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ARTICLE INFO ABSTRACT
Keywords: Carbonate-bearing fluids widely exist in different geological settings, and play important roles in transporting
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size down to <1 pm sometimes), and record critical physical-chemical signals for the formations of their host
minerals. Spectroscopic methods like Raman spectroscopy and infrared spectroscopy have been proposed as
effective methods to quantify the carbonate concentrations of these fluid inclusions. Although they have some
great technical advantages over the conventional microthermometry method, there are still some technical dif-
ficulties to overcome before they can be routinely used to solve relevant geological problems. The typical limi-
tations include their interlaboratory difference and poor performance on micro fluid inclusions. This study
prepared standard ion-distilled water and KoCO3 aqueous solutions at different molarities (from 0.5 to 5.5 mol/L),
measured densities, collected Raman and infrared spectra, and explored correlations between the K;CO3 molarity
and the spectroscopic features at ambient P-T conditions. The result confirms that the Raman O-H stretching
mode can be used as an internal standard to determine the carbonate concentrations despite some significant
differences among the correlations, established in different laboratories, between the relative Raman intensity of
the C-O symmetric stretching mode and that of the O-H stretching mode. It further reveals that the interlabor-
atory difference can be readily removed by performing one high-quality calibration experiment, provided that
later quantifying analyses are conducted using the same Raman spectrometer with the same analytical conditions.
Our infrared absorption data were collected from thin fluid films (thickness less than ~2 pm) formed by pressing
the prepared solutions in a Microcompression Cell with two diamond-II plates. The data show that both the O-H
stretching mode and the O-H bending mode can be used as internal standards to determine the carbonate con-
centrations. Since the IR signals of the C-O antisymmetric stretching vibration of the CO35™ ion, and the O-H
stretching and bending vibrations from our thin films are very strong, their relative IR absorbance intensity, if
well calibrated, can be used to investigate the micron-sized carbonate-bearing aqueous fluid inclusions. This study
establishes the first calibration of this kind, which may have some applications. Additionally, our spectroscopic
data suggest that as the KoCO3 concentration increases the aqueous solution forms more large water molecule
clusters via more intense hydrogen-bonding. This process may significantly alter the physical and chemical
behavior of the fluids.

1. Introduction may appear in the deep lithosphere and potentially be responsible for the
formation of diamonds via some mechanisms such as reduction and/or

Carbonate aqueous solutions widely exist in the Earth’s crust and cooling (e.g., Deines, 1980; Tomlinson et al., 2009; Stagno and Frost,
upper mantle, and have great contributions in transporting rare earth 2010; Aulbach et al., 2011; Luth and Stachel, 2014; Tao et al., 2015;
elements and other elements (Roedder, 1984). Carbonate-bearing fluids Smart et al., 2017). When trapped as inclusions in minerals, these
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carbonate-rich fluids may partially crystallize to form some carbon pol-
ytypes (e.g., graphite and diamond; Zhu and Ogasawara, 2002) or
carbon-bearing minerals (e.g., nahcolite; Biithn et al., 2002), which
should contain valuable information related to the compositions of the
fluids, and the physical and chemical environment conditions such as
temperature (T), pressure (P), and host rock chemistry (e.g., [zraeli et al.,
2001; Yamamoto et al., 2002; Tomlinson et al., 2006; Kopylova et al.,
2010; Thomas et al., 2011). Consequently, quantitative analyses of the
carbonate-bearing fluid inclusions have great applications in interpreting
water-rock interaction and rock-forming processes, searching for ore
deposits, and exploring fluid supercritical phenomena (e.g., Bakker and
Mamtani, 2000; Wilkinson, 2001; Roedder, 2003).

There have been many investigations on the fluid inclusions, with the
effort mainly devoted to the large ones (e.g., diameters ranging from ~5
to 50 pm; Frezzotti et al., 2012) due to some limitations of the commonly
used analyzing methods. The much smaller fluid inclusions (<1 pm), or
micro fluid inclusions, as those found in some fibrous diamonds in many
places, may contain different but certainly significant information (e.g.,
Kamiya and Lang, 1965; Navon et al., 1988; Schrauder and Navon,
1994), and should be similarly investigated. In these cases, a quantifying
method should be of high value.

The most used conventional analytical method for small fluid in-
clusions, the microthermometry method, has some limitations. It mea-
sures the final melting point of the fluid inclusion by heating the frozen
sample, and then determines the salinity of the solution by resorting to
appropriate phase diagrams (Roedder, 1984). This method has some
technical difficulties in acquiring an accurate result due to possible in-
clusion stretching during the frozen process, clathrate formation and/or
metastable state (Yamamoto et al., 2002; Kagi et al., 2006). It may be
inapplicable to the fluid inclusions in opaque minerals, or the micro fluid
inclusions, where clear visual observation of the contents of the in-
clusions is very difficult. In addition, the correspondingly required phase
diagrams may be not always available. Some other conventional methods
need to crack the fluid inclusions, which may potentially introduce some
contaminants or lead to loss of the volatiles (Sun and Zeng, 2000).

Newly developed analytical methods for the fluid inclusions include
spectroscopic methods. Raman spectroscopy has proved to be a great in
situ, non-destructive, and non-contact method to perform qualitative and
quantitative analyses on the fluid inclusions (e.g., Frezzotti et al., 2012;
Wang et al., 2013). Moreover, it provides a light spot as small as ~1 pm,
which allows the spectroscopic analyses to be performed on the micro
fluid inclusions (Pasteris et al., 1988). It has been employed to investigate
the carbonate concentrations, CO3 -HCO3 equilibrium, and
hydrogen-bond components in the carbonate aqueous solutions, which
significantly deepens our understanding on these solutions (e.g., Oliver
and Davis, 1973; Rudolph et al., 2006; 2008; Wu and Zheng, 2010; Sun
and Qin, 2011). However, this method has some disadvantages. Raman
scattering from the water-rich carbonate-bearing fluids may be very
weak. Potentially strong luminescence from some host minerals may
block out the weak Raman signals and thus impair the measurement. It is
usually hard to precisely focus the laser beam on the micro fluid in-
clusions. More importantly, different analytical conditions or experi-
mental setups may result in significant differences in the Raman
scattering intensities which are used to quantify the corresponding
components. Extensive, and cumbersome, calibration for different
Raman systems in different laboratories hence becomes a prerequisite for
any accuracy measurements.

Fourier transform infrared spectroscopy (abbreviated as IR hereafter)
is generally a complementary tool to Raman spectroscopy, and has been
employed in some fluid inclusion studies as well. Many IR investigations
have been conducted to study the structures of the carbonate aqueous
solutions (e.g., Oliver and Davis, 1973; Rudolph et al., 2006). Yet, a
systematic IR calibration of the carbonate concentrations in aqueous
solutions has not been fully reported. Kagi et al. (2006) established some
correlation curves between the salinities of some standard salt aqueous
solutions and the antisymmetric stretching + bending combination IR
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band of water (~5180 cm ™). However, this combination band is very
weak, which requires the fluid inclusions to be very large or densely
populated in order to obtain a meaningful absorbance (larger than ~30
pm; Kagi et al., 2006) and accordingly requires the mineral sample to be
very thick. Firstly, large fluid inclusions are not always available, and
micro fluid inclusions may sparsely appear only. Secondly, the long
infrared light pathway may be not entirely clear, resulting in high risks in
the analyses with IR signals from other materials rather than from the
fluid inclusions only. Additionally, the weak signal of the combination IR
band of water at ~5180 cm™! means that a large number of scans are
required in order to reach a good signal-to-noise ratio. In comparison, the
fundamental O-H vibration modes have much higher absorption, and
should be more suitable for quantitative analyses on the micro fluid
inclusions.

In this study, we prepared ion-distilled water and K,CO3 aqueous
solutions at different molarities (from 0.5 to 5.5 mol/L), measured their
densities, collected their unpolarized Raman spectra and IR spectra at
ambient P-T conditions (1 atm and 27 °C). By comparing our relative
Raman intensity data with others, we explored some aspects of the
Raman quantification factor (F) of these aqueous solutions. The result
may facilitate future interlaboratory comparison, and simplify the Raman
spectroscopic measurements on the fluid inclusions. We also determined
the correlation between the CO%~ concentration of the carbonate
aqueous solutions with the relative IR absorbance of the fundamental
C-O antisymmetric stretching mode (IR peak at ~1400 cm™') and
fundamental O-H stretching vibration mode (broad IR peak at ~3417
em™Y) or O-H bending vibration mode (IR peak at ~1655 cm™'). This
calibration should find itself some applications in quantifying the
sparsely-populated carbonate-rich micro fluid inclusions.

2. Experimental methods

Preparation of solutions. The K;CO3 aqueous solutions were pre-
pared at different KoCO3 molarities (mol/L). Analytical grade K,CO3
powder (K3CO3 > 99.0%) was dried at 450 °C for 20 h, cooled to room T,
immediately weighted, and then dissolved in ion-distilled water held in
beakers. Volumetric flasks with capacities of 25, 50, and 100 mL were
used for controlling the final volumes. The final solutions were imme-
diately sealed in airtight bottles after the preparation.

The densities of these solutions were measured using a graduated
cylinder (10 mL volume) at room temperature (27 (2) °C). This experi-
mental method was verified by our multiple measurements performed on
the ion-distilled water, which yielded a density of 0.9973 (99) g/mL (8
measurements).

Raman spectroscopic measurements. The unpolarized Raman
spectra of our ion-distilled water and K3CO3 aqueous solutions, from 100
to 4500 cm’l, were recorded at ambient P-T conditions. A confocal
micro-Raman system (Renishaw inVia Reflex system; Lu et al., 2019) was
used in our experiments. The measurements were performed in a back-
scattering geometry, with other experimental conditions as following: a
532 nm laser, an emission power of 50 mW, a light spot of ~1 pm, a 50x
objective and an entrance slit of 65 pm. Every spectrum was recorded
using a 5 s counting time, one accumulation, and a resolution of +1 cm ™.
The Raman spectra were processed by the Peakfit v4.12 software (the
AutoFit Peaks I Residuals option).

Infrared spectroscopic measurements. The ambient unpolarized IR
spectra, from 675 to 7800 cm™!, were recorded using a Nicolet iN10 MX
IR Microscope coupled with a Microcompression Cell with two diamond-
II plates (Fig. 1). This IR microscope was equipped with a high-energy
Ever-Glo™ infrared source, a KBr beam splitter, and a liquid-nitrogen-
cooled MCT detector (Liu et al., 2017; He et al., 2019). The trans-
mission IR spectra were collected with an aperture size of 50 x 50 pm?,
64 scans, and a resolution of 4 cm ™.

For each experiment, one droplet of the ion-distilled water or KoCO3
aqueous solutions (~0.050 (5) mL) was loaded on one of the two dia-
mond plates (~2 mm in diameter, ~1 mm in thickness, Fig. 1), gently
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Fig. 1. Microcompression Cell with windows made of two diamond-II plates for IR measurements: (a) the components, (b) enlargement of the window, (c) sketch of
the base diamond plate with one droplet of solution, (d) the fully assembled cell, (e) sketch of the pseudo-Newton’s rings in the Microcompression Cell loaded with a
solution sample (spectrum-collecting positions marked by red open squares), (f) typical photo of the pseudo-Newton’s rings (see text for more details).

pressed by the other to form a thin film (no gasket used), and then probed
by the IR beam. The background of the IR experiment was collected with
no sample loaded between the two diamond plates.

As the sample droplet was pressed between the two diamond plates,
a wedged thin film formed due to the slight deformation of the diamond
plates caused by the uniaxial compression. Pseudo-Newton’s rings were
then developed (Fig. 1). The center of the pseudo-Newton’s rings usu-
ally did not appear at the center of the surface of the round diamond
plates, indicating that the pressing was not completely even. These
pseudo-Newton’s rings were very useful in our experiments for they
could be conveniently used to define the thickness trend of the liquid
film, with the thickness gradually increasing from the center position to
the rim position. In every experiment, the rim position of the pseudo-
Newton’s rings was probed by the IR beam, and the amount of
compression exerted on the diamond plates was accordingly adjusted.
Eventually a suitable sample thickness at the rim position was found,
with the absorption of the major IR signals ranging from ~0.7 to 1.0
unit. The possibility of the non-linear detector response errors in the IR
analyses was then minimized, leading to a better accuracy in our IR data
(King et al., 2004).

This study aimed at the P condition of 1 atm, so that all the IR spectra
reported for our solutions were collected from the rim positions of the
pseudo-Newton’s rings, where the liquid samples had finite thickness and
the pressure was equal to the room P. Anyhow, no pressure gradient was
expected to occur in the solutions. In the experiment with the pure water
we nevertheless collected a series of IR spectra, from the rim position
towards the center position of the pseudo-Newton’s rings. No pressure
gradient was found out indeed (see later discussion).
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All our IR spectra were processed by the Peakfit v4.12 software (the
AutoFit Peaks I Residuals option).

3. Results and discussions
3.1. Densities of water and K2CO3 aqueous solutions

The densities of our water and KoCO3 aqueous solutions are listed in
Table 1, and shown in Fig. 2. As expected, the density increases as the
K5CO3 molarity (c; mol/L) increases. For the purpose of comparison,
Fig. 2 also shows the data obtained at a slightly lower T from Sohnel and
Novotny (1985; 20 °C), which are much compatible with our results at
27 °C.

3.2. Raman features of K2CO3 aqueous solutions and quantification

According to the group theory, the CO3™ ion has the symmetry Dsp,
and attains four fundamental vibrational modes: the C-O symmetric
stretching mode at ~1060 em™! (Raman-active only), the out-of-plane
deformation mode at ~884 cm™! (infrared-active only), the C-O anti-
symmetric stretching mode at ~1395 cm™! (both Raman-active and
infrared-active), and the in-plane deformation mode at ~684 cm ! (both
Raman-active and infrared-active). In most SiOy-bearing geological
fluids, the Raman peak at ~684 cm ™! is not only weak, but also may be
severely affected by the strong Raman signals of the SiO4 structural units.
The Raman peak at ~1395 cm ™! is also not very strong. In contrast, the
C-O symmetric stretching mode at ~1060 cm ™" is often strong and least
affected by most other species in the fluids, and thus superbly useful in
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Table 1

Density and Raman features of water and K,CO3 aqueous solutions.

Co3~ H,0 CO3 /H,0

¢ (mol/L) p(g/mL) ¢ (CO37)/c(H,0)? Center” Theight Inrea (cm™Y) Titeight” Iprea (cm™1)° R.I (Height) R.I. (Area)
0.00 (0)¢ 1.00 (1)¢ 0.000 (0) 20,478 (8010) 3,971,414 (1,340,382)
0.50 (2) 1.06 (1) 0.009 (1) 1066.34 (5) 2503 (27) 35,159 (428) 24,816 (5499) 5,451,342 (1,527,710) 0.10 (2) 0.006 (2)
1.00 (3) 1.11 (1) 0.019 (1) 1066.11 (3) 3946 (25) 54,183 (423) 18,542 (1616) 4,298,026 (764,676) 0.21 (2) 0.013 (2)
1.50 (5) 1.16 (1) 0.028 (2) 1065.79 (2) 6205 (24) 84,310 (408) 19,455 (2406) 4,491,653 (542,871) 0.32 (49) 0.019 (2)
2.00 (6) 1.21 (1) 0.038 (3) 1065.49 (2) 9920 (41) 133,450 (631) 22,573 (4587) 5,279,186 (635,960) 0.44 (9) 0.025 (3)
2.50 (8) 1.26 (2) 0.049 (4) 1065.24 (2) 9839 (35) 135,240 (560) 16,684 (11051) 4,121,429 (1,709,416) 0.59 (39) 0.033 (14)
3.00 (9) 1.30 (1) 0.061 (5) 1064.88 (2) 12,403 (42) 171,520 (682) 17,589 (3754) 4,343,738 (556,148) 0.71 (15) 0.039 (5)
3.50 (11) 1.35(2) 0.073 (6) 1064.57 (2) 8549 (27) 120,460 (494) 9581 (2034) 2,518,721 (2,266,761) 0.89 (19) 0.048 (43)
4.00 (12) 1.38 (1) 0.087 (7) 1064.22 (1) 11,106 (33) 157,840 (603) 11,124 (1722) 2,872,127 (1,073,189) 1.00 (16) 0.055 (21)
4.50 (14) 1.43 (1) 0.100 (8) 1063.86 (2) 9228 (31) 134,200 (602) 8225 (5521) 2,154,776 (865,215) 1.12 (76) 0.062 (25)
5.00 (15) 1.46 (1) 0.117 (10) 1063.48 (1) 16,522 (39) 243,150 (796) 13,032 (4878) 3,449,765 (871,197) 1.27 (48) 0.070 (18)
5.50 (17) 1.52(2) 0.131 (12) 1063.14 (1) 26,812 (69) 396,330 (1424) 18,278 (10711) 4,884,562 (969,987) 1.47 (86) 0.081 (16)

@ This refers to the relative concentration of the CO3~ ion (mol/L) to the H,O (mol/L) calculated according to the measured density.

b Center refers to the peak position of the CO3~ in cm™.

¢ The intensity and area of the water peak were derived by summing up the intensity and area of the five band components, respectively.
4 Number in parentheses is one standard deviation in the rightmost digit. The concentration errors of the K,CO5 aqueous solutions are assumed as 3%.
¢ Densities of our K,CO3 aqueous solutions were determined by averaging 8 measurement data for each sample.

e This study; 27 °C
L6914 s1985;20°C o
144
—]
g
)
S 12
=—0.0033¢>+0.1100¢+1.0019
1.0 — R2=0.999
I . [ g I E [ ' | . I g
0 1 2 3 4 5 6

¢k co, (mol/L)

Fig. 2. Density versus K,CO3; molarity (ck,co, in mol/L) of the prepared
aqueous solutions. The uncertainty of the ck,co, has been assumed as 3%.
$1985, Sohnel and Novotny (1985). The solid curve is for the data at 27 °C from
this study, and the dashed curve is for the data at 20 °C from the literature. The
effect of T on the density of the K,CO3 aqueous solutions seemingly increases
with the ck,co, increases.

quantifying the CO3™ ion concentration. We consequently have chosen
this vibration mode to make our discussions.

3.2.1. Fitting the Raman spectra

The Raman spectra of our ion-distilled water and KoCO3 aqueous
solutions at different molarities are shown in Fig. 3. Clearly, the Raman
peak at ~1060 cm ™! for the CO%~ ion in the K,CO3 aqueous solutions is
sharp, with its intensity positively correlating with the CO3™ ion con-
centration. In contrast, the Raman peak for the solvent water is very
broad, ranging from ~3000 to 3700 cm ™! (e.g., Walrafen, 1964; Per-
chard, 2001; hereafter denoted as the water peak). In addition, its
low-frequency side seems extending to lower frequencies as the KoCO3
molarity increases.

Without any spectrum-smoothing, a simple background correction
was performed on these spectra. The CO%~ peak (~1060 cm™!) was
readily fitted with a Gaussian + Lorentz distribution function to derive
the peak position, peak height, and peak area.

Fitting the complex water peak is however a troublesome issue. Many
attempts have been conducted, but no general agreement has been
reached, in terms of the number of band components, the band assign-
ment, and the exact structure of water (e.g., Ratcliffe and Irish, 1982;
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Fig. 3. Raman spectra of water and K,CO3 aqueous solutions. Numbers along
the spectra refer to the K,CO3 molarities.

Walrafen and Chu, 1995; Azbej et al., 2007; Sun, 2009; Sun et al., 2010;
Wu and Zheng, 2010). For example, Sun (2009) deconvoluted the water
peak into 5 band components whereas Sun and Qin (2011) and Sun et al.
(2010) used only two band components to fit it.

We have tried different procedures to fit the water peak, and found
that the following method achieves the best internal consistency for our
Raman data. Firstly, we set three Gaussian + Lorentz bands at ~3230,
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~3430, and ~3560 cm ™}, where the major Raman band components
should appear (Sun, 2009; black bands in Fig. 4), and ran the Peakfit
v4.12 software many times to fit the water peak as close as possible.
Secondly, two weak band components at ~3014 and ~3635 cm ™! were
manually added, based on the band assignment from Sun (2009; blue
bands in Fig. 4), and carefully adjusted to make the sum spectrum
matching the original spectrum as close as possible. Thirdly, we ran the
Peakfit v4.12 software for three or four times to achieve a better R
Usually, this final step only slightly modified all the five band compo-
nents. This fitting procedure did not mathematically generate a
data-fitting result with the minimum R%, we however tend to believe that
it practically reproduces the water peak better, with the fitting result
potentially bearing more physical meanings.

3.2.2. Correlations of Raman features and K,CO3 concentrations

The relevant Raman features of our studied solutions are listed in
Table 1.

As shown in Fig. 5, there is a well-defined monotonic correlation
between the peak position of the C-O symmetric stretching mode at
~1060 cm™! and the CO%™ ion concentration of our studied solutions.
This correlation could be used to quantify the solutions. On one hand, our
data suggest that as the CO3~ ion concentration increases from 0 to 5.5
mol/L the peak position changes from ~1066.7 to ~1063.1 cm™},
readily detected by the Raman spectroscopic method. This observation is
in general agreement with Sun and Qin (2011) and Rudolph et al. (2006).
On the other hand, there are obvious differences among the trends ob-
tained for the KyCO3 aqueous solutions using different Raman spec-
trometers in different laboratories, which unfortunately may hamper the
quantification application. Both Sun and Qin (2011) and Rudolph et al.
(2006) used the 514.5 nm laser to perform the experiments, but their
trends not only located at different energies, but also showed different
curvatures (Fig. 5), suggesting interlaboratory difference in the mea-
surements. This study used the 532 nm laser, but obtained a trend at
much lower energy (~1.8 cm™!) than Sun and Qin (2011), implying a
potential influence of the laser system.

There is a promising point in Fig. 5 though. The Raman spectra
recorded for the K53CO3 aqueous solutions and the NapCO3 aqueous so-
lutions by using the same experimental setups are well mixed (Rudolph
et al., 2006; Sun and Qin, 2011), suggesting that different cations in the
carbonate-bearing aqueous solutions might have negligible roles on the
energy status of the C-O symmetric stretching vibration. Note that
Rudolph et al. (2006) once plotted the concentrations of their K,CO3
aqueous solutions and NayCOs aqueous solutions in mol/kg, and

Water
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2800 3000 3200 3400 3600
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3800

Fig. 4. An example of deconvoluting the water peak (Raman spectrum for pure
water). The initial measurement is represented by the black dots, the band
components by the solid curves in black and the broken curves in blue, and the
sum of the band components by the solid curve in red (see text for more details).
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1070 - | ® X,COs(aq), This study ¢ Na,COs(aq), Sun2011
¢ K,CO;(aq), Sun2011 ¢ NaCl-Na,CO,(aq), Sun2011
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Fig. 5. Raman shift of the co3~ peak vs. CO3~ molarity (mol/L). Rudolph2006,
Rudolph et al. (2006); Sun2011, Sun and Qin (2011). K,CO3 represents K;CO3
aqueous solutions, Na,CO3 represents Na,CO3; aqueous solutions, and
NaCl-NayCOj3 represents the NaCl-bearing Na,CO3 aqueous solutions. The blue
curve was drawn by fitting all data from the K,CO3, Na;CO3, and NaCl-Na,CO3
aqueous solutions from Sun and Qin (2011). The green curve was determined by
fitting all data from the K,CO3 and NayCO3 aqueous solutions from Rudolph
etal. (2006). Sun and Qin (2011) performed their experiments using a Renishaw
1000 Raman spectrometer and a 514.5 nm laser. Rudolph et al. (2006) con-
ducted their experiments using a T 64000 Raman spectrometer and a 514.5 nm
laser. Note that the density data of the Na;CO3 aqueous solutions at 20 °C from
Sohnel and Novotny (1985) were used in the calculation.

obtained a different conclusion. Since the Raman signal is induced by the
activated scattering centers within the excitation volume instead of the
excitation mass (Moritz, 1999; Schabel, 2005; Smith and Dent, 2005;
Thomas et al., 2009), it is more appropriate to plot the data in mol/L
rather than in mol/kg.

The fine structural features of the combination band of the antisym-
metric stretching and bending vibrations of the molecular water at ~5180
cm~! show correlations with the salinity of the NaCl, KCl, CaCly, and
MgCl, aqueous solutions (Kagi et al., 2006), implying potential correla-
tions between some of the Raman features of the water peak and the CO3™
concentrations of the carbonate-bearing aqueous solutions. Fig. 6 shows
the dependence on the CO%~ concentration of the Raman shift, the fraction
of intensity (F. I.), and the fraction of area (F. A.) of the five band com-
ponents of the water peak. When the KoCO3 molarity increases, the band
component at ~3066 cm™! shifts to lower energy (Fig. 6a), the two band
components at ~3229 and 3428 cm ! shift to higher energy (Fig. 6b and
), and the rest two band components generally maintain their energy
status (Fig. 6d and e). The variations of the F. I. and F. A. values of the band
components with the KoCO3 molarity may be used to probe the local
hydrogen-bonded networks of the water molecules in the
carbonate-bearing aqueous solutions. Sun (2009) proposed that these five
band components could be closely related to the local hydrogen-bonded
networks of the water molecules, and classified the water molecules into
five categories, DAA-OH (~3014 cm™1), DDAA-OH (~3226 cm 1), DA-OH
(~3432 cm™!), DDA-OH (~3572 cm ™) and free OH (~3636 cm ™), with
D standing for a proton donor and A referring to a proton acceptor. Ac-
cording to his theory, Fig. 6 suggests that as the K;CO3 molarity increases,
the abundances of both the DAA-OH type (Fig. 6f and k) and the DDAA-OH
type (Fig. 6g and 1) of water molecules increase whereas those of the rest
three types of water molecules decrease (respectively Fig. 6h and m, 6i and
n, and 6j and o). Therefore, adding more K>COs into the carbonate-bearing
aqueous solutions promotes the formation of large water molecule clusters,
which may significantly alter the physical and chemical properties of the
solutions.
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3.2.3. Quantify K2CO3 concentrations with water as an internal standard
Using the relative Raman intensity (R. I.) of the CO3~ peak over the
water peak should be a much better method to quantify the CO3~ con-
centration due to its potentials in eliminating the differences caused by
different experimental setups and the instrumental fluctuation of any
specific Raman spectrometer (Sun and Qin, 2011). The theoretical
foundation is the relationship between the Raman scattering intensity
and the concentration of the activated species (Moritz, 1999; Schabel,
2005; Smith and Dent, 2005; Thomas et al., 2009):
I=NxKxIxad xao* [@))
where I stands for the Raman intensity, N is the number of the scattering
centers,  is the laser power, w is the frequency of the incident radiation, «
is the polarizability of the electrons in the molecule, and K is a constant
which includes many other constants such as the Avogadro constant, the
detector efficiency, and so on. The specific value of @ and the constants
embedded in the K are nearly impossible to be measured so that the
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absolute Raman intensity is not suitable for direct quantification. But
with two Raman active species (denoted as a and b) in a fluid phase, Eq.
(1) leads to the following equation, which can be used to determine the
relative concentration of the two species (i—:; Lu et al., 2008; Chou and

Wang, 2017),

I, N,

L, N,CK,

2 4
K @ ol

F,

Fy

Ca 1)
_taJay

i

G0 _ G

Cp

R o 2
where y is the instrumental efficiency (nearly equal to K in Eq. (1)), o is
the Raman scattering cross-section (¢ = a® x w*), and F is the Raman
quantification factor (F =5 x ). Clearly the relative Raman intensity (f—:)
might be in simple correlation with the relative concentration of the two
species (%:).

As shown in Fig. 7, both our experimental data and the data of Sun
and Qin (2011) for the K5CO3 aqueous solutions suggest that the relative

and H20 (—

c03

concentration of the two species CO3~ ) is almost linearly



Y. Ma et al.
25 || ® K:COs(aq), This work (a)
’ ¢ K,CO,(aq), Sun2011 -
¢ Na,COs(aq), Sun2011
2.0 9| ® Na,CO(aq), Wu2010 _
2 15 RICcoleno) ]
‘D R?=0.9983
T 1.0
~
& 05— _
0.0 —
T I T ] T
0.12
(b)
0.10 o R. 1.=0.6265x(ccoz/cy 0)
. 2"
008 | R=0.9989
T I T ] T

0.05 0.15

Ccog-/ ‘0

Fig. 7. Relative Raman intensity (R. I.) of the CO%’ peak over the water peak
versus relative molarity of the CO3™ ion over the H,0: (a) scattering intensity;
(b) scattering area. The intensity and area of the water peak are determined by
summing up the intensity and area of the five band components, respectively.
Sun2011, Sun and Qin (2011); Wu2010, Wu and Zheng (2010). K,CO3 repre-
sents K,CO3 aqueous solutions, and Na,COj3 represents Na,CO3 aqueous solu-
tions. The experimental setups and analytical conditions in Sun and Qin (2011)
and in Wu and Zheng (2010) were generally identical, with a Renishaw 1000
Raman Spectrometer (Gloucestershire, UK), a Ar" laser with 514.5 nm, a 50 pm
entrance slit, and 1 scan. The differences were the laser power and
data-collecting time, being 25 mW and 30 s in Sun and Qin (2011) but 20 mW
and 10 s in Wu and Zheng (2010). Note that the density data of the NayCO3
aqueous solutions at 20 °C from Sohnel and Novotny (1985) were used in the
calculation.

Icn32

Tneo ). Since all data points

correlated with the relative Raman intensity (

from either study fall on a straight line, the Raman quantification factors

Foos2-
Fuyo

ratio ( ) in one study then must be a constant. This means that either

the Raman quantification factors Fq,>- and Fy,o are independent to the
composition of the KoCO3 aqueous solutions, or their compositional de-
pendences are coupled in a special way so that these dependences cancel
each other out. Consequently, the Raman O-H stretching band of water
can be used as an internal standard to determine the carbonate concen-
trations of the carbonate-bearing aqueous solutions.

Nevertheless, the data from this study and from Sun and Qin (2011)
fall on straight lines with different slopes (Fig. 7), indicating the impor-
tance to carry out some calibration experiments to constrain the Raman
Fooy2-

Fuyo
its analytical conditions. It is well known that when single Raman band is
used in the quantification, extensive and cumbersome calibration ex-
periments are required in order to establish a specific correlation curve

quantification factors ratio (

) for a specific Raman spectrometer and
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Fig. 8. Relative Raman intensity (R. I.) of the CO%’ peak over the water peak
versus relative molarity of the CO3™ ion over the H,O: (a) scattering intensity;
(b) scattering area. Raman intensity data are directly measured from our spectra
without deconvoluting.

for a specific Raman spectrometer with specified data-collecting condi-
tions. The calibration process however can be very simple when the
Raman quantification factors ratio is employed in the quantification. The
linear correlations shown in Fig. 7 suggest that the Raman quantification

F €032

factors ratio (——=2—) can be easily established by performing just one

Fuyo
high-quality experiment, and then can be used to quantify other un-
known K3COs3 aqueous solutions, provided that the same experimental
protocol is followed.

Since the experimental data for the KoCO3 aqueous solutions and the
NapCO3 aqueous solutions collected using the same Raman spectrometer
with the same analytical conditions (Sun and Qin, 2011) fall on the same
straight line, further, Fig. 7 implies that the Raman quantification factors

Feo 2
;:32 ) for these two composition systems are essentially identical.
2

Hence, the calibration established for the K;CO3 or NayCO3 aqueous
solutions may be directly used to quantify the Na;CO3 or K2CO3 aqueous
solutions. It is presently unclear whether or not this phenomenon extends
to other carbonate-bearing aqueous solutions.

To further simplify the quantifying process, we may pay no much
attention to the specific fine spectroscopic features of the CO3~ peak and
the water peak, but use their entire scattering intensities or areas directly
extracted from the Raman spectra. This has been demonstrated in Fig. 8,
with the data listed in Table 2.

ratio (.

3.3. IR features of K2CO3 aqueous solutions and quantification

This study aimed at the P condition of 1 atm, and all the IR spectra
reported for our studied solutions were collected from the rim positions
of the pseudo-Newton’s rings (Fig. 1), where the pressure was expected
to be equal to the room P. To illustrate this point further, a series of IR
spectra for the ion-distilled water sample were collected along a profile
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Table 2
Raman scattering intensities of water and K>;CO3 aqueous solutions directly measured from the Raman spectra.
Co3~ H,0 CO3 ™ /H,0

¢ (mol/L) ¢ (CO37)/c (H,0)" Tiseigne Inrea (cm™) Tieigne Inrea (cm™) R. I (Height) R. I (Area)

0.00 (0)° 0.000 (0) 9988 4,305,620

0.50 (2) 0.009 (1) 2458 28,648 12,317 5,396,990 0.20 0.01

1.00 (3) 0.019 (1) 3934 48,243 9464 4,279,416 0.42 0.01

1.50 (5) 0.028 (2) 6294 73,107 10,141 4,396,376 0.62 0.02

2.00 (6) 0.038 (3) 10,092 123,735 11,624 5,265,940 0.87 0.02

2.50 (8) 0.049 (4) 9785 129,988 9280 4,081,311 1.05 0.03

3.00 (9) 0.061 (5) 12,339 160,994 9570 4,270,404 1.29 0.04

3.50 (11) 0.073 (6) 8562 117,285 5480 2,391,649 1.56 0.05

4.00 (12) 0.087 (7) 11,160 150,606 6144 2,761,501 1.82 0.05

4.50 (14) 0.100 (8) 9236 125,869 4615 1,968,210 2.00 0.06

5.00 (15) 0.117 (10) 16,580 234,654 7752 3,403,077 2.14 0.07

5.50 (17) 0.131 (12) 26,696 375,411 10,730 4,745,671 2.49 0.08

@ This refers to the relative concentration of the CO3~ ion (mol/L) to the H,O (mol/L) calculated according to the measured density.
b Number in parentheses is one standard deviation in the rightmost digit. The concentration errors of the K,CO3 aqueous solutions are assumed as 3%.

from the rim position towards the center position of the pseudo-Newton’s
rings (Fig. 1). The spectra are shown in Fig. 9. Clearly, there is no
detectable position dependence of the water peak (all at ~3417 em™h,
suggesting no P gradient at least for the investigated portion of the
pseudo-Newton’s rings (Sun et al., 2003; Kawamoto et al., 2004).

3.3.1. IR features of K2CO3 aqueous solutions

Fig. 10 shows the transmission IR spectra of our ion-distilled water
and K,CO3 aqueous solutions. The doublet peak at ~2350 cm™! stands
for the antisymmetric stretching mode of gaseous CO», and is irrelevant.
The IR peak at ~1400 cm ™! represents the C-O antisymmetric stretching
vibration of the CO3™ ion. It does not change its peak position, but be-
comes stronger as the KoCO3 molarity increases. Due to potential peak
splitting caused by strong hydration (Rudolph et al., 2008), it gradually
becomes more asymmetric. This asymmetry is especially prominent in
the spectra taken from the 4.5, 5.0, and 5.5 mol/L K>CO3 aqueous so-
lutions (Fig. 10).

There are mainly two IR peaks for the solvent water. The IR peak at
~1655 cm™! represents the O-H bending vibration, and shows no
obvious changes in both the peak position and the peak shape as the
KoCO3 molarity of our aqueous solutions varies. The broad IR peak
centering at ~3417 cm™! stands for the O-H stretching vibration. Its
peak position slowly and gradually shifts to lower energy as the KoCO3
molarity of our studied solutions increases. Additionally, its low-
frequency side extends to lower wavenumbers, presumably suggesting

1.5 i Water
1
1

Position
1

Absorbance

g

==

0.0
4000 3800 3600 3400 3200 3000 2800 2600

Wavenumber (cm™)

Fig. 9. Water infrared spectra collected along the profile from the rim position
(Position 1) towards the center position (Position 11) of the pseudo-Newton’s
rings, as shown in Fig. 1. According to Weng et al. (1985), the thickness of our
wedged thin film decreased from ~1.422 pm (absorbance height = ~0.641) at
Position 1 to ~0.065 pm (absorbance height = ~0.020) at Position 11.
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stronger hydrogen-bonding at high KyCOs concentrations. Former
studies have proposed that this broad water peak can be decomposed into
three Gaussian components at ~3603, 3465, and 3300 cm_l, and
assigned them respectively to free water molecules (~3603 cm 1), water
molecules with one hydrogen bond (~3465 cm_l), and water molecules
with two hydrogen bonds (~3300 cm™; e.g., Buijs and Choppin, 1963;
MacDonald et al., 1986; Jain et al., 1989; Freda et al., 2005). Well in line
with our Raman observation, these IR data hence suggest that as the
K>COj3 concentration increases, the water molecules in the aqueous so-
lution are more hydrogen-bonded and form more large clusters.

3.3.2. Removing interference fringes and fitting IR spectra

The baselines of our IR spectra in a relatively narrow energy range
from ~1000 to 4500 cm ™! appear generally regular and thus cause no
tremendous problem in determining the absorbance of the peaks
(Fig. 10). In a wider energy range, however, interference fringes can be
clearly observed (Fig. 11; from ~1000 to 7000 cm™!), and their influence
should be removed before the quantification is executed. For eliminating

4.5

Absorbance

1
| |

~3417 ~1655 ~1400
— T T T T T T T T T T
4500 4000 3500 3000 2500 2000

1500 1000

Wavenumber (cm™)

Fig. 10. Infrared spectra of our water and K,CO3 aqueous solutions. Numbers
along the spectra refer to the K;CO3 molarities. Note that the peak representing
the O-H bending vibration at ~1655 cm ™! starts to overlap with the peak of the
C-O stretching vibration band at ~1400 cm™! at some K,CO3 molarity between
2.5 and 3 mol/L. This peak-overlapping at high K,CO3; molarities leads to
relatively large uncertainty in measuring the absorbances of these two peaks.
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Fig. 11. Interference fringe-removing by eye-fitting the spectrum baseline
(example spectrum for the 1.0 mol/L K>CO3 aqueous solution). Red and blue
dashed curves represent the baselines for the two corresponding sections of the
original spectra (black curve; drawn with the Peakfit v4.12 software). The insert
shows the interference fringe-removed spectrum.

the interference fringes from IR spectra, different methods have been
developed (e.g., Martens and Stark, 1991; Bréhat and Wyncke, 1992;
1997; Maley, 1992; Jena and Hore, 2011; Dekkers et al., 2013; Konev-
skikh et al., 2015; Azarfar et al., 2018). Rather unfortunately, our IR
spectra show 1-2 complete interference periods only so that none of the
existing techniques can be successfully applied to them. Eventually we
have decided to eye-fit the spectrum baselines, as illustrated in Fig. 11.

This eye-fitting procedure has been verified by the IR spectra of the
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ion-distilled water, which were collected along the profile shown in
Fig. 1e. For simplicity, we only show the results for the first four IR an-
alyses. The positions of the IR analyses at Positions 1 to Position 4 were
next to each other, with a distance of 50 pm (note the 50-uym diameter of
the IR beam). Since the thickness of the wedged thin film was <2 pm (See
the caption of Fig. 9), it should be reasonable to assume that the equal
distance of the four adjacent IR analyses has caused the averaged
thickness of the films at these positions evenly decreasing from Position 1
to Position 4. As dictated by the Beer-Lambert Law, the peak absorbances
then should be in linear correlations with the positions, provided that the
eye-fitting baseline correction and the band-component deconvolution of
the spectrum led to no other complications. By following the deconvo-
luting scheme for the IR spectra of pure water outlined in the literature
(Freda et al., 2005; more discussion later), and adopting the above
eye-fitting baseline correction procedure, we have indeed obtained linear
correlations between the IR features and the positions of the IR analyses
(Fig. 12). It follows that our eye-fitting baseline correction procedure to
remove the weak interference fringes must have been successful in
general.

Deconvoluting the water peak in the IR spectrum of the pure water
(Fig. 13a) was easily accomplished by running the Peakfit v4.12 soft-
ware. Based on the results of Freda et al. (2005; references therein), three
Gaussian + Lorentz bands at ~3300, ~3465, and ~3603 cm ™! were used
as the inputs in the deconvolution. As shown in Fig. 13a, the final peak
positions of the component bands are essentially identical to the inputs,
suggesting that this deconvolution procedure has been very successful in
the cases of the ion-distilled water.

However, this deconvolution procedure could not be well applied to
the IR spectra taken from the K,CO3 aqueous solutions, as shown by the
example in Fig. 13b. Different deconvolution procedures were tested
with significantly different results obtained (see Fig. 13c for one
example). A similar phenomenon, with no unique solution from the
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Fig. 12. Correlations observed for the ion-distilled water between the analyzed position and the IR absorbance (A) of the O-H stretching vibration peak at ~3417
cm ! and/or bending vibration peak at ~1655 cm™!: (a) Absorbance height of peak at ~3417 cm™!; (b) Absorbance height of peak at ~1655 cm ™Y () Relative
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Fig. 13. Representative band component analyses for the broad and generally
feature-less water peak at ~3417 cm: (a) pure water; (b) and (c) 4.5 mol/L
K2CO3 aqueous solution. The numbers in black in (a), (b), and (c) are the initial
inputs whereas the numbers in blue are the final peak positions for the band
components derived by running the Peakfit v4.12 software. The deconvoluting
process in both (a) and (b) was started with adding three peak components from
Freda et al. (2005), whereas the deconvoluting process in (c) was started with an
arbitrary and manual introduction of three band components which reproduced
the experimental spectrum as close as possible.

deconvoluting process, was observed by Kagi et al. (2006) while they
carried out their band component analyses on the antisymmetric
stretching + bending combination IR band (~5180 cm ™)) of some salt
aqueous solutions. Since the broad water peak at its low frequency side
has a more and more prominent tail extending to lower and lower
wavenumbers as the KoCOs3 concentration of the K;CO3 aqueous solu-
tions increases (Fig. 10), more band components with various peak po-
sitions and peak heights may be required to reproduce it. No doubt that
our understanding of the IR features of the aqueous solutions is presently
in its infant phase. We have hence decided to measure the peak absor-
bance directly from the spectra without any deconvoluting. The results
are listed in Table 3.
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3.3.3. Quantify K2COg concentrations with IR data

Even with thin fluid films, the C-O antisymmetric stretching vibration
of the CO%~ ion, and the O-H stretching and bending vibrations of water
all produce strong IR signals (Fig. 10). It follows that a relative IR
absorbance method (R. A.) can be effectively established.

We start with the Beer-Lambert Law. It states that the absorbance of
one certain peak (A; dimensionless) is the common logarithm of the ratio
of the transmitted IR intensity (I) over the incident IR intensity (Ip), and is
proportional to the molar concentration (c; mol/L), the molar absorp-
tivity of this peak (&; L/(mol-cm)), and the distance of the light path (lin
cm; equal to the sample thickness d in cm). Its general form is as
following,

1
A=—log,—=¢exIxc. 3)
I

In Earth sciences, the Beer-Lambert Law transforms into the next

equation,

M x A

=——x100
Y dxpxe

4

where w stands for the concentration in wt.%, M refers to the molar mass
in g/mol, p is the density in g/L. Clearly, its application requires that all
the parameters d, p, and ¢ are known for the sample under investigation.
For micro fluid inclusions, unfortunately, accurate measurements of their
thickness and density can be extremely difficult, if not entirely impos-
sible. Further, the molar absorptivity (¢) for certain vibration mode is not
always available and may significantly change with the composition of
the fluids.

These difficulties can be successfully avoided by employing the
relative IR absorbance method. The relative IR absorbance (2—;) can be

related to the relative concentration (i—:) of two species a and b, as

following,
Ad My w, € ¢ & )
Ay M, w8 o &

with the parameters d, and dp, p, and p, cancelled for the same mea-
surement. If both ¢, and ¢, are not respectively dependent on the con-
centrations of the species a and b, or if these dependences coincidently
lead to a constant i—:, the relative IR absorbance (2—:) then should be in a
linear correlation with the relative concentration of the two species (%:).

The results of our experiments are shown in Figs. 14 and 15.
For the two major water peaks at ~1655 and 3417 cm ™}, their rela-
tive IR absorbance is only weakly dependent on the relative concentra-

tion of the two species CO%’ and H50 (

€042

Chy
solutions (Fig. 14). The correlation between them should therefore have
little use in quantifying the concentration of the CO3™ ion.

In comparison, the relative absorbance of the IR peak of the C-O
antisymmetric stretching vibration of the CO3~ ion at ~1400 cm ™! and
that of the O-H stretching vibration at ~3417 cm™! has much stronger
dependence on the relative concentration of the two species CO%3~ and

H,0 (Cc‘:fz’) in the KoCO3 aqueous solutions (Fig. 15). For the data at
2

)

—) in the KoCO3 aqueous

o

ck,co, < ~3 mol/L, further, the correlation is essentially linear in all

£c0,2-

cases, suggesting that the molar absorptivities ratio ( ) is a constant.

€Hy0

It follows that the relative absorbance of these two IR peaks can be
calibrated as a means to characterize the CO%’ concentration in the
K>COj3 aqueous solutions. Taking into account the results derived from
the Raman data, this conclusion may be extended to the case of the
NapCO3 aqueous solutions.

The deviation of the experimental data at ck,co, > ~2.5 mol/L from
the linear correlation established by the experimental data at ck,co, <
~3 mol/L is mostly caused by the overlapping of the O-H bending vi-
bration band at ~1655 cm™! and the C-O antisymmetric stretching
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Table 3
IR features of water and K,CO3 aqueous solutions.
Peak height® R.A.(Height) Peak area (cm ™ !)* R.A.(Area)
c(mol/ c(CO37)/ A_1400 A_1655s A_3sy 1655/ 1400/ 1400/ A_1400 A—16ss A—zary 1655/ 1400/ 1400/
L) C(Hzo)b 3417°¢ 1655 3417 3417 1655 3417
0.00 0.000 (0) 0.088 0.662 0.132 6.144 268.87 0.023
(0)(]
0.50 (2) 0.009 (1) 0.035 0.078 0.591 0.132 0.449 0.059 3.071 8.238 252.98 0.033 0.373 0.012
1.00 (3) 0.019 (1) 0.116 0.144 0.739 0.195 0.806 0.157 12.646 15.401 323.46 0.048 0.821 0.039
1.50 (5) 0.028 (2) 0.090 0.071 0.486 0.146 1.268 0.185 9.115 7.058 232.69 0.030 1.291 0.039
2.00 (6) 0.038 (3) 0.097 0.058 0.352 0.165 1.672 0.276 9.881 5.627 169.57 0.033 1.756 0.058
2.50 (8) 0.049 (4) 0.109 0.050 0.320 0.156 2.180 0.341 11.936 5.195 161.52 0.032 2.298 0.074
3.00 (9) 0.061 (5) 0.364 0.185 0.648 0.285 1.968 0.562 46.221 24.955 328.79 0.076 1.852 0.141
3.50 0.073 (6) 0.378 0.158 0.595 0.266 2.392 0.635 46.697 18.716 306.65 0.061 2.495 0.152
an
4.00 0.087 (7) 0.506 0.205 0.631 0.325 2.468 0.802 67.470 27.957 340.62 0.082 2.413 0.198
(12)
4.50 0.100 (8) 0.289 0.083 0.493 0.168 3.482 0.586 34.042 7.466 275.08 0.027 4.560 0.124
as
5.00 0.117 (10) 0.405 0.122 0.541 0.226 3.320 0.749 52.534 16.446 291.97 0.056 3.194 0.180
(15)
5.50 0.131 (12) 0.580 0.164 0.607 0.270 3.537 0.956 78.833 27.699 338.02 0.082 2.846 0.233
an

# The peak heights and areas are directly extracted from the IR spectra.

b This refers to the relative concentration of the CO3™ ion (mol/L) to the H,0 (mol/L) calculated according to the measured density.
¢ 1655/3417 means that the relative absorbance is for the IR peak at ~1655 cm™! over the IR peak at ~3417 cm ™.
4 Number in parentheses is one standard deviation in the rightmost digit. The concentration errors of K;CO3 aqueous solutions are assumed as 3%.

vibration band at ~1400 cm ™! at these high K5CO3 molarities. Whether
or not this is correct is unimportant though. When ck,co, = 2.5 mol/L,
the concentration of the K»COs3 is already 27 wt.% (Supplementary Ma-
terials Table S1), presumably much higher than the K3COg3 concentra-
tions in most carbonate-bearing aqueous fluids.

4. Conclusions
Carbonate-bearing aqueous fluids are significant geological fluids

with wide occurrences, and a method to accurately quantify the car-
bonate concentration is of high value. By performing Raman and IR

i |l ® R4 (Height) & R.A.(Area)]
| R A.(Height)=0.778x(ccop/cyy 0)+0.132 R™=0.978
2/on,
0.3 - ro
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. e
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Fig. 14. Relative IR absorbance (R. A.) of peak at ~1655 cm ! over peak at
~3417 cm™! versus relative molarity of the CO3~ ion over the H,O. Red circles
are for the R. A. heights whereas black diamonds are for the R. A. areas. The
equations and the solid lines are for the results obtained from the aqueous so-
lutions with ck,co, < ~3.0 mol/L. The dashed lines represent the extensions of
the solid lines to higher ck,co,. Due to the overlapping of the O-H bending
vibration band (~1655 cm™!) with the C-O stretching vibration band (~1400
em™Y) at Ck,c0, > ~2.5 mol/L (Fig. 10), there are relatively large uncertainties in
the experimental results at high ck,co,, which are therefore left out in the re-
gressions. Absorbance data are directly measured from the spectra without any
deconvoluting.
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spectroscopic measurements on some standard K2CO3 aqueous solutions
at ambient P and T, the correlations between some spectroscopic features
and the CO%~ molarity have been revealed in this study. Eventually, some
Raman and IR spectroscopic methods with water as internal standards
have been established for the quantification of the carbonate concen-
trations in the carbonate-bearing aqueous fluids.

Our Raman spectroscopic analyses suggest that the relative Raman

Ico32

intensity ( ) of the C-O symmetric stretching mode of the CO3~ ion

Inyo
(at ~1060 cm’l) over the O-H stretching mode of the solvent water (at
~3000-3700 cm™ 1) is in an almost linear correlation with the relative

Ccoz2?

molarity ( ) of these two species in the KoCO3 aqueous solutions. The

CHy0
correlation between these two variables, or the quantification factors

Foo.o
“® ) of the two species CO3
Hy0

readily established by performing just one high-quality Raman spectro-
scopic measurement on one standard K;CO3 aqueous solution. On the

Teog2-
Iuyo

Raman peaks in a Raman spectrum can be employed to characterize the
concentration of the CO3™ ion in unknown aqueous solutions if the same
Raman spectrometer is used and the same analytical conditions are
maintained. By performing experiments on certain standard KoCOs3
aqueous solution, furthermore, the interlaboratory differences in the
Raman spectroscopic measurements can be easily detected.

In comparison, our IR spectroscopic analyses suggest that the relative

ratio (: ion and water, can therefore be

basis of this calibration, the relative Raman intensity ( ) of these two

A,
IR absorbance (—2%Z

7o) of the C-O antisymmetric stretching vibration
2

mode of the CO%’ ion (at ~1400 cm’l) over the O-H stretching vibration
mode (at ~3417 cm™ 1) essentially linearly correlates with the relative

Coog2-

molarity ( ) of these two species in the KoCO3 aqueous solutions. The

CHy0
correlation between these two variables, or the molar absorptivities ratio

€coq2—
( €Hy0

) of the two species CO%~ ion and water, can therefore be readily

established by performing just one high-quality IR spectroscopic mea-
surement on one standard KoCO3 aqueous solution (favorably at cx,co, <
3.0 mol/L). With this calibration or just taking the value of the
determined in this study (7.030 (220) for the R. A. height and 1.525 (82)

Ac032

for the R. A. area; Fig. 15), the relative IR absorbance (

€0y~
1,0

Ao ) of these two

IR peaks in an IR spectrum can be employed to characterize the
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Fig. 15. Relative IR absorbance (R. A.) of peak at ~1400 cm ! over peak at
~1655 or at ~3417 cm ™! versus relative molarity of the CO%~ ion over the H,0.
The equations and the solid lines are for the results obtained from the aqueous
solutions with ck,co, < ~3.0 mol/L. The dashed lines represent the extensions of
the solid lines to higher ck,co,. Due to the overlapping of the O-H bending
vibration band (~1655 cm™1) with the C-O stretching vibration band (~1400
cm Y at Ck,co, > ~2.5 mol/L (Fig. 10), there are relatively large uncertainties in
the experimental results at high c,co,, which are therefore left out in the re-
gressions. Absorbance data are directly measured from the spectra without any
deconvoluting.
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concentration of the CO%~ ion in unknown K,CO5 aqueous solutions. As
the IR signals of these two vibration modes are very strong, this method
can be particularly useful in the studies of micro fluid inclusions.

Moreover, the above spectroscopic methods with the O-H stretching
vibration mode as the internal standard, when established with the
K>CO3 aqueous solutions, may be extended to investigate the NayCOs3
aqueous solutions, and vice versa.
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