 3,236 (+2)
150 3,234 (£2) 3,236 (£2) 3,237 (£2) 3,240 (£3) 3,235 (£3) 3,235 (+2)
180 3,231 (+2) 3,231 (£2) 3,233 (£2) 3,234 (£2) 3,237 (£3) 3,232 (+2)

Measurements were made at six different locations (m, s, r;, 2, 3, and r,), as shown in Fig. 3.

synthetic inclusions in sample MYR-019 (Table 4), which
have irregular morphologies. Note that this orientation
phenomenon was not observed in inclusions where the
sample surface is orientated perpendicular to the optical axis.

Simulations

By analysing simulated inclusions (Fig. 4), the influence of
birefringence was determined independently from the
interface effects. The spectrum of pure liquid water was
strongly influenced in the experiment where the quartz
plate, covering the water drop in the quartz cavity, had an
orientation parallel to the c-axis [0001] and one a-axis
[1010]. Figure 10 illustrates the systematical modifications
of the Raman contour during the rotation of the sample
from 0° to 45°. The typical Raman spectrum of pure water
(as illustrated in Fig. 5a) was only observed when the c-axis
(shown with 0° in Fig. 10) or g-axis was orientated exactly
parallel to the laser beam’s polarisation plane, whereas in
all other orientations spectral variations were recorded. The
greatest modification in the deconvolved peak position and
amplitude ratio was recorded at a rotation angle of 45° (see
Fig. 10). Experiments where the quartz plate was orientated
perpendicular to the c-axis did not show significant
rotation-dependent modifications in the spectra. This
observation confirms that birefringence is a major actuator
of this variability in spectra contour, similar to the results
with synthetic fluid inclusions (Fig. 7).

The rotation-induced variation in Raman bands for pure
H,O with increasing depth in the simulated inclusion is
illustrated in Fig. 11. This set of analyses was done using
quartz plates of different thickness and orientation (see
Fig. 4). The wavenumber value of Peakl decreases
systematically with increasing depth in experiments with
quartz plates perpendicular (MYR-027) and parallel (MYR-
029) to the c-axis. As expected from the behaviour of the
Raman spectra of synthetic fluid inclusions (see Fig. 8), the
rotation-induced variation is small for quartz plates perpen-

dicular to the c-axis (Fig. 11a). In experiments with quartz
plates orientated parallel to the c-axis (Fig. 1lb), the
variation is much greater for shallow inclusions (3,218cm ™
to 3,233cm '), and decreases drastically towards deeper
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— fitr,
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_ [ .
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17
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-
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Fig. 9 Deconvolved values of Peak! a and amplitude ratios of Peak2/
Peakl b as a function of rotation angle measured in the same
negative-crystal-shaped inclusion (see Fig. 3) on two different planar
interfaces (r,=rhombohedra-plane; m=prism-plane). The continuous
solid line represents the linear best fit through the data points of plane
ry whereas the data points of plane m are best represented by a
sinusoidal fit (dotted line)
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effects such as reflection polarisation are constant for all
measurements.

Discussion
Normalisation and ratios

Spectra obtained on different objects of similar material can
be compared on the basis of band position and intensity.
The intensity of the Raman signal depends on a variety of
factors, such as the instrumental setup, surface irregulari-
ties, material densities, crystal orientation, volume of
matter, and the inherent Raman scattering cross-section.
However, for identical materials, the relative wavenumber
position of peaks remains approximately constant. Because
fluid inclusions are detected below the surface of the host, a
change in depth results in a change in intensity of the
Raman signal. In order to compare visually the Raman
spectra among a series of fluid inclusions, the spectra have,
therefore, to be normalised. Subsequently, the normalised
spectra can be used to analyse salinity effects and properties
of the host crystal that may influence the morphology of the
spectra. For the analysis of peak positions and amplitude
ratios, this normalisation is not required. In contrast, fluids
that are directly measured in standard solutions with the
same apparatus do not need to be normalised. Those spectra
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Fig. 11 Deconvolved values of Peakl of the simulated pure water
fluid inclusions, as measured with different thickness of the quartz
cover plates, orientated perpendicular to the c-axis a and parallel to the
c-axis b with measurements made over a rotation of 90° (shaded bars).
The continuous line represents the peak position of pure water
(reference solution)

reveal directly both intensity and wavenumber shifts as a
result of a variable salinity (see Fig. 6).

Three purely geometrical methods have been proposed in
literature to analyse the Raman spectra of aqueous solutions
at room temperatures: 1. Skewing parameter (Mernagh and
Wilde 1989); 2. Raman difference spectroscopy (Furi¢ et al.
2000; Dubessy et al. 2002); 3. Deconvolution (Bakker
2004).

The method of Mernagh and Wilde (1989) does not
require normalisation of the obtained spectra, because it is
based on ratios of the geometrically defined properties of
individual spectra (Fig. 12a). The skewing parameter is
relatively easy to obtain from raw spectra, i.e. directly
obtained from the instrument. The accuracy of the salinity
calculation based on this method is about 3 mass% and it
was only tested for the binary H,O-NaCl fluid system.

Normalisation of spectra is required in the method of
Dubessy et al. (2002) because the spectrum of the sample
has to be compared to a reference spectrum (see Furi¢ et al.,
2000). This normalisation is obtained by dividing the
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Fig. 12 a The method described by Mernagh and Wilde (1989), i.e.
by dividing the O-H Raman profile into two halves at 3,300 cm ™
(thick solid vertical line). The ratio of the area A (between 2,800 cm '
and 3,300 cm ') over area B (between 3,300 cm ' and 3,800 cm™') is
used to express symmetric and anti-symmetric components of the
spectra. The ratio of the intensity at 3,200 em™! (int3 200) over intensity
at 3,400 cm ' (int>*®°) is used to calculate the cation effect. See
Mernagh and Wilde (1989) for further details. b The method described
by Dubessy et al. (2002) using Raman difference spectroscopy. The y-
axis represents an “intensity div area” variable, which expresses the
normalised values of the spectra (in cm). The normalised spectra of a
fluid inclusion (sal) are subtracted from that of the H,O reference
solution (ref). The area A of the resulting curve is a measure for the
salinity. The “isobestic points” (i’ and ib°) may reveal the type of
dissolved salt, corresponding to the wavenumber equivalent x and y .
See Dubessy et al. (2002) for further details

intensity at each wavenumber position by the total area of
the spectrum in order to obtain one unit area (Fig. 12b).
Additionally, this method includes the possibility to
estimate the type of dissolved salts from “isobestic points”.
However, the wavenumber “equivalent” for specific one-
component salts may coincide or be within a few cm '
(within the accuracy) of each other, and the “isobestic
points” of aqueous solutions with multiple salt components
are unknown.

In this study, the normalisation of maximum intensity
was only applied to visualise the changes in morphology of
the Raman spectra due to host mineral properties. The
deconvolved Raman spectra, according to the method of
Bakker (2004), are not normalised for the analysis of peak
positions and amplitude ratios. Reference fluids can be
directly compared to the analysis of natural fluid inclusions.
Similar to the method of Mernagh and Wilde (1989), the
method can be applied to raw spectra and is also limited to
the binary H,O-NaCl system.

Birefringence polarisation

The most obvious explanation of variation in the Raman
spectra of fluid in inclusions is the effect on the polarisation
of the incident laser beam caused by the orientation of the
host crystal (see also Dubessy et al. 2002). The Raman
spectrum of fluid phases in inclusions is defined not only
by the fluid phase itself: the laser light has to cross the host
mineral, which causes additional polarisation effects in
birefringent minerals.

Mernagh and Wilde (1989) did not consider the optical
properties of birefringent materials in their study of salinity
effects on the Raman spectrum of aqueous fluids. Conse-
quently, their linear regression with the “skewing parameter”
has limited application to the determination of the salinity
of natural inclusions in quartz. Dubessy et al. (2002)
suggested to minimise these effects by using a depolarised
laser or to orientate an axis of the indicatrix of birefringent
host minerals parallel to the spectrometer slit. Our results
(Fig. 7) have confirmed that Raman spectra that are
influenced only by the birefringence of the host mineral
are preferably analysed such that the host crystal has its
optical axis orientated parallel to the polarisation plane of
the laser. Our results also reveal that the lowest value of
Peakl obtained from the rotation-controlled variation in the
spectrum of a fluid inclusion (Fig. 7) best matches the
Peakl in the reference solution. Peak positions of sample
MYR-027 (sample surface is orientated perpendicular to the
optical axis) are comparable to those of the reference
solution of pure water. The minimum in the periodic
function for sample MYR-029 (sample surface is orientated
parallel to the optical axis) approaches the Peakl of the
reference fluid (see Fig. 7a)

Reflection polarisation

Previous studies have paid little attention to polarisation
effects of the laser beam due to the orientation of the
quartz-fluid interface. The results given in Fig. 9 demon-
strate that this factor cannot be ignored in the interpretation
of salinities from Raman spectra of aqueous solutions in
natural fluid inclusions. Reflection of the incoming light
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(laser beam) at the quartz-fluid interface induces polar-
isation effects as well (e.g. Tipler 1991). Figure 9 also
illustrates that the orientation of the quartz host is a factor in
the over-all effect. The rotation angle 0°, 90°, and 180°
correspond to three extinction positions of quartz. There-
fore, the reflection polarisation is partly coupled to the
birefringence polarisation. According to Eq 4, the wave-
number of Peakl measured in a fluid with about 9 mass%
NaCl is 3,238+lcm . Figure 9 a illustrates for a natural
inclusion of this composition a range in wavenumber values
of 3,232cmfl to 3,244cmfl that can be derived from the m-
interface, and a smaller range for the r,-interface
(3,231em ™" to 3,237cm™"). Figure 6 indicates that in such
an inclusion with 9 mass% NaCl wavenumbers can vary
between 3,232cm”! to 3,265cm !, depending on the
orientation of the host crystal. Therefore, the true salinity
of this inclusion could not be directly estimated from the
Raman spectrum of the aqueous solution simply by
reference to values obtained on standard solutions. Gases
dissolved in the aqueous solution have an additional effect
on the variety of the Raman stretching band morphology.

Inclusion depth

Quantification of the variation in Raman band morphology
due solely to the depth of an inclusion in the quartz host is
complicated (Fig. 8) by additional polarisation phenomena
that may camouflage this effect. However, the results from
simulated inclusions (Fig. 11) illustrate a correlation
between the depth of the inclusion and modifications in
the Raman bands. Higher Peakl values are obtained from
shallow inclusions when compared to deeper inclusions of
the same composition, regardless of whether the quartz
cover was cut parallel or perpendicular to the c-axis. In the
experiment in which the cover plate was cut parallel to the
c-axis the rotation-induced variation caused by birefrin-
gence (Fig. 11b) decreases with increasing depth. Conse-
quently, the deeper simulated inclusions reveal Peakl
values that approach the value of the reference solution,
independent of crystal orientation.

Applications for fluid inclusion studies

This study has shown that a large variety of salinities may
give Raman spectra with similar band morphologies in the
2,800cm " to 3,800cm ' region. Therefore, the application
of Raman spectral analysis to aqueous solutions containing
a salt in natural fluid inclusions is still limited. As already
indicated by Dubessy et al. (2002), an independent method
is necessary to obtain the cation ratios before the salinity
of natural inclusions can be determined via Raman
spectroscopy. For example, the Raman spectra of salt
hydrates in frozen inclusions reveal the major cations
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dissolved in the aqueous solution (e.g. Dubessy et al.
1982; Bakker 2004).

Microthermometry remains the main tool for analysing
the salinity of natural fluid inclusions. Raman spectroscopy
may be used to verify microthermometric results or to
specify in more detail the analysed phase changes (e.g.
Bakker 2004; Gasparrini et al. 2006). Furthermore, inclu-
sions that are too small for optical microthermometric
analysis (smaller than 2um diameter) can be investigated
with Raman spectroscopy. For these inclusions, Raman
spectroscopy offers a tool to specify the phases that are
present within the inclusions. The aqueous phase can be
analysed with Raman spectroscopy to obtain its salinity
according to our method.

Natural fluid inclusions may be hosted in birefringent
minerals such as quartz. The orientation of the sample and
the shape of the inclusion itself will influence the
morphology of the Raman band contour. For this reason,
the orientation of the host should be controlled during
measurements. In optically uniaxial minerals like quartz
the best way to operate is to orientate the sample surface
perpendicular to the c-axis, where birefringence and reflec-
tion polarisation do not influence the spectra. Another
possibility would be to orientate the sample surface in an
extinction position, such that the c-axis or a-axis is orientated
parallel to the laser polarisation plane, to obtain the typical
spectrum. The orientation of quartz grains can only be
evaluated with Raman spectrometers equipped with an
integrated optical microscope that has the option to use
crossed polarisers. The orientation of the crystal in natural
samples is often very difficult to determine due to the
absence of this experimental setup. When the orientation of
the host mineral cannot be determined or optimised, the
inclusions under analysis have to be rotated through at least
90° and spectra obtained at regular intervals. The spectra
must be deconvolved into three bands using Gaussian—
Lorentzian functions. The lowest position derived for the
first (Peakl) of the three bands can be referenced to a Raman
calibration curve for salinity of standard solutions. If neither
optimal orientation of the sample nor multiple analysis
through 90° of rotation is possible, the acquisition of a
spectrum of the O-H stretching region in an aqueous solution
in a birefringent host will not enable determination of its
salinity. Indeed, comparison of such a randomly derived
spectrum to spectra of standard solutions will result in
erroneous salinity values.

Conclusions
The Raman spectrum of aqueous solutions (H,O-NaCl

mixtures) can be analysed by deconvolution into three
Gaussian—Lorentzian contributions. Pure H,O has peak
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positions at 3,223cm™ "' (Peakl), 3,433cm ' (Peak2), and
3,617cm ' (Peak3). The presence of salt in the aqueous
solutions has significant influence on the morphology of the
spectra. The (shifted) position of the first peak (Peakl) can
be used to determine the salinity of the aqueous solution by
comparing it with reference spectra taken on standard
solutions.

For an aqueous solution in a fluid inclusion, the
morphology of a Raman spectrum produced by a polarised
laser beam is influenced by the optical properties of the
host crystal, by the orientation of the quartz-fluid interface,
and by the depth of the inclusion within the sample.

The maximum variation in Peak! values for NaCl-bearing
aqueous solutions that is defined by all polarisation effects is
about 33cm™'. Due to birefringence, the estimated Peakl
values of pure H,O fluid inclusions in quartz can vary
between 3,223cm*1 and 3,239cm71. Polarisation caused by
reflection, which depends on the orientation of the quartz-fluid
interface, results in a variation of about l4cm ' relative
wavenumbers. Horizontal interfaces reveal a larger polar-
isation effect than steeper interfaces, independent of the
relative orientation of the optical indicatrix of the host mineral.

The individual effects of birefringence, interface orien-
tation, and depth of the inclusion below the mineral surface
have been evaluated with simulated fluid inclusions, i.e. by
drilling a small hole in quartz and covering it with a doubly

Appendix

polished quartz plate of selected thickness and crystallo-
graphic orientation. The variation in Peak! due to birefrin-
gence is smaller for quartz plates cut perpendicular to the c-
axis (3,320cm™' to 3,224cm ') than for quartz plates cut
parallel to the c-axis (3,220cm ™" to 3,232cm ™ '). The effect
of birefringence is reduced with increasing depth.

For natural inclusions, the morphology of the Raman
spectra of aqueous solutions is simultaneously modified by
all of these effects. The possibility to orientate the optical
axis of the quartz crystal parallel to the plane of polarisation
of the laser beam results in spectra of aqueous inclusions
that have almost the same morphology as spectra of
reference solutions of the same composition. Raman
equipment that does not offer this possibility can be used
to analyse the salinity of aqueous solutions by acquiring
multiple spectra throughout at least 90° rotation of the
sample and determining the lowest peak position of the
deconvolved Gaussian—Lorentzian contributions (Peakl).
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Table 6 Properties of the deconvolved peaks obtained from the reference solutions using the program PeakFit 2002 v. 4.11 (© SYSTAT

Software Inc.)

Peak ag a ay ©
H,0O 1 12,936 (+90) 3,222 (1) 228 (x1) 0.52 (£0.01)
2 13,741 (£58) 3,433 (+0) 230 (+2) 1.00 (0.02)
3 2,310 (£87) 3,617 (£1) 106 (£2) 1.00 (0.13)
2 mass% NaCl 1 12,608 (£91) 3,227 (£1) 230 (1) 0.53 (£0.01)
2 14,381 (+62) 3,437 (£0) 227 (£2) 1.00 (£0.02)
3 2,307 (£91) 3,617 (£1) 105 (2) 1.00 (£0.13)
4 mass% NaCl 1 12,518 (£92) 3,230 (£1) 230 (£1) 0.53 (£0.01)
2 15,121 (£65) 3,440 (+0) 224 (£2) 1.00 (£0.02)
3 2,312 (£95) 3,617 (£1) 104 (+2) 1.00 (£0.14
6 mass% NaCl 1 12,117 (+88) 3,234 (£1) 231 (x1) 0.52 (+0.01)
2 15,491 (+£64) 3,443 (+0) 222 (£2) 1.00 (£0.02)
3 2,251 (£92) 3,617 (£1) 103 (£2) 1.00 (£0.14)
8 mass% NaCl 1 12,070 (£91) 3,236 (£1) 232 (1) 0.52 (£0.01)
2 16,349 (£67) 3,445 (+0) 220 (£2) 1.00 (+0.02)
3 2,238 (+£96) 3,617 (£1) 102 (+2) 1.00 (+0.14)
10 mass% NaCl 1 11,647 (+89) 3,240 (£1) 232 (£1) 0.54 (£0.01)
2 16,640 (+69) 3,447 (+0) 217 (£2) 1.00 (+0.02)
3 2,175 (£96) 3,616 (£1) 100 (£2) 1.00 (£0.15)
12 mass% NaCl 1 11,295 (£87) 3,243 (£1) 230 (1) 0.51 (£0.01)
2 17,223 (+66) 3,448 (£0) 215 (2) 1.00 (£0.02)
3 2,149 (£93) 3,617 (£1) 99 (+2) 1.00 (£0.15)
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Table 6 (continued)

Peak a a, a, ©
14 mass% NaCl 1 11,390 (£92) 3,246 (1) 231 (x1) 0.52 (£0.01)
2 18,374 (£72) 3,450 (+0) 213 (£2) 1.00 (+0.02)
3 2,185 (+£99) 3,616 (1) 99 (+2) 1.00 (+0.15)
16 mass% NaCl 1 11,402 (£95) 3,250 (1) 231 (x1) 0.50 (£0.01)
2 19,498 (£76) 3,451 (£0) 210 (£1) 1.00 (£0.02)
3 2,239 (£102) 3,616 (£1) 98 (£2) 1.00 (£0.15)
18 mass% NaCl 1 10,687 (£90) 3,253 (£1) 229 (£1) 0.48 (£0.01)
2 19,269 (£73) 3,452 (£0) 207 (1) 1.00 (£0.02)
3 2,139 (£98) 3,616 (1) 96 (2) 1.00 (0.15)
20 mass% NaCl 1 10,664 (+£93) 3,256 (1) 228 (x1) 0.49 (£0.01)
2 20,400 (£76) 3,453 (+0) 204 (x1) 1.00 (£0.02)
3 2,215 (£100) 3,616 (£1) 97 (£2) 1.00 (+0.15)
22 mass % NaCl 1 10,605 (£104) 3,260 (£1) 228 (*1) 0.42 (+0.01)
2 20,558 (+87) 3,453 (£0) 200 (£1) 1.00 (£0.02)
3 2,184 (£111) 3,617 (£1) 102 (2) 1.00 (+0.16
24 mass% NaCl 1 10,210 (£106) 3,264 (1) 227 (x1) 0.42 (£0.01)
2 20,915 (£90) 3,455 (+0) 197 (£1) 1.00 (+0.02)
3 2,196 (x110) 3,617 (x1) 102 (+2) 1.00 (+0.15)

a, is peak intensity, a, is peak position, a, is half width at full maximum, and ¢ the fraction of the Gaussian component (see text for details.
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