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Abstract: Raman peaks of various hydrates in the H,O-NaCl-CaCl, system have been previously
identified, but a quantitative relationship between the Raman peaks and Xy, (i.e., NaCl/
(NaCl+CaCl,)) has not been established, mainly due to the difficulty to freeze the solutions. This
problem was solved by adding alumina powder to the solutions to facilitate nucleation of crystals.
Cryogenic (-185°C) Raman spectroscopic studies of alumina-spiced solutions indicate that Xy, is
linearly correlated with the total peak area fraction of hydrohalite. Capsules of solutions made from
silica capillary were prepared to simulate fluid inclusions. Most of these artificial fluid inclusions
could not be totally frozen even at temperatures as low as -185°C, and the total peak area fraction of
hydrohalite is not correlated linearly with Xy,c.. However, the degree of deviation (AXn.c)) from the
linear correlation established earlier is related to the amount of residual solution, which is reflected by
the ratio (r) of the baseline “bump” area, resulting from the interstitial unfrozen brine near 3435 cm™,
and the total hydrate peak area between 3350 and 3600 cm’™. A linear correlation between AXnac1 and
r is established to estimate Xy,c; from cryogenic Raman spectroscopic analysis for fluid inclusions.

Key words: cryogenic, Raman, H,O-NaCl-CaCl,, Xy.c, fluid inclusion

1 Introduction

Geologic fluids from a variety of environments,
including sedimentary basins, metamorphic terrains, and
various magmatic hydrothermal systems, can be
approximated by the H,O-NaCl-CaCl, system (Crawford,
1981; Vanko et al., 1988; Oakes et al., 1990; Williams-
Jones and Samson, 1990; Chi et al., 1993, 1995, 1998,
2003b; Chi and Savard, 1995, 1997; Samson and Walker,
2000; Lavoie and Chi, 2005; Chi and Ni, 2007; Lai et al.,
2007; Xue et al., 2007, 2010; Azmy et al., 2008; Wendte
et al., 2009; Lavoie et al., 2010; Steele-Maclnnis et al.,
2011; Li et al., 2013). The composition of such fluids,
characterized by the total salinity and NaCl/(NaCl+CaCl,)
molar ratio (Xy,ci), may be estimated from fluid inclusion
studies using various analytical methods, including
microthermometry (Haynes, 1985; Vanko et al., 1988;
Oakes et al., 1990; Williams-Jones and Samson, 1990; Chi
et al., 1993, 1995; Derome et al., 2005; Chi and Ni, 2007;
Steele-Maclnnis et al., 2011), decrepitation-SEM-EDS
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(Haynes and Kesler, 1987; Savard and Chi, 1998; Kontak,
2004), LA-ICP-MS or LIBS (Gunther et al., 1998; Fabre
et al.,, 1999; Derome et al., 2005; Samson et al., 2008;
Leisen et al., 2012), and various bulk-inclusions leachate
analyses (Banks and Yardley, 1992; Gleeson et al., 2001).
The microthermometry technique has the advantage of
being single-inclusion analysis, non-destructive, and of
high accessibility, but its use in determining Xyaci iS
limited by the difficulty of accurately measuring the
melting temperatures of various hydrates, although this
problem may be partly solved by the cyclic freezing-
heating technique (Haynes, 1985). The decrepitation-
SEM-EDS and LA-ICP-MS or LIBS methods are also
single-inclusion based, but they have the disadvantage of
being destructive, as do the leachate analyses (see review
by Chi et al., 2003a).

Raman spectroscopy has been well established as a
single-inclusion, non-destructive, quantitative method of
analysis of volatile composition of fluid inclusions
(Pasteris et al., 1988; Dubessy et al., 1989; Frezzotti et al.,
2012). It has also been widely used in identification of
daughter minerals in fluid inclusions (Frezzotti et al.,
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2012), and can be used to estimate fluid pressure (Rosso
and Bodnar, 1995; Lu et al., 2007; Song et al., 2009; Yang
et al., 2009; Wang et al., 2011; Zheng et al., 2011). Semi-
quantitative analysis has been possible for polyatomic ions
and molecules in some cases (see Frezzotti et al., 2012 for
a review), and methods of quantitative estimation of
salinity based on the shape of O-H stretching band have
been developed (Mernagh and Wilde, 1989; Dubessy et
al., 2002; Sun et al., 2010; Wang et al., 2013). Dubessy et
al. (2002) established quantitative relationships between
chlorinity and Raman spectra of the stretching band of
water for H,O-NaCl-CaCl, solutions at different Na/Ca
ratios, which may be potentially used to estimate Na/Ca
ratios if the chlorinity can be accurately estimated using
other methods. However, the analysis of monoatomic ions
(Na', K', Ca*, and Mg®") with Raman spectroscopy has
been generally of qualitative nature, mainly based on the
recognition of Raman spectra of various NaCl and CaCl,
salt-hydrates, including hydrohalite  (NaCl<2H,0),
antarcticite (CaCl,*6H,0), o-tetrahydrate (o-CaCl,*4H,0),
V- tetrahydrate (y-CaCl,*4H,0), and sinjarite (CaCl,*2H,0)
(Table 1; Dubessy et al., 1982, 1992; Samson and Walker,
2000; Bakker, 2004; Derome et al., 2005; Baumgartner
and Bakker, 2009a and b; 2010). The large number of
peaks for these hydrates, the overlaps between some of
them, the variation of measurements among different
authors and at different temperatures (Table 1), and the
dependence of peak intensity with crystal orientation
(Baumgartner and Bakker, 2010), may appear to be major

obstacles for quantitative studies. However, previous
studies have shown that measurements within individual
studies were fairly consistent, as discussed in Baumgartner
and Bakker (2010), and only a few of the many bands of
ice and hydrates are significant in the Raman spectra of
the ice-hydrates aggregate (Samson and Walker, 2000).
Furthermore, a correlation  between  the
compositions of the H,O-NaCl-CaCl, solutions and the
intensities of the major peaks of hydrohalite and
antarcticite can be perceived (Samson and Walker, 2000),
suggesting that it is potentially possible to establish
quantitative relationships between the intensities of the
Raman bands of the hydrates and Xy,ci.

One of the main problems encountered in cryogenic
study of H,0-NaCl-CaCl, solutions is the
difficulty for the solution to be completely frozen, even at
temperatures as low as -190°C (Samson and Walker, 2000;
Baumgartner and Bakker, 2009a and b, 2010).
Consequently, the proportions of NaCl and CaCl, hydrates
in the solid aggregate of ice and hydrates may not reflect
the initial Xxac value of the solution, which makes it
impossible to determine the composition of the solution
through Raman spectroscopic measurement of the
hydrates. In this paper, we developed a new method to
completely freeze the solution by adding alumina powder
into the solution, and established a linear relationship
between the Raman spectra of the hydrates and Xy,c. We
further demonstrated that for fluid inclusions that cannot
be completely frozen, simulated with solutions capsulated

visual

Raman

Table 1 Raman peaks of ice and hydrates in the H,O-NaCl-CaCl, system

Solid phase Raman peaks (cm™) Condition of measurement References
3090 (main), 3250 (minor) -190°C Dubessy et al., 1982
3092 (main), 3216 (minor) —-175 to —185°C Samson and Walker, 2000
3105 (main), 3228 (minor) -170°C Bakker, 2004
3098 (main) -180°C Ni et al., 2006
Ice (H,0) 3096=+3 (main), 3218 and 3321 (broad band) -190°C
3073 (main) —190°C; initial freezing of an “all-liquid”
fluid inclusion Baumgartner and Bakker, 2010
3096 (main) Re-coole(} o -190°C after
recrystallization
3406, 3422, 3438, 3536 -170°C Dubessy et al., 1982
. 3403, 3420, 3435, 3536 —175 to —185°C Samson and Walker, 2000
Hydrohalite o
(NaCl*2H,0) 3326, 3407, 3424, 3439, 3539 —1900C Be}kker, 2004
3405, 3423, 3437, 3538 -180°C Ni et al., 2006
3402+2, 3418+1, 3432+2, 3536+4 —190°C Baumgartner and Bakker, 2010
3383, 3402, 3407, 3427, 3448 and 3513 (minor) -170°C Dubessy et al., 1982
Antarcticite 3386, 3406, 3432 —175 to —185°C Samson and Walker, 2000
(CaCl,*6H,0) 3240+2, 3387+2, 3402+2, 3430+1 -190°C Baumgartner and Bakker, 2009b
3386+2, 3405+2, 3410+2, 3430+1, 324243 (minor)  —190°C Baumgartner and Bakker, 2010
319742, 3369+6, 3425+3, 3446+2 -190°C Baumgartner and Bakker, 2009b
o-tetrahydrate .
3365+6 and 3445+2 (main); 3423+3 and 3475+5 o
(0-CaCl*4H,0)  (shoulders); 3365, 3196, and 3216 (broad) ~190°C Baumgartner and Bakker, 2010
J-tetrahydrate 3435 ) -190°C Baumgartner and Bakker, 2009b
(-CaClyd,0) 434 (main); 3260, 3392, 3463 and 3575 g0 Baumgartner and Bakker, 2010
(shoulders)
337741, 34053, 3424+2, 3464+2; 3559+2 -190°C Baumgartner and Bakker, 2009b
Sinjarite 342442 and 3376+1 (main); 3403+3 (minor); 3462
(CaCl,*2H,0) — 3471 (broad); 319042, 324249, 3285+4, 3318+5, —190°C Baumgartner and Bakker, 2010

335244 and 3557+2 (shoulders)
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in fused silica capillary, a quantitative relationship
between the Raman spectra of the hydrates and Xy,c can
still be established depending on the degree of freezing, as
reflected by the relative amplitude of the baseline due to
the water band caused by the residual interstitial solution.
The analytical errors and potential problems in application
to fluid inclusion studies are discussed based on the
experimental results.

2 Experimental and Analytical Methods

A total of 11 solutions, with a salinity of 15 mass%
NaCl+CaCl, and different NaCl molar ratios (Xnaci), were
prepared from sodium chloride (EMD Chemicals Inc., lot
TG29AZEMS) and calcium chloride (VWR International,
lot ZH2631NFAE) and deionized water. The solutions
were labeled from #1 to #11 with Xy,c1 decreased
continuously from 1.0 to 0.0 at an increment of -0.1. Two
sets of experiments were carried out with these solutions:
(1) the sandwiched experiments, in which the solution was
mixed with alumina powder and sandwiched between two
thin glass slides; and (2) the capillary experiments, in
which the solution was sealed in silica capillary tubes. The
first set of experiments attempts to use alumina particles to
facilitate nucleation of ice and hydrate crystals, in order to
achieve complete freezing of the solution, whereas the
second set aims to simulate natural fluid inclusions.

In the sandwiched experiments, alumina powder (0.05
microns) was added to the solution in a plastic bottle,
which was thoroughly shaken before sampling. A droplet
of the alumina-solution mixture was placed between two
small pieces (about 5-10 mm wide) of thin glass, which
was then placed in a Linkam TMHS600 heating-freezing
stage for cryogenic Raman analysis. In the capillary
experiments, the solution was loaded into a silica capillary
tube with an inner diameter of 50 microns, an outer
diameter of 300 microns and a length of about 1 cm, and
the tube was then sealed by fusion using the method of
Chou et al. (2008). The fused capillary tubes were also
analyzed with cryogenic Raman spectroscopy. Various
combinations of temperatures and cooling rates were used
for both sets of experiments to achieve maximum freezing.

Raman analysis was carried out with a Renishaw
RM2000 laser Raman spectroscope at the Geofluids
Laboratory of the University of Regina. The excitation
laser wavelength is 514 nm, the grating used is 1800, and
the objective is x50 with long working distance. All the
analyses were done at a temperature of -185°C. Data were
collected between 3000 and 3800 cm™’, which covered the
essential peaks of ice and hydrates in the H,O-NaCl-CaCl,
system (Samson and Walker, 2000; Baumgartner and
Bakker, 2010) (Table 1). The procedure of data acquisition

and methods of data treatment, together with the results of
experiments, are described for the
experiments and capillary experiments separately as
follows.

sandwiched

3 Sandwiched Experiments

Microscopic observations at room temperature indicate
that particles of alumina, a few microns in size, were
dispersed in the solution. The samples were cooled from
room temperature to -60°C at a cooling rate of 30°C/
minute, and then to -185°C at a cooling rate of 2°C/minute.
All the samples showed a sudden freezing event at a
temperature between -30 and -40°C, when ice was
crystallized to form a solid framework with remaining
solution in interstitial space. The high cooling rate
facilitated the formation of a homogeneous ice-solution
mixture, which is necessary for the composition (either
fluid + solids, in the case of incomplete freezing, or
entirely solids, in the case of complete freezing) to be
uniform across the sample. Further cooling led to
crystallization of various hydrates, accompanied by
darkening of the sample. The degree of freezing is uneven
in a given sample, reflected by areas of different darkness
(Fig. 1). Raman analysis indicated that the darkest part of
a sample, generally occurring as patches of variable sizes,
was totally frozen, whereas the lighter parts contain
variable amount of unfrozen solution.

For each sample, 6 data points (in the darkest areas)
were analyzed with Raman spectroscopy at -185°C, with
each data point consisting of 10 consecutive acquisitions
of 10 seconds each. The laser spot was manually moved a
few microns from one acquisition to another in order to
reduce the potential effect of inhomogeneity due to the
presence of coarse crystals and locally preferred
orientation of crystals. After the Raman analysis, the
sample was gradually heated to obtain the melting
temperatures of hydrohalite and ice (heating rate was
0.1°C near the melting points). The microthermometric
results indicate that the ice-melting temperatures are
variably deviated from the theoretically expected values,
suggesting variable water loss (due to evaporation) during
the sample preparation and experimental procedures, but
the hydrohalite-melting temperatures are within 0.5°C of
the values predicted from previous studies of the H,O-
NaCl-CaCl, system (Chi and Ni, 2007), suggesting that
the Xuaci values were not affected by the sample
preparation and experimental procedures.

The representative Raman spectra of each sample are
shown in Fig. 2. A prominent peak at 3422 cm™ (peak 3)
and one at 3537 cm™ (peak 6) are attributed to hydrohalite,
two peaks at 3405-3408 cm™ (peak 2) and 3434-3437 cm’!
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Fig. 1. Photomicrographs showing different degrees of freezing of the solution (sandwiched between thin glass slides) at -185°C, as
reflected by the variation of darkness of the sample.
The darkest part is totally frozen (i.e., no remaining solution among ice and hydrate crystals), whereas the light parts consist mainly of ice and interstitial
solution. (a), A light-colored pocket of ice and solution within a dark mixture of ice and hydrates; (b), transition from a totally frozen part (dark) to a partly
frozen part (relatively light).

(peak 4) are due to combined hydrohalite and antarcticite
contributions, and two “shoulders”, one to the left of the
combined 3405-3408 cm™' peak (peak 1) and the other to
the right of the combined 3434-3437 cm™' peak (peak 5),
are due to combined contributions of antarcticite, o-
CaCly*4H,0 and sinjarite. The area fraction of individual
peaks is calculated as a; = Ay/ZA;, where i = 1 to 6. The
total area fraction of bands attributed to NaCl hydrate or
hydrohalite is ay, = as+ae, and the total area fraction of
bands attributed to CaCl, hydrates is ac, = a;+as, whereas
the total area fraction of bands attributed to undivided
hydrohalite and CaCl, hydrates is an,ca = a,tas. In some
cases, a peak at 3416 cm™ attributed to a-CaCl,*4H,0 is
distinguishable and the area is added to ac,. The area
fraction of individual bands (a; — a¢) and other parameters
including an,, ac,, and anac, of all the experimental runs
are listed in Table 2.

A clear positive correlation is shown between ay, and
Xnacr (Fig. 3a). However, the correlation is non-linear,
which can be explained by the fact that the contribution of
hydrohalite is not only reflected in peaks 3 and 6 (ay,), but
also partly in peaks 2 and 4 (anac,); the total contribution
of hydrohalite should be equal to an,+Xyaci*anaca. Plotting
anatXnaci¥anaca against Xyac) shows a well-defined linear
correlation (Fig. 3b). This linear correlation, with the
interception close to zero and the slope close to 1,
confirms the theoretical expectation that the fraction of
NaCl molecules in the solution (i.e., Xyac1) is equal to the
fraction of NaCl*2H,0O molecules in the aggregates of salt
hydrates (if the solution is completely frozen), which can
be expressed as:

aNa-i—)(NaCl*aNaCa = XNaCI (1)
Rearranging equation (1), we get:

XNaCl = a-Na/(l'a-NaCa) (2)

Total freezing

which defines Xn.c) as a function of ay, and ayaca.
4 Capillary Experiments

The capillary experiments were designed to simulate
fluid inclusions in order to see if the linear correlation
established in the sandwiched experiments can be applied
to fluid inclusion analysis. When the capillary samples
were cooled rapidly (30°C/minute) from room temperature
(Fig. 4a) to -185°C, most of them show sudden freezing at
a temperature between -60 and -100°C (Fig. 4b), but some
did not freeze, and showed slight stretching of the air
bubble (Fig. 4c), with a broad water band peaked at 3430
em™ (Fig. 4d). For those that seem to have totally frozen
during the first cooling to -185°C, as suggested by the dark
color (Fig. 4e), Raman signals showed only ice (3009 and
3225 em™) and water (3416 cm™') bands, without those for
hydrates (Fig. 4f), suggesting incomplete freezing. These
samples were then slowly (2°C/minute) warmed to -60°C
and then rapidly cooled to -185°C again (Fig. 4g), which
in many cases resulted in significant growth of hydrates,
as indicated by hydrate peaks in the Raman spectra (Fig.
4h). However, even in these runs, some residual solution
may still remain in interstitial space, as suggested by the
raised baseline around the water peak (compare the spectra
of Figs. 4f and h), hereinafter called the “water bump”.
The solution was frozen to different extents within a given
sample, and Raman spectroscopic data were collected
from areas that showed relatively high degree of freezing,
with an acquisition time of 60 seconds at a fixed spot.

The representative spectra of each sample in the
capillary experiments are shown in Fig. 5. The Raman
spectra were treated as follows: 1) truncate the spectra
between 3350 to 3600 cm’ (which covers the most
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Fig. 2. Representative Raman spectra of HyO-NaCl-CaCl, solutions with different Xy,c values in the
sandwiched experiments. The solutions have been mixed with alumina powder to facilitate complete
freezing.
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Table 2 Raman spectroscopic results of sandwiched experiments

Sample# Runs Spot XNacCl a; a a3 Ay as a6 ANa ANaCa ana+XNac1*aNaca
1 1 1 1.000 0.000 0.238 0.440 0.227 0.000 0.096 0.536 0.464 1.000
2 1.000 0.000 0.213 0.446 0.212 0.000 0.129 0.575 0.425 1.000
3 1.000 0.000 0.178 0.368 0.242 0.000 0.213 0.580 0.420 1.000
4 1.000 0.000 0.228 0.434 0.222 0.000 0.116 0.550 0.450 1.000
5 1.000 0.000 0.157 0.339 0.241 0.000 0.264 0.602 0.398 1.000
6 1.000 0.000 0.185 0.417 0.227 0.000 0.170 0.587 0.413 1.000
2 1 1 0.900 0.021 0.232 0.412 0.228 0.000 0.106 0.518 0.460 0.933
2 0.900 0.027 0.224 0.392 0.232 0.000 0.124 0.516 0.457 0.927
3 0.900 0.048 0.224 0.338 0.315 0.002 0.073 0.411 0.540 0.896
4 0.900 0.033 0.268 0.348 0.294 0.010 0.047 0.395 0.562 0.901
5 0.900 0.033 0.180 0.347 0.307 0.000 0.133 0.480 0.488 0.918
6 0.900 0.040 0.179 0.280 0.330 0.028 0.142 0.423 0.509 0.881
3 1 1 0.800 0.053 0.219 0.369 0.245 0.000 0.114 0.483 0.464 0.854
2 0.800 0.081 0.257 0.342 0.218 0.000 0.102 0.444 0.475 0.824
3 0.800 0.099 0.246 0.348 0.214 0.000 0.093 0.441 0.460 0.809
4 0.800 0.037 0.252 0.359 0.252 0.000 0.100 0.459 0.504 0.862
5 0.800 0.114 0.201 0.292 0.298 0.000 0.096 0.388 0.499 0.787
6 0.800 0.022 0.234 0.251 0.415 0.000 0.077 0.329 0.649 0.848
4 1 1 0.700 0.047 0.267 0.179 0.418 0.033 0.055 0.235 0.685 0.714
2 0.700 0.016 0.259 0.229 0.384 0.005 0.107 0.336 0.643 0.786
3 0.700 0.020 0.261 0.246 0.352 0.000 0.120 0.367 0.613 0.796
4 0.700 0.046 0.248 0.183 0.421 0.027 0.076 0.258 0.669 0.726
5 0.700 0.059 0.257 0.176 0.388 0.061 0.058 0.234 0.645 0.686
6 0.700 0.020 0.263 0.218 0.392 0.009 0.097 0.315 0.656 0.774
5 1 1 0.600 0.037 0.287 0.080 0.496 0.043 0.057 0.138 0.783 0.607
2 0.600 0.040 0.300 0.145 0.450 0.000 0.066 0.210 0.750 0.660
3 0.600 0.052 0.297 0.116 0.472 0.000 0.063 0.179 0.769 0.640
4 0.600 0.055 0.277 0.106 0.456 0.063 0.043 0.149 0.733 0.588
5 0.600 0.075 0.298 0.170 0.352 0.044 0.061 0.231 0.650 0.620
6 0.600 0.019 0.319 0.214 0.377 0.038 0.033 0.247 0.696 0.665
6 1 1 0.500 0.041 0.330 0.142 0.423 0.016 0.047 0.189 0.753 0.566
2 0.500 0.051 0.325 0.125 0.411 0.042 0.045 0.170 0.737 0.538
3 0.500 0.049 0.305 0.037 0.506 0.075 0.028 0.065 0.811 0.471
4 0.500 0.035 0.298 0.048 0.511 0.068 0.040 0.088 0.809 0.492
5 0.500 0.042 0.312 0.075 0.473 0.055 0.044 0.119 0.785 0.511
6 0.500 0.027 0.350 0.057 0.460 0.059 0.047 0.104 0.810 0.509
7 2 1 0.400 0.066 0.426 0.121 0.354 0.000 0.032 0.153 0.780 0.466
2 0.400 0.088 0.231 0.015 0.519 0.148 0.000 0.015 0.749 0.314
3 0.400 0.142 0.192 0.020 0.525 0.121 0.000 0.020 0.717 0.307
4 0.400 0.120 0.189 0.048 0.565 0.070 0.008 0.055 0.755 0.357
5 0.400 0.076 0.271 0.053 0.495 0.081 0.024 0.077 0.767 0.383
6 0.400 0.101 0.245 0.008 0.514 0.132 0.000 0.008 0.759 0.311
8 1 7 0.300 0.177 0.185 0.012 0.515 0.101 0.009 0.021 0.701 0.231
8 0.300 0.143 0.216 0.014 0.556 0.071 0.000 0.014 0.772 0.246
9 0.300 0.152 0.134 0.016 0.549 0.146 0.003 0.019 0.683 0.224
10 0.300 0.159 0.134 0.018 0.564 0.119 0.006 0.024 0.698 0.233
11 0.300 0.151 0.144 0.020 0.577 0.101 0.008 0.027 0.721 0.244
12 0.300 0.150 0.135 0.017 0.585 0.107 0.006 0.024 0.720 0.240
9 1 1 0.200 0.167 0.159 0.000 0.561 0.113 0.000 0.000 0.720 0.144
2 0.200 0.174 0.119 0.004 0.575 0.127 0.001 0.005 0.694 0.144
3 0.200 0.184 0.091 0.001 0.600 0.122 0.001 0.002 0.692 0.140
4 0.200 0.170 0.097 0.001 0.584 0.143 0.004 0.006 0.681 0.142
5 0.200 0.182 0.109 0.000 0.587 0.115 0.006 0.006 0.696 0.145
6 0.200 0.211 0.108 0.000 0.550 0.131 0.000 0.000 0.658 0.132
10 1 1 0.100 0.096 0.263 0.000 0.492 0.149 0.000 0.000 0.756 0.076
2 0.100 0.176 0.146 0.000 0.548 0.130 0.000 0.000 0.694 0.069
3 0.100 0.178 0.126 0.000 0.563 0.133 0.000 0.000 0.689 0.069
4 0.100 0.195 0.124 0.000 0.555 0.125 0.000 0.000 0.679 0.068
5 0.100 0.173 0.147 0.000 0.573 0.108 0.000 0.000 0.720 0.072
6 0.100 0.186 0.125 0.000 0.556 0.132 0.000 0.000 0.681 0.068
11 1 2 0.000 0.106 0.324 0.000 0.455 0.115 0.000 0.000 0.780 0.000
3 0.000 0.166 0.168 0.000 0.551 0.115 0.000 0.000 0.719 0.000
4 0.000 0.205 0.173 0.000 0.553 0.069 0.000 0.000 0.727 0.000
5 0.000 0.169 0.213 0.000 0.563 0.056 0.000 0.000 0.775 0.000
6 0.000 0.140 0.209 0.000 0.518 0.133 0.000 0.000 0.727 0.000

* See text for meaning of the parameters.
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Fig. 3. a) Correlation between Xy,c; and area fraction of hydrohalite peaks (ax,); b) Correlation between Xy, and
fraction of hydrohalite peaks plus the contribution of hydrohalite in combined hydrohalite and antarcticite peaks.
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Fig. 4. Photomicrographs and Raman spectra of the capillary experiments.

(a), A silica capillary filled with solution and an air bubble at room temperature; (b), a capillary solution sample showing initial
freezing (ice crystallization) at —69°C; (c), a capillary solution sample that did not freeze at —185°C (note the air bubble is slightly
stretched); (d), Raman spectra of ¢ showing a broad water band; (e), a capillary solution sample that appeared totally frozen when
it was cooled to —185°C for the first time; (f), Raman spectra of e suggesting the lack of hydrates or incomplete freezing; (g), the
same sample as f, this time slowly warmed to —60°C and then rapidly cooled to —185°C again, (h), Raman spectra of g indicating
crystallization of abundant hydrates.
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Fig. 5. Representative Raman spectra of HyO-NaCl-CaCl, solutions with different Xy,c; values in the capil-
lary experiments. The solutions do not contain alumina powder and the freezing is incomplete.
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Fig. 6. Raman spectra of NaCl-CaCl,-H,O fluid synthesized
in fused silica capillary capsules and baseline subtraction
procedures.

(a), Raman spectra truncated between 3350 and 3600 cm™ followed by a
straight baseline (linking the two end points) subtraction; TA1 repre-
sents the total area of the spectra after baseline subtraction; (b), con-
struction of a new baseline using the “Cubic Spline Interpretation”
function to approximate the “water bump”, with anchor points at 3370,
3435, 3500 and 3570 cm™ (c), Raman spectra after subtraction of the
baseline shown in b (TA2 represents the total area after baseline subtrac-
tion). The meaning of pk1-6 is explained in the text.

between Xyacr and ang/(1-anaca) 1s shown in Fig. 7, which
is far from the one-to-one linear relationship predicted
from equation (2). The difference between the measured
ana/(1-anaca) value and the expected one (which is equal to
Xiaci according to equation 2) is expressed as:

AXnact = ang/(1-anaca)-XNaci (3

It was found that AXw.c is somewhat related to the
“water bump” to total peak area ratio (), as shown in Fig.
8a. An inspection of this diagram indicates that there is a
linear correlation between AXy,cy and r if 7 is < 1 (Fig. 8b),
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Fig. 7. Correlation between Xy,c; and an,/(1-anaca) of the
capillary experiments. The line represents the expected rela-
tionship for complete freezing. The difference between the
measured and expected values is indicated by Xy,ci-
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Fig. 8. Relationship between AXy,c) and the ratio of “water
bump” to total peak areas (r) for all capillary experiments
(a) and for r<1 (b).

which can be expressed as:

AXnac1 = 0.294 r + 0.014 4)

It is noticed that solutions that satisfy this condition are
mainly those with Xy,ci >0.4. Although the statistical
analysis of the data indicates considerable errors for
equation (4) (e.g., £0.050 for the estimated AXy,ci, Fig.
8b), the equation provides an opportunity to quantitatively
estimate Xy,c; from the Raman peaks when the water
bump is not too high (i.e., » < 1). Combining equations (3)
and (4), the “corrected” correlation between Xy.ci and the
total peak area fraction contributed by hydrohalite can be
expressed as:
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Table 3 Raman spectroscopic results of capillary experiments
ana/ Calculated
Sample# Runs Spot X a a a3 ay as s r ana  Anaca (I-anaca)  Xvaci ANaci
1-1 2 1 1.000  0.000 0.213 0.433 0.247 0.000 0.106 —0.099 0.540 0.460 1.000 0.000 1.016
2 1.000 0.000 0.208 0.418 0.251 0.000 0.123 —0.123  0.541 0.459 1.000 0.000 1.023
3 1.000 0.000 0.203 0.411 0.255 0.000 0.131 —0.100 0.542 0.458 1.000 0.000 1.016
4 1.000 0.000 0.194 0416 0.261 0.000 0.129 -0.129 0.545 0.455 1.000 0.000 1.024
5 1.000 0.000 0.192 0416 0.261 0.000 0.131 —0.114 0.547 0.453 1.000 0.000 1.020
2 2 1 0.900 0.106 0.246 0360 0.195 0.000 0.092 —0.138 0.453 0.441 0.810 —0.090 0.837
2 0.900 0.072 0.240 0.371 0.219 0.000 0.097 -0.220 0.469 0.460 0.867 —0.033 0.918
3 0.900 0.089 0.187 0371 0.242 0.000 0.111 —0.208 0.482 0.429 0.845 —0.055 0.892
4 0.900 0.057 0.238 0.359 0.231 0.000 0.115 -0.204 0.474 0.469 0.893 —0.007 0.940
5 0.900 0.044 0243 0376 0.219 0.000 0.118 —0.180 0.494 0.462 0.918 0.018 0.958
6 0.900 0.082 0.218 0413 0.215 0.000 0.071 —0.177 0.484 0.433 0.855 —0.045 0.893
7 0.900 0.090 0.234 0.341 0.220 0.000 0.115 —0.175 0.455 0.455 0.835 —0.065 0.873
9 0.900 0.076 0.229 0.320 0.226 0.000 0.149 —0.227 0469 0.456 0.861 —0.039 0.914
10 0.900 0.059 0.223 0.378 0.220 0.000 0.121 —0.190 0.498 0.443 0.894 —0.006 0.936
3 1 1 0.800 0.000 0.220 0.412 0.214 0.000 0.153 0.416 0.566 0.434 0.999 0.199 0.866
2 0.800 0.000 0.218 0.408 0.220 0.000 0.154 0.420 0.563 0.437 1.000 0.200 0.866
3 0.800 0.055 0.193 0.372 0204 0.031 0.145 0456 0.517 0.397 0.858 0.058 0.713
2 1 0.800 0.054 0.206 0.371 0.201 0.036 0.133 0.367 0.504  0.406 0.848 0.048 0.729
2 0.800 0.005 0.208 0.418 0.196 0.002 0.170 0.782 0.589  0.404 0.988 0.188 0.749
3 0.800 0.015 0204 0.371 0.222 0.045 0.143 0473 0514 0.425 0.895 0.095 0.745
4 0.800 0.039 0213 0377 0.216 0.007 0.148 0.203 0.525  0.429 0.920 0.120 0.849
5 0.800 0.028 0.199 0370 0.218 0.025 0.160 0.414 0.530 0.417 0.909 0.109 0.776
6 0.800 0.004 0.205 0.389 0.208 0.018 0.177 0.577 0.565 0.413 0.963 0.163 0.783
7 0.800 0.000 0.215 0.406 0.206 0.000 0.174 0.393 0.580 0.420 0.999 0.199 0.873
8 0.800 0.000 0.214 0.432 0.180 0.000 0.174 0.784 0.606 0.394 1.000 0.200 0.760
9 0.800 0.004 0.209 0.404 0.194 0.035 0.155 0.577 0.559 0.402 0.935 0.135 0.755
10 0.800 0.046 0.197 0.359 0.200 0.058 0.140 0.298 0.499 0.397 0.828 0.028 0.729
4 2 1 0.700 0.000 0.228 0.413 0.222 0.011 0.126 0.733 0.539  0.450 0.980 0.280 0.755
2 0.700 0.004 0.190 0376 0.223 0.059 0.147 0.816 0.523  0.413 0.892 0.192 0.643
3 0.700 0.026 0.199 0.342 0.272 0.037 0.124 0.801 0.465 0.471 0.880 0.180 0.635
4 0.700 0.034 0.193 0355 0.215 0.062 0.141 0.605 0.496  0.408 0.837 0.137 0.649
5 0.700  0.050 0.188 0.340 0.221 0.066 0.135 0382 0475 0.409 0.803 0.103 0.680
6 0.700 0.014 0.202 0.393 0.209 0.047 0.135 0.748 0.527 0.411 0.895 0.195 0.666
7 0.700 0.000 0.178 0.348 0.249 0.045 0.180 0.848 0.527 0.428 0.921 0.221 0.663
8 0.700 0.017 0.199 0.379 0.213 0.041 0.150 0.517 0.530 0.412 0.902 0.202 0.739
9 0.700  0.074 0.194 0.345 0217 0.046 0.124  0.536  0.469 0.411 0.796 0.096 0.628
10 0.700 0.039 0.201 0.382 0.195 0.047 0.137 0.740 0.518 0.397 0.859 0.159 0.632
5 1 1 0.600 0.000 0.186 0.356 0.219 0.069 0.171 1.198  0.527 0.404 0.885 0.285 0.525
2 0.600 0.006 0215 0.404 0.212 0.018 0.144 0.891 0.548 0.427 0.957 0.357 0.687
3 0.600 0.000 0.201 0.364 0.190 0.112 0.133 0.766 0.497  0.391 0.817 0.217 0.582
2 1 0.600 0.000 0.209 0.411 0.189 0.041 0.149 0952  0.560 0.399 0.932 0.332 0.644
2 0.600 0.000 0.185 0.383 0.228 0.045 0.159 1.037 0.542  0.413 0.924 0.324 0.610
3 0.600 0.010 0219 0426 0.183 0.040 0.122 0.885 0.548 0.403 0.917 0.317 0.648
4 0.600 0.000 0.193 0.387 0.214 0.055 0.151 0.870 0.538  0.407 0.907 0.307 0.642
5 0.600 0.001 0.207 0.409 0.208 0.025 0.151 1.186  0.560 0.415 0.957 0.357 0.600
6 0.600 0.016 0222 0.386 0.208 0.028 0.140 0.812 0.526  0.430 0.924 0.324 0.676
7 0.600 0.000 0.216 0413 0.205 0.022 0.144 0.988 0.557 0.421 0.962 0.362 0.663
8 0.600 0.000 0.187 0.349 0.230 0.070 0.165 0.969 0513 0417 0.881 0.281 0.587
9 0.600 0.001 0220 0.396 0.198 0.074 0.111 0.718 0.507 0.418 0.871 0.271 0.650
10 0.600 0.001 0207 0404 0.214 0.037 0.136 0909 0.541 0.421 0.934 0.334 0.658
62 2 1 0.500 0.010 0.165 0.286 0.305 0.056 0.178 2.923  0.464 0.470 0.876 0.376 0.017
2 0.500 0.001 0.122 0.297 0.188 0.249 0.143 1.951 0.440 0.310 0.638 0.138 0.060
3 0.500 0.073 0.170 0.385 0.178 0.088 0.107 1.925 0.492 0.348 0.754 0.254 0.184
4 0.500 0.061 0.119 0.305 0.205 0.111 0.199  1.626  0.504 0.324 0.746 0.246 0.262
6 0.500 0.048 0.217 0.353 0.209 0.096 0.076 1.168 0.430 0.426 0.748 0.248 0.398
7 0.500 0.002 0.186 0.422 0.188 0.112 0.090 2.596 0.513 0.374 0.818 0.318 0.054
8 0.500 0.000 0.189 0.353 0.253 0.096 0.110 1.499 0462 0.442 0.829 0.329 0.382
10 0.500 0.053 0.132 0.264 0.227 0.178 0.146 1.774 0.410 0.359 0.641 0.141 0.114
7 2 2 0.400 0.000 0.229 0491 0.167 0.000 0.112 1.370 0.604  0.396 1.000 0.600 0.590
4 0.400 0.062 0.194 0.309 0.274 0.083 0.078 0.825 0387 0.468 0.728 0.328 0.476
5 0.400 0.013 0.176  0.490 0.175 0.001 0.145 1.405 0.635 0.351 0.978 0.578 0.559
3 2 0.400 0.039 0.184 0307 0.281 0.134 0.055 2.203 0.362  0.465 0.677 0.277 0.027
3 0.400 0.110 0.148 0.287 0.237 0.075 0.143  0.866  0.430 0.385 0.699 0.299 0.435
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Table 3 Continued
ana/ Calculated
Sample # Runs  Spot Xnaai @ a a3 ay as ag r ana anaca  (1-anaca)  Xnact  Xnaci
4 0.400 0.002 0.147 0.253 0.348 0.117 0.133 1.260 0385 0.495 0.763 0.363  0.385
7 0.400 0.020 0.198 0.241 0.357 0.079 0.106 1.340 0.347 0.555 0.779 0.379  0.378
8 0.400 0.012 0.199 0.368 0.240 0.030 0.150 1334 0519 0.439 0.925 0.525  0.525
9 0.400 0.004 0.210 0.331 0.257 0.000 0.197 1279 0.528 0467 0.992 0.592  0.608
11 0.400 0.015 0.224 0.402 0.193 0.000 0.166 1.169 0.568 0.417 0.974 0.574  0.622
12 0.400 0.003 0.212 0.487 0.203 0.037 0.057 2.144 0.545 0.415 0.931 0.531  0.297
8 7 4 0.300 0.023 0.164 0.270 0.292 0.143 0.108 1302 0378 0.456 0.695 0.395  0.305
8 1 0.300 0.027 0.266 0.409 0.166 0.080 0.053 1.157 0.461 0432 03812 0.512  0.464
4 0.300 0.000 0.238 0.444 0.185 0.072 0.062 1.610 0.506 0.422 0.876 0.576  0.397
10 1 0.300 0.000 0.165 0.321 0.256 0.000 0.258 1.758 0.579 0.421 1.000 0.700  0.478
6 0.300 0.067 0.138 0.230 0.264 0.000 0.300 2.306 0.530 0.403 0.888 0.588  0.207
14 0.300 0.035 0.179 0.313 0.237 0.074 0.163 1.295 0477 0415 0.815 0.515  0.427
20 0.300 0.000 0.172 0.383 0.259 0.000 0.185 1.258 0.568 0.432 1.000 0.700  0.623
11 1 0.300 0.110 0.180 0.306 0.246 0.000 0.157 1.070 0.464 0.426 0.808 0.508  0.485
9-2 1 3 0.200 0.038 0.214 0.436 0.204 0.049 0.059 2942 0.494 0418 0.849 0.649  —0.015
6 2 0.200 0.000 0.199 0.394 0.262 0.034 0.111 1.547 0505 0.462 0.938 0.738  0.477
4 0.200 0.034 0.210 0.469 0.132 0.131 0.025 1.156 0.494 0.342 0.750 0.550  0.402
5 0.200 0.003 0.226 0.458 0.100 0.167 0.046 1.408 0.504 0.326 0.748 0.548  0.327
6 0.200 0.008 0.223 0.421 0.135 0.106 0.108 2.263 0.528 0.358 0.823 0.623  0.155
7 0.200  0.000 0.234 0479 0.151 0.000 0.137 2.178 0.616 0384 1.000 0.800  0.357
11-3 1 1 0.000 0.067 0.378 0.000 0.473 0.081 0.000 0.027 0.000 0.851 0.000 0.000  —0.020
3 0.000 0.075 0.396 0.000 0.471 0.058 0.000 0.037 0.000 0.867 0.000 0.000 —0.024
4 0.000 0.030 0.389 0.000 0.581 0.000 0.000 0.000 0.000 0.970 0.000 0.000 —0.013
* See text for meaning of the parameters.
Xnact = ana/(1-anaca) - (0.294  + 0.014) (5) inclusions representing the paleo-fluids (e.g., Crawford,

Plotting the Xyac values calculated from equation (5)
(for r<1) against the actual Xy, values of individual
samples shows a well-defined liner correlation (Fig. 9),
with the interception close to zero (0.007+0.023) and the
slope close to 1 (0.993+0.030). It is therefore suggested
that equation (5) can be used to estimate Xy, from
Raman spectra of partly frozen fluid inclusions, as long as
the degree of freezing is above certain level (i.e., r<1).

5 Discussion

In the study of geologic processes involving fluids, it is
important to know the composition of the geologic fluids.
The compositional system of the geologic fluids may be
estimated from the eutectic temperature of the fluid
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Fig. 9. Correlation between the actual Xy, of the solution
(prepared) and Xy,c calculated from equation (5).

1981). However, it has been shown that the eutectic
temperatures are difficult to determine, because the first
melting temperature may be related to various meta-
stability phenomena and recrystallization process, and
does not necessarily reflect eutectic melting (Davis et al.,
1990). Therefore, it is generally not reliable to use the first
melting temperatures to estimate the compositional system
of fluid inclusions. The cryogenic Raman spectroscopic
analysis provides an excellent tool for determining the
fluid compositional system, as different salt hydrates can
be distinguished by their Raman bands (Dubessy et al.,
1982, 1992; Samson and Walker, 2000; Bakker, 2004;
Derome et al., 2005; Baumgartner and Bakker, 2009a and
b; 2010). However, it is generally not satisfactory to just
know the compositional system; it is important to know
the proportions of different salts in the solutions. Although
this may be achieved by measuring the melting
temperatures of different hydrates with microthermometry,
it has been shown to be a time consuming and often futile
method due to the difficulty to visually distinguish
different solid phases in the fine hydrates-ice aggregates.
It would be ideal if we could correlate the intensities of the
Raman peaks of different salt-hydrates with the
proportions of salts in the solution, so that the major solute
composition of fluid inclusions can be estimated by
cryogenic Raman spectroscopy. Such a work has been
attempted in a previous study (Samson and Walker, 2000),
but no quantitative results have been achieved mainly
because of the difficulty to completely freeze the fluid
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inclusions. In this study, we were able to achieve complete
freezing by adding alumina powder to the solutions, and
established a linear correlation between the Xy,c; values of
H,0-NaCl-CacCl, solutions and the fraction of peak areas
of hydrohalite among all the hydrates. This linear
correlation is consistent with theoretical prediction based
on the assumption of a homogeneous, isotropic (i.e.,
random orientation of crystals) hydrates-ice aggregate, and
indicates that cryogenic Raman spectroscopy can be used
to study the proportions of monoatomic ions (Na”, Ca®",
and Mg”") in geologic fluids, as long as the fluids can be
completely frozen. The spread of the analysis results
(Table 1 and Fig. 3), which is reflected by the standard
deviation of the calculated Xy, (Fig. 3b), is most likely
due to local inhomogeneity and anisotropy related to the
crystal sizes of the hydrates. This problem may be
resolved by using scanning Raman spectroscopy in the
future.

6 Conclusions

Although complete freezing can be realized by adding
alumina powder into the solution in the sandwiched
experiments, incomplete freezing is common for synthetic
(silica capillary) and natural fluid inclusions, as previously
recognized (Samson and Walker, 2000). Our experiments
further confirm that even if a fluid inclusion looks like
completely frozen, as shown by increased darkness and
the grainy texture, it may contain only ice crystals and
interstitial solution and no hydrates. In this case, the
composition of the fluid inclusion (Xyac)) cannot be
estimated with Raman analysis at all. If some hydrates
were precipitated but a large amount of solution remained,
as indicated by the elevated “water bump” in the Raman
spectra, Xn,c1 cannot be estimated with Raman analysis
either; in other words, the fraction of hydrohalite peaks
among all the hydrates is not proportional to the Xy,c in
the original solution. However, if the amount of remaining
solution is limited, as indicated by a relatively small
“water bump” (i.e., the area of the “water bump” is less
than the total area of all hydrate peaks), the fractionation
of NaCl between the solid phases and the remaining
solution may be “corrected” to give a linear relationship
between the fraction of hydrohalite peaks and Xyac). The
uncertainties in Xy,c; estimation using this method, as
reflected by the spread of the calculated Xy,c; values and
the standard deviation (Fig. 9), are most likely related to
local inhomogeneity of the solid-solution mixture as well
as the peak area calculation procedure (Fig. 6). This
method provides a new tool to estimate the salt
composition of fluid inclusions, has the advantage of non-
destructive single inclusion analysis, and can be used to

complement microthermometry. However, it should be
pointed out that this method cannot be directly applied to
fluid inclusions containing halite daughter mineral,
because the hydrates formed from freezing are not
proportional to the bulk fluid compositions. It is also
worth noting that the potential errors in estimating Xyac
values are fairly large, as indicated in Figures 8 and 9.

In conclusion, the cryogenic Raman spectroscopic
studies of H,O-NaCl-CaCl, solutions reveals a linear
correlation between Xy, and the intensities of Raman
bands attributed to hydrohalite, confirming the theoretical
expectation that the fraction of NaCl molecules in the
solution (i.e., Xnac) is equal to the fraction of NaCl2H,O
molecules in the aggregates of salt hydrates if the solution
is completely frozen. The results further indicate that even
if the solution is not completely frozen, as is common for
fluid inclusions, Xy,c1 can still be estimated from the
Raman spectra, as long as the incompleteness of freezing
is below certain level. This provides a new, non-
destructive method to estimate the salt composition for
single fluid inclusions.
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