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Abstract: The composition and properties of ore-forming fluids are key to understanding the
mechanisms of mineralization in ore deposits. These characteristics can be understood by studying
fluid inclusions. Hydrates in fluid inclusions containing NaCl-H,O and MgCl,-H,O were studied
using cryogenic Raman spectroscopy. The intensity ratio of peaks at 3401, 3464, 3514, and 3090 cm™!
shows a positive correlation with the concentration of hydrates in the inclusions, as does the ratio
of the total integrated area of the MgCl, hydrate peak (3514 cm™') to the 3090 cm~! peak with
the concentration of MgCl, (correlation coefficient >0.90). These correlations are important in the
quantitative analysis of MgCl, in synthetic and natural NaCl-MgCl,—CaCl,-H,O-bearing fluid
inclusions. Semi-quantitative analysis of NaCl-MgCl,—-H,O solutions indicates that peaks at 3437 and
3537 cm~! reflect the presence of NaCl in the solution. Further, a peak at 3514 cm™~! is indicative of the
presence of MgCl,. The relative intensities of these peaks may be related to the relative abundances
of NaCl and MgCl,. A quantitative attempt was made on NaCl-MgCl,—CaCl,-H,O system, but it
was found that quantifying NaCl, MgCl, and CaCl, separately in NaCl-MgCl,-CaCl,-H,O system
by the secondary freezing method is difficult.

Keywords: ore-forming fluids; quantitative analysis attempt; NaCl-MgCl,—CaCl,-H,O; cryogenic
Raman spectroscopy

1. Introduction

Fluid inclusions give insight into the composition of mineralizing fluids and the physical
and chemical conditions of mineralization during the trapping of fluids. In recent years,
advances have been made in micro-analytical techniques that can be applied to the in situ
analysis of fluid inclusions, including laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) [1-5], secondary ion mass spectrometry (SIMS) [6], particle-induced X-ray emission
(PIXE) [7-9], and synchrotron X-ray fluorescence spectroscopy (SR-XRF) [9-14]. Most of these methods
are destructive and semi-quantitative.

Raman spectroscopy is a non-destructive technique that can be used to obtain compositional
information of individual fluid inclusions [15-20]. Because samples are not destroyed during analysis,
they can be used to study the same fluid inclusions using other techniques, such as microthermometry.
The ions that dominate natural fluid inclusions, such as Na*, Ca2™, Mg2+, and C1~, do not show Raman
peaks in the wavelength range measured [21]; however, low-temperature inorganic salt hydrates
containing these ions do show such peaks, meaning they can be measured quantitatively using
Raman spectroscopy.

In order to identify the type of inorganic salt species present in fluid inclusions, Dubessy et al [22],
demonstrated that salt hydrates (NaC1-2H,0O, CaCl,-6H,0, MgCl,-6H,0, MgCl,-12H,0, FeC13-6H,0,
and KC1-MgCl,-6H,0) can be identified using Raman spectroscopy. However, when the Raman peaks
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of salt hydrates in natural inclusions overlap, it is difficult to identify and quantify the cations in these
inclusions [21]. Complex hydrates, or several kinds of salt hydrates mixed in different proportions,
occur in natural inclusions at low temperatures [23], inhibiting the quantification of cations in these
inclusions using cryogenic Raman spectroscopy [24]. Samson and Walker [25] analyzed hydrohalite
and antarcticite using a series of standard solutions (NaCl-H,O, CaCl,-H;0, NaCl-CaCl,-H;0) in
order to estimate the ratio of NaCl to CaCl, in the system, and considered that rapid crystallization in
the NaCl-CaCl,—H,O system at temperatures between —70 and —50 °C (by rapid cooling to —180 °C,
and slow heating to between —70 and —50 °C) originates from a liquid phase rather than metastable
eutectics. This is a crystallization process, not a melting process. Bakker [16] applied a combination of
Raman spectrometry and microthermometry to synthetic fluid inclusions filled with pure H,O, a NaCl
brine and a MgCl, brine, the advantage of this combination is two-fold: the determination of the types
of dissolved salts from the presence of salt hydrates at low temperatures, and an accurate estimate of
true temperatures of melting, even of phases that are difficult to observe within fluid inclusions.

A quantitative study on synthetic inclusions containing different concentrations of
NaCl [26] showed that the concentration of NaCl in synthetic inclusions can be quantified from
the ratio of intensity, or the ratio of the peak areas of the 3423 and 3098 cm™! features, in hydrohalite.
Their subsequent research also confirmed the existence of characteristic peaks of antarcticite and MgCl,
hydrate in the synthetic fluid inclusions by cryogenic Raman spectra technique [27,28]. In recent years,
the quantification of NaCl has been achieved in the synthetic solution of H,O-NaCl-CaCl, system
by cryogenic Raman spectra technique [29-31]. However, MgCl, is also a common component in
natural inclusions, and there is little quantitative study on MgCl,. Moreover, the characteristic peaks
of hydrohalite and antarcticite are clearly distinguished. The characteristic peaks of MgCl, hydrate
may overlap with those of hydrohalite and antarcticite, which is a difficulty in quantitative analysis of
natural inclusions.

Here, hydrates in NaCl-H,O, MgCl,-H,0, and NaCl-MgCl,-H,O of standard solutions were
analyzed using cryogenic Raman spectroscopy, obtaining semi-quantitative or quantitative data,
in order to realize the quantitative analysis of these ions in natural fluid inclusions in the future.

2. Experimental Methodology

Synthetic solutions of NaCl-H,0O, MgCl,-H,0, NaCl-MgCl,-H,O and NaCl-MgCl,-CaCl,-H,0O
were prepared using Fisher analytical grade NaCl, MgCl,, CaCl, and deionized water (>18.2 M())
(See Table 1 for details). Raman spectra were collected using a Renishaw RM2000 Raman spectrometer
fitted with a peltier cooling CCD detector at MNR Key Laboratory of Metallogeny and Mineral
Assessment, Institute of Mineral Resources, Chinese Academy of Geological Sciences. Excitation was
achieved using a CW Diode laser tuned to 514.5 nm. The integration time was 10s. The grating used is
1800 l/mm with blaze wavelength at 633 nm, size 50 X 50 mm, and objective is x50 with long working
distance, WD 8 mm, NA 0.55. Laser power 20 mw, spectra were collected between 100 and 4000 cm™~!,
exposure time 10 s, accumulation 1, entrance slit 50 um, CCD binning 1, and the focal length of the
monochromator is 250 mm while spectrum resolution is 1.6 cm™.

Synthetic solutions were cooled using a Linkam THMSG-600 heating—cooling stage, operated
using a TMS94 programmable temperature controller. The prepared solutions were sealed in a quartz
cuvette. In order to find the optimum formation conditions of salt hydrates in common ore-forming
fluid systems, three cooling methods were adopted:(1) rapid cooling from room temperature to —180 °C;
(2) cooling to —180 °C at a rate of —20 °C/min; (3) the second freezing method (the rapid cooling of a
solution to —180 °C, the solution is warmed slowly to within the range of —40 and —22 °C where a
visible phase change occurs, and again cooled rapidly to —180 °C).

The resulting spectra were analyzed by the software WIRE (Renishaw Inc.) in order to estimate
the peak position, intensity (I), FNHM (full width at half maxima), total integrated area and fraction of
Gauss function (g) in Gaussian-Lorentzian contributions.
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Table 1. The detail list of solutions in different systems.

System Components Proportion
NaCl-H,O NaCl 15 (wt.%)
MgCl,-H,O MgCl, 2.34,9.37,16.40, 23.43 (wt.%)
NaCl-MgCly-H,0 NaCl, MgCl, NaCl: MgCl, = 1:2, 1:1, 2:1 (NaCl: 15 wt.%,

MgCly: 9.37 wt.%)

NaCl:MgCl,:CaCl, = 10 wt.%:10 wt.%:20 wt.%
NaCl—MgClz—CaClz—HzO NaCl, MgClz, CaC12 =10 wt.%:20 wt.%:10 wt.%
=20 wt.%:10 wt.%:10 wt.%

3. Results and Discussion

3.1. Determining Optimal Experimental Conditions for Hydrate Generation from NaCl-H,O
and MgCl,—H,0O Solutions

3.1.1. Cryogenic Raman Spectroscopy of H,O

The Raman spectrum of H,O (Figure 1) shows prominent peaks at 3090 and 3216 cm™~!, with weaker
features at higher wavenumbers. Dubessy et al. [22] assigned these peaks to hexagonal ice (Ih); however,
the Raman spectra of cubic ice (Ic) and Ih are identical [32,33]. The cubic ice (Ic) should be the stable
phase at —180 °C at which the spectra were collected [34,35]. Although these interpretations of the
Raman peaks are inconsistent with each other, there is agreement that these peaks correspond to O-H
stretching vibrations inice. These peaks are also present in all of the chloride solution spectra [22,32-35].

3090

Intensity

3216

| | | | |

3600 3500 3400 3300 3200 3100 3000

Raman Shift /cm™

Figure 1. Raman spectrum of deionized water at —180 °C.
3.1.2. Cryogenic Raman Spectroscopy of NaCl-H,O Solution

Figure 2 shows the Raman spectrum of a 15 wt.% NaCl solution under different cooling conditions.
First, a Raman spectrum was taken at —180 °C after rapid cooling of the solution from room temperature
(Figure 2a). Raman peaks at 3406 and 3423 cm™' are present but are weak. Hydrohalite peaks are
indistinguishable from background noise, indicating that hydrohalite did not form during the rapid
cooling of the solution. The solution was then cooled to —180 °C at a rate of —20 °C/min (Figure 2b).
A phase change was observed at approximately —40 °C. Peaks at 3406, 3423, 3436, and 3537 cm™! are
sharp, indicating that hydrohalite is able to form more readily under these cooling conditions. A third
spectrum (Figure 2c) was taken by the secondary method [26,34,35], whereby the solution was rapidly
cooled to —180 °C, slowly warmed until a phase change was observed (—20 °C), and then quickly
re-cooled to —180 °C. Under these conditions, peaks at 3406, 3423, 3436, and 3537 cm~! are well defined
and symmetrical, indicating that this is an ideal method for crystallizing hydrohalite.

Davis et al. [36], Vanko et al. [37], and Ni et al. [26] showed that Raman spectra collected
during the rapid cooling of a solution to —180 °C exhibit a prominent ice peak (3090 cm™!); however,
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the characteristic peaks of hydrohalite are not present. When the solution is warmed slowly to within
the range —40 to —22 °C, a visible phase change occurs that represents the crystallization of hydrohalite.
If the solution is again cooled rapidly to —180 °C, ideal Raman spectra of hydrohalite are obtained.
In the present study, Raman spectra show only the ice peak (3090 cm™!) in the case of rapid cooling.
However, the spectrum taken after cooling from room temperature at a rate of —20 °C/min is similar
to that taken after secondary freezing, and a phase change can be observed at approximately —40 °C.
Therefore, hydrohalite forms by both slow cooling and secondary freezing.

3423

3090

The second freezing method

3216

Intensity

-20°C/min cooling

VWMMW
a

3600 3500 3400 3300 3200 3100 3000
Raman Shift /cm™'

Figure 2. Raman spectra of a 15 wt.% NaCl solution cooled to —180 °C under conditions of (a) rapid
freezing, (b) controlled cooling at a rate of —20 °C/min, and (c) secondary cooling.

3.1.3. Cryogenic Raman Spectroscopy of MgCl,—H,O Solution

Figure 3 shows the Raman spectra of a 9.37 wt.% MgCl, solution cooled to —180 °C under different
cooling conditions. The characteristic ice peaks occur at 3090 and 3219 cm™' [32,33], and peaks at
3325, 3401, 3464, 3481, and 3514 cm™! are related to O-H stretching vibrations in the MgCl, hydrate
structure [22]. The spectrum of the 9.37 wt.% MgCl, solution cooled by the secondary freezing method
is similar to that of MgCl,-12H,O reported by Dubessy et al. [22]; however, it differs from the spectrum
of MgCl,-6H,0 (Figure 4). Similar to the behavior of the NaCl-H,O solution, the hydrate peaks are
indistinguishable from background noise when the MgCl,—H,O solution is cooled rapidly, and ice
peaks are only weakly developed (Figure 3a). This finding suggests that MgCl, hydrates do not form
under conditions of rapid cooling. When the solution was cooled from room temperature to —180 °C
at a rate of —20 °C/min a phase change was not observed, and peaks at 3401, 3464, and 3514 cm~! are
poorly developed; at 3325 and 3481 cm™! they are indistinguishable from background noise. Thus, it is
concluded that only minor MgCl, hydrate, or hydrate with a low degree of crystallinity, formed by
this cooling method. Under conditions of secondary cooling, no phase change was observed; however,
well-developed peaks occur at 3325, 3401, 3464, 3481, and 3514 cm~L. Therefore, secondary freezing is
the most effective experimental method for crystallizing MgCl, hydrates.
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Figure 3. Raman spectra of a 9.37 wt.% MgCl, solution cooled to —180 °C under conditions of (a) rapid
freezing, (b) controlled cooling at a rate of —20 °C/min, and (c) secondary cooling.
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Figure 4. Raman spectra of MgCl,-6H,0O and MgCl,-12H,0 at —170 °C [22].

~

No phase changes were observed in experiments on solutions with concentrations of 2.34, 9.37,
and 16.40 wt.% MgCl,; however, a phase change was observed between —70 and —64.5 °C when a
frozen solution containing 23.43 wt.% MgCl, was warmed. Initially, small hexagonal crystals were
observed to form, after which coarse crystals formed rapidly (Figure 5). The Raman spectra of the
MgCl; hydrate collected at the end of the phase change (Figure 6a) are less well-developed than those
collected after the solution was re-cooled to —180 °C (Figure 6b). This indicates that poorly crystalline
MgCl, hydrate begins to form when the frozen solution is heated to —70 to —64.5 °C, and MgCl,
hydrates recrystallize to form more well-developed crystalline polymorph during secondary freezing.

Figure 5. Photomicrograph captured at —70 to —64.5 °C showing the formation of MgCl, hydrate from
a solution containing 23.43 wt.% MgCl,.(a) Initially, small hexagonal crystals were observed to form;
(b) soon after these small crystals grew up to solid assemblage rapidly, as a wave of darkening that

sweeps across entire field of vision.
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Figure 6. Raman spectra of 23.43 wt.% MgCl, solution cooled by secondary freezing, captured at
-64.5 °C (a) and —180 °C (b).

Thus, the most effective method for crystallizing MgCl, hydrate is rapid cooling to —180 °C,
followed by slow warming to completion of the phase change (20 °C) and rapid cooling to —180 °C.

3.2. Quantitative Analysis of MgCl,—H,O

Figure 7 shows the spectra obtained for solutions containing different concentrations of MgCl,.
The MgCl, hydrate peaks at 3514, 3481, 3464, and 3401 cm™! are well developed for all except the
solution with the weakest MgCl, concentration (Figure 7a). The spectra were fitted using Lorentz-Gauss
automatic scaling, in automatic peak-fitting mode. The parameters of characteristic peaks, including
intensity, full width at half maximum (FWHM) and the integrated area, are listed in Table 2. The ratio
of these parameters, and those of the corresponding values for ice, were calculated and regression lines

were plotted.

23.43% 3219 3090

16.40%

intensity

1 | | | |

3600 3500 3400 3300 3200 3100 3000
Raman Shift /cm™’

Figure 7. Spectra of MgCl, solutions of different concentrations at —180 °C, cooled using the secondary
freezing method and showing (a) 2.34 wt.% MgCl,, (b) 9.37 wt.% MgCl,, (c) 16.40 wt.% MgCl,,
and (d) 23.43 wt.% MgCl,.
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Table 2. Spectral features of solutions containing different concentrations of MgCl, at —180 °C.
Parameter MgCl, (wt.%) 3090 cm™1! 3401 cm™1! 3464 cm™1 3514 cm™1 3401 cm~1/3090 cm~1 3464 cm~1/3090 cm~1 3514 cm~1/3090 cm—1
2.34 11,843.270 1480.400 2328.384 666.416 0.1250 0.1966 0.0563
intensit 9.37 5869.389 3558.564 2584.893 952.628 0.6063 0.4404 0.1623
Y 16.40 1678.401 1385.837 744722 953.511 0.8257 0.4437 0.5681
23.43 3341.884 3333.539 2200.561 4039.088 0.9975 0.6585 1.2086
2.34 29.714 145.077 103.595 177.252 4.8824 3.4864 5.9653
FWHM 9.37 31.572 30.54827 109.078 626.886 0.9676 3.4549 19.8558
16.40 34.121 38.19824 132.044 12.552 1.1195 3.8698 0.36787
23.43 32.513 195.3602 80.369 17.858 6.0086 2.4719 0.5493
2.34 552,780.900 337,363.114 378,889.813 167,682.910 0.6103 0.6854 0.3033
integrated area 9.37 271,251.500 170,758.141 300,133.212 637,126.402 0.6295 1.1065 2.3488
16.40 899,57.820 183,152.514 154,465.901 118,800.031 2.0360 1.7171 1.3206
23.43 159,941.112 1,022,967.023 239,932.803 100,747.502 6.3959 1.5001 0.6299
Total integrated area of MgCl; hydrate peaks Total integrated area of MgCl, hydrate peaks/3090 cm™!
2.34 883,935.682 1.5991
9.37 1,108,017.733 4.0848
16.40 456,418.382 5.0737
23.43 1,363,647.301 8.5259

7 of 14
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The intensity (I) ratio and concentration (C) show a linear relationship (Figure 8). Linear regressions
were calculated as follows:
Laa01 " /I3090 " = 0.0189C + 0.1185 R? = 0.9388

Lnags /3000 " = 0.0093C + 0.1802 R? = 0.9025
Ins1a I3090~* = 0.0258C — 0.2094 R% = 0.9124

1.4
1oL +13514/13090 .
0 13401/13090
1.0}
o A 13464/13090
Co08f
>
c 0.6f
[}
<
0.4}
0.2} .
0 1 1 1 1
0 5 10 15 20 25

MgCl,(Wt%)

Figure 8. Least squares regression of the intensity of the ratio of MgCl2 hydrate peaks and the 3090 cm—1
peak at different MgCI2 concentrations.

However, the FWHM, integrated area, and MgCl, of concentration correlate poorly (Figures 9
and 10). The ratio of the total integrated area of MgCl, hydrate peaks combined with the
area of the 3090 cm~! peak shows the strongest correlation with its concentration (Figure 11),
with Intotar)/Int3o90em 1) = 0.1451C + 0.8298, and R? = 0.9588. The high correlation coefficient
indicates that the concentration of salt can be obtained from the ratio of the total integrated area of
MgCl, hydrate and the 3090 cm™! peak.

25
* W3514/W3090
20 F o W3401/W3090
o A W3464/W3090
3 15}
=
I
= 10
[T
5k
0 1 1
0 5 10 15 20 25

MgCl,(Wt%)

Figure 9. Relationship between the FWHM ratio of MgCl, hydrate and the 3090 cm™" peak at different
MgCl, concentrations.
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Figure 10. Plot of the ratio of MgCl, hydrate peaks and the 3090 cm~! peak at different
MgCl, concentrations.
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Figure 11. Least squares regression of the ratio of total integrated area of MgCl, hydrate peaks and the
3090 cm™~! peak at different MgCl, concentrations.

3.3. Semi-quantitative Research on NaCl-MgCl,—H,O system

Experimental Results and Spectral Analysis

Figure 12a shows the spectra of a 15 wt.% NaCl solution at —180 °C, cooled by the secondary
freezing method. Figure 12e is the cryogenic spectra of a 9.37% MgCl, solution, cooled by the secondary
freezing method too. Prominent peaks at 3090 and 3216 cm™! correspond to O-H stretching vibrations
in ice [32,33], which are also present in the spectra of synthetic solutions (Figure 12a—e). Peaks at 3406,
3423, 3437, and 3537 cm™! are related to the O-H stretching modes in hydrohalite [22], and peaks at
3401, 3464, 3481, and 3514 cm™! are associated with O-H stretching in MgCl, hydrate [22].
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3090
3401

MgCl, 9.37%

NaCl : MgCl,=1:2

NaCl : MgCl,=1:1
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Figure 12. Raman spectra of a solution containing NaCl-MgCl,-H,O at —180 °C, for the cases of
(a) 15 wt.% NaCl, (b) NaCl and MgCl, mixed at a ratio of 2:1, (¢) NaCl and MgCl, mixed at a ratio of
1:1, (d) NaCl and MgCl, mixed at a ratio of 1:2, and (e) 9.37 wt.% MgCl,.

Binary NaCl and MgCl, solutions were prepared at 15 and 9.37 wt.% salt. Solutions were
prepared by mixing two stock solutions at weight ratios of 1:2, 1:1, and 2:1 (NaCl:MgCl,; Figure 12b—d).
The 3423 cm™! peak of hydrohalite is present in all mixtures, but diminishes in intensity relative to the
other peaks with increasing MgCl, concentration (Figure 12b—d). In addition, the 3406 and 3401 cm™!
peaks of hydrohalite and MgCl, hydrate overlap sufficiently to appear as a single peak at ~3404 cm™!.
Hydrohalite peaks at 3437 and 3537 cm™! are observed in the Raman spectra of all three mixtures,
and increase in intensity with increasing NaCl concentration. Similar behavior is observed in the
spectra of MgCl, hydrate, which is present in the mixed solutions and shows a positive correlation
between intensity and MgCl, concentration (Figure 13). Therefore, in the cryogenic Raman spectra of
NaCl-MgCl,~H,0 inclusions, peaks at 3437 and 3537 cm~! indicate the presence of NaCl, and a peak
at 3514 cm~! may indicate the presence of MgCl,.

3514

3537
¢ NaCl : MgCl,=1:2

b NaCl : MgCl,=1:1

Intensity

3600 3580 3560 3540 3520 3500 3480 3460
Raman Shift /cm’

Figure 13. Amplified Raman spectra of the NaCl-MgCl,—H,O system at —180 °C showing the 3514
and 3537 cm™! peaks for NaCl and MgCl, mixed at ratios of (a) 2:1, (b) 1:1, and (c) 1:2.

In Figure 13, the 3537 cm™! peak is higher than the peak at 3514 cm™! for the mixture where
NaCl:MgCl, = 2:1. The two peaks are almost equal in intensity for the NaCl:MgCl, = 1:1 mixture,
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and the 3537 cm™! peak is lower than the 3514 cm™! peak for the mixture with NaCl:MgCl, = 1:2. Thus,
the relative intensity of peaks at 3537 and 3514 cm™ reflects the relative amounts of NaCl and MgCl,.

The stretching region of cryogenic Raman spectra of NaCl-MgCl,—H,O can indicate the presence
or absence of NaCl and MgCl,, although estimates of the relative abundances of NaCl and MgCl,
are semi-quantitative. Constructing calibration curves for synthetic solutions in NaCl-MgCl,-H,O
is not difficult; however, the NaCl-MgCl,—CaCl,-H,O system is a common fluid system in natural
fluid inclusions. Therefore, whether the characteristic peaks of CaCl, hydrate overlap with those of
hydrohalite and MgCl, hydrate is the key to solve this problem.

3.4. Attempt to Quantify NaCl-MgCl,—CaCl,—H,0O System

Ternary NaCl, MgCl, and CaCl, solutions were prepared at 20, 10, 10 wt.% (Figure 14b), 10, 20,
10 wt.%(Figure 14c) and 10, 10, 20 wt.%(Figure 14d). The spectra that Figure 14 shows all cooled
by the secondary freezing method. The characteristic peaks of hydrohalite are at 3406, 3423, 3437,
and 3537 cm™! [22] (Figure 14a, NaCl: 10 wt.%), and those of MgCl, hydrate are at 3401, 3464, 3481,
and 3514 cm™! [22] (Figure 14f, MgCly: 20 wt.%), and 3408, 3434 cm™! are associated with O-H
stretching in antarcticite (CaCl, hydrate) [22] (Figure 14e, CaCly: 20 wt.%).

3090

MgCl,20%

CaCl,20%

N

NaCl: MgCl; CaCl,=10%:10%:20%

Intensity
o

aCl: MgCl,; CaCl2=10%:20%:10%

NaCl: MgCl; CaCl,=20%:10%:10%

NaCl 10%

3600 3500 3400 3300 3200 3100 3000

Raman Shift /cm

Figure 14. Raman spectra of a solution containing NaCl-MgCl,-CaCl,-H,O at —180 °C, for the cases
of (a) 10wt.% NaCl, (b) NaCl, MgCl, and CaCl, mixed at the wt.% of 20%:10%:10%, (c¢) NaCl, MgCl,
and CaCl, mixed at the wt.% of 10%:20%:10%, (d) NaCl, MgCl, and CaCl, mixed at the wt.% of
10%:10%:20%, (e) 20wt.% CaCl,, (f) 20 wt.% MgCl,.

The spectra in Figure 14f clearly show that the characteristic peaks of MgCl, are 3514 cm ™! and
3464 cm~!, which are different from those of hydrohalite and antarcticite, however, these two peaks
! is another characteristic peak of MgCl, hydrate, which is
close to 3408 cm™! (the characteristic peak of antarcticite) and 3406 cm~' (the characteristic peak
of hydrohalite). In the mixed solution, this peak is obviously broadened, which indicates that the
characteristic peaks of the three substances merge into one here. The peak at 3434 cm™ is one of
characteristic peaks of antarcticite, which is close to 3437 cm™! (a characteristic peak of hydrohalite),

cannot be seen in mixed solutions. 3401 cn™

and they merge into a wide peak in mixed solution. Therefore, it is difficult to quantify NaCl, MgCl,
and CaCl, separately in NaCl-MgCl,-CaCl,—H,O system by the secondary freezing method. It is
necessary to explore further the experimental conditions or spectral processing method of a complex
system that is similar to natural inclusions.
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3.5. Discussion on the Mode of Cryogenic Hydrate Formation

Davis et al. [36] and Vanko et al. [37] attributed phase changes in synthetic inclusions in the
NaCl-CaCl,-H,0O system at temperatures between —90 and —70 °C to melting events at metastable
eutectics, and to liquid above these eutectics. It has been suggested that rapid crystallization in the
NaCl-CaCl,-H;0 system at temperatures between —70 and —-50 °C (by rapid cooling to —180 °C,
and slow heating to between —70 and —50 °C) originates from a liquid phase rather than metastable
eutectics [25]. This is a crystallization process, not a melting process, attributed to the formation of
chloride hydrate (metastable eutectics) in which ice forms on initial cooling, producing a residual
hypersaline liquid from which salt hydrates crystallize.

Almost no hydrohalite and MgCl, hydrate form by rapid cooling to —180 °C (Figures 2a and
3a), however in the spectra obtained by the slow cooling method (-20 °C/min), we can clearly
see the characteristic peaks of hydrohalite and MgCl, hydrate (Figures 2b and 3b). It seems that
Davis et al. [36] and Vanko et al. [37] are incorrect. The experimental phenomena observed by us can
directly show that hydrohalite and MgCl, hydrate formation are a crystallization process rather than a
melting process. The model proposed by Samson et al. [25] is relatively more reasonable. The second
freezing method can obtain better hydrate spectra than slow cooling method (Figures 2 and 3), but it
does not seem to be certain that the secondary freezing method is the only way to form chlorine hydrate,
which may be only an experimental condition conducive to the formation of hydrate. Although our
series of experiments negate the views of Davis et al. [36] and Vanko et al. [37], they do not prove the
hydrate formation process proposed by Samson et al. [25]. Further research is required in this field.

4. Conclusions

The following conclusions can be drawn from the current study:

(1) Optimal experimental conditions for the formation of hydrates in the NaCl-H,O and MgCl,-H,O
systems were determined. Secondary freezing is the most effective way of producing hydrates in
both systems.

(2) The quantitative determination of the concentration of salt in solution was attempted for a solution
containing MgCl,—H,O. The intensity ratio and salt concentration show a positive correlation,
as does the relationship between the concentration and the ratio of the total integrated area of
MgCl, hydrate peaks to the 3090 cm~! peak. The correlation coefficient is >0.90.

(3) The peak observed at 3514 cm™! is a feature of MgCl, hydrate that distinguishes the Raman
spectrum of this hydrate from that of hydrohalite and antarcticite. The ratio of the intensity of
the peak at 3514 cm™! to that at 3090 cm~! shows a positive correlation when plotted against
salt concentration.

(4) Semi-quantitative analysis of NaCl-MgCl,—H,O solutions indicates that peaks at 3437 and
3537 cm™! reflect the presence of NaCl in the solution. Similarly, a peak at 3514 cm™! is indicative
of the presence of MgCl,. The relative intensities of these peaks may be related to the relative
abundances of NaCl and MgCl,.

(5) A quantitative attempt was made on NaCl-MgCl,—CaCl,-H,O system, and it was found that
quantifying NaCl, MgCl, and CaCl, separately in NaCl-MgCl,—CaCl,-H,0O system by the
secondary freezing method is difficult.

(6) Phase changes observed during secondary freezing method can be caused by the formation of
hydrates from the crystallization of a hypersaline liquid or the re-crystallization of a vitreous salt,
rather than melting processes.
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