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Abstract

Carbonate minerals are globally distributed on the modern and ancient Earth and are abundant in
terrestrial and marine depositional environments. Fluid inclusions hosted by calcite retain
primary signatures of the source fluid geochemistry at the time of mineral formation (i.e., pCO>)
and can be used to reconstruct paleoenvironments. Confocal laser Raman spectroscopy provides
a quick, non-destructive approach to measuring the constituents of fluid inclusions in carbonates
and is a reliable method for qualitatively determining composition in both the aqueous and gas
phases. Here, we demonstrate a method for accurately quantifying bicarbonate and carbonate ion
concentrations (down to 20 uM) and pH (7-10) from fluid inclusions using confocal Raman
spectroscopy. Instrument calibrations for carbonate (CO3%) and bicarbonate (HCO3))
concentrations and pH were performed using stock solutions. We show that the calcite host
mineral does not affect accurate quantification of carbonate solution concentrations or pH
determinations, and that these parameters can be used to estimate the pCO; of a solution
entrapped within a fluid inclusion. We apply the technique to Icelandic spar calcite and find a
[CO3%] =0.098, [HCOs] = 0.044, pH = 9.33, and CO, (ppm) = 167. The presence of gaseous
Raman peaks for CO2, CH4, and H2S suggests that the mineral precipitated in a reducing
environment with a similar atmospheric density.

Keywords: Raman spectroscopy, fluid inclusions, carbonate system, pH, CO», quantification
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Fluid inclusions provide a wealth of information pertaining to a mineral’s environment at
the time of formation!2. The ability to quantify the constituents within fluid inclusions provides
information on geochemical parameters such as; initial temperature and pressure conditions,
salinity, pH, and solution and gas composition of any included gas phases®®. These geochemical
indicators can be estimated by using Raman spectroscopy, a non-destructive method, that can be

applied to the in-situ study of micron-scale fluid inclusions 81%-14,

Calcium carbonate minerals are common and abundant in a variety of environmental
settings on Earth, ranging from metamorphic carbonates forming in subduction zones* to low
temperature authigenic marine sediments®® and surficial deposits (pedogenic or speleothems)®’.
Many of these types of carbonates can contain fluid inclusions, in metamorphic carbonates they
have been used to track carbon transport in Earth’s interior** and in low-temperature carbonates
fluid inclusions have been used to measure paleoenvironmental proxies in both the terrestrial and
marine realms'®>8, Many studies have focused on carbon and oxygen isotopic compositions of
either the mineral matrix or fluid within inclusions®®-°, but relatively fewer studies have
investigated the gas concentration or aqueous composition of fluid inclusions in non-diagenetic

carbonate mineralst®2%:2,

A fundamental problem in paleoclimatology is the lack of accurate atmospheric pCO>
estimates prior to the ice core record?. The proxy methods that have been deployed (e.g., the
513C of pedogenic carbonates, leaf stomatal indices, and boron isotopes'®?3-2°) show similar
trends but disagree in absolute value?®2°. However, dissolved gases and solutes in the aqueous
phase of carbonate mineral fluid inclusions can provide valuable insight into the geochemical
conditions of the mineral’s formation environment, which can be related back to absolute

atmospheric concentrations at the time of precipitation 4720, Unfortunately, these analyses
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require the destruction of fluid inclusions during bulk analyses of the released gases and require
large sample sizes to enable accurate measurement3:33, In contrast, Raman spectroscopy is a
non-destructive method that can provide rapid analyses of liquid and gas phase compositions
within individual fluid inclusions®>3*. This method enables each of the components of the
carbonate system (e.g., [COs%], [HCO37], pH, and pCO,) to be quantified discretely in-situ
without disturbing the host mineral matrix. However, before quantification of any molecules
measured directly within natural fluid inclusion samples, the mineral system’s Raman spectrum

and the host mineral’s effects on solute quantification need to be evaluated.

Identification and quantification of the carbonate species (e.g., COs*, HCO3)
concentration provides information on solution pH and pCO> of the system that the mineral
precipitated in®. In moderately alkaline systems, HCOs™ is the dominant carbon species in
solution, and the Raman signal of HCO3™ has been observed in alkaline solutions in quartz hosted
fluid inclusions!*3%37, However, these studies only recorded the presence of HCO3 and did not
attempt to quantify the concentration. Although a weak Raman scatterer, detailed studies have
shown that HCOs" is amenable to quantification over a range of concentrations using Raman
spectroscopy®®4°. However, these studies did not address the applicability of Raman

spectroscopy to quantifying HCOsz™ concentrations in natural samples.

In this study, we present a method for the accurate measurement of [CO3?] and [HCO3]
in fluid inclusions via Raman spectroscopy and use these measurements to estimate the pCO-
with which the inclusion fluid had equilibrated. We construct calibration curves for CO3* and
HCOz3™ using Na2COz and NaHCOs solutions via two different methods (with and without the
addition of a calcite cover slip to examine the effects of the host mineral)*!, with the ultimate

goal of applying these calibrations to natural carbonate samples. We then evaluate the accuracy
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of each method to determine the most suitable approach for determining the concentration of
CO3% and HCOj3  in natural fluid inclusions. We also investigate the effect of increasing solution
salinity on the quantification of solutes in fluid inclusions. These studies reveal that [CO3?],
[HCOz31, and the pH of alkaline solutions can be determined using the main Raman bands for
CO3? and HCO3". The approaches and methods developed in this paper can be applied to a range
of fluid inclusions at 1 atm. The specific effects of temperature and pressure broadening on
Raman peak parameters of [CO3s%], [HCO37] are not addressed in this study and has been

investigated elsewhere®4,
Methods
Calibration Solutions

Prior Raman calibration studies for CO3? and HCOj3 in solution have been made at
concentrations spanning from dilute solutions to near saturation ([HCOz']: 1.57-0.0521 molar;
[CO35%]: 1.55-0.000019 molar)®®4445 Here, we focus on calibrating the Raman response to COz*
and HCOs™ concentrations in dilute carbonate solutions that are closer to those observed in
natural systems (Table 1). We prepared solutions of Na,CO3 and NaHCOj3 over a range of [CO3*
], [HCOs7], and pH that represent observed concentrations of natural systems46-°2 (Table 1 and
2). Natural fluid inclusions in carbonates forming at the surface and in seawater have a range of
salinities®. Therefore, we also constructed calibrations over a range of NaCl salinities (1-5 wt%)
to more closely resemble natural systems and to investigate salinity effects on the Raman peak
response of carbonate species and pH quantification. We consider NaCl calibrations necessary
because previous studies have demonstrated that increasing salinity alters the dissociation and

solubility constants (Kcoz, K1, and Kz) and skews the OH" stretch of H.0%53%* thus potentially
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leading to an inaccurate estimation carbonate species concentrations where freshwater calibration

curves are applied to saline inclusions.

A portion of solutions were equilibrated to the atmosphere and the remainder were
prepared as a close system, to encompass a full range of relevant carbonate species
concentrations. Desired weights of NaHCOs, Na.COgs, and NaCl were placed in 50 mL centrifuge
tubes and continuously mixed with 50 mL of Millipore water (18 Q) until fully dissolved. Open
system solutions were mixed until equilibrium was reached. To obtain a pH <8, 1.2 molar HCI
(10% HCI by volume) was added to a 0.25 molar of NaHCOs solutions. Once the acid was
added, the solution was mixed until a stable pH was reached. Solution temperature and pH were

measured with a Thermo Scientific Orion 2-star pH meter before measurement by Raman.

To calculate the amount of HCO3™ and CO3?" in the closed system solutions at the time of
measurement, the initial amount of HCO3™ and CO3? mixed in the solution was assumed to be
equal to the total dissolved inorganic carbon (TDIC). Aqueous speciation of the closed carbonate

system were calculated based on measured temperature and pH using the following equations®

(Eg. 1 and 2):
[HCO3] = Cr K]
[H+]2 + K, [H*] + K, K,
Eqg. 1
[CO571 = Cr [HH]Z + KI<11[I:I2+] ¥ KK,
Eq. 2

Where [HCO37] is molar HCOs™; [CO3?7 is molar CO3%; Cr is molar TDIC (the initial

amount of HCO3™ and CO3? put into solution as a NaHCO3 and Na,COs salt); K; and K are
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temperature-dependent equilibrium constants that account for the dissociation of H.CO3 and
HCOs, respectively; and [H*] is molar hydrogen ions.
For solutions prepared as an open system, HCO3  and CO3? concentrations were

calculated based on the open system equations®®:

_ K1Kco2pCO,
H =
[ CO3] [H+]
Eq. 3
_ K;1K5Kco2pCO,
Eq. 4

Kcoz (i.e., Henry’s constant) is the temperature-dependent equilibrium constant that
accounts for the aqueous solubility of CO2. When estimating carbonate species concentrations
for the calibrations, the equilibrium constants were adjusted to the measured temperature values

using the calculations of Drever (1997)%.

We used the closed system calculations to estimate pCO> in natural fluid inclusions,
because the trapped solute acts as a closed system post-entrapment and the components of the
fluid (alkalinity, TDIC, pH, and pCO) are fixed. However, the fluid inclusion would represent
the environment pre-entrapment as the solute was equilibrated with the atmosphere, assuming
the mineral formed at the Earth’s surface. Therefore, fluid inclusions behave as a closed system

and estimations of pCOz should use such equations.

Closed system estimations of pCO2 require information on [CO3?7, [HCOs7], [CO2 4],

and pH. Our calibrations can quantify [CO3?], [HCO37, and pH, but estimating [CO aq] must be
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calculated because its concentration is low in the natural range chosen in this study® (Table 2).

To estimate [CO2 aq] We use the following equation:

[CO3]

— +72
Eqg. 5

Which allows for pCO: to be estimated from the calculated [CO2 a]:

[CO2 ag
Co, =
P g KCoz

Eq. 6

To ensure that the range of [CO3?] and [HCO37] captures a large range of pCO; values,
theoretical estimations were performed using the carbonate closed system equations (Eq. 1, 2,
and 5) and solved for pCO2 (Fig. 1). These calculations show that the ratio between [CO3?] and
[HCO3], and pH can be used to estimate a wide range of pCO2 (-4 to 0) values (Fig. 1). The
[COs?], [HCO37, and pH of the NaCO3 and NaHCOs solutions were input into the carbonate
closed system equations to calculate the range of potential pCO> values. Figure 1 shows that the
concentrations we selected for our solutions can be used to estimate a wide range (-4 to 0) of

pCO..

Evaluating the Effect of the Carbonate Host Mineral

To evaluate whether the host mineral’s birefringence affects the calibration curves of
solute concentrations and pH in a natural carbonate sample, a cover slip was made from optical
grade calcite to simulate the measurement of a calcite-hosted fluid inclusion. Previous research

has demonstrated that the host mineral does not affect determination of salt concentrations in
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calcite when using a confocal Raman Spectrometer®4!, These authors suggest minimizing the
effect of the host mineral in Raman spectroscopy micro-fluid inclusion studies by placing the
sample at its extinction position. To test this, a piece of optical grade calcite that has the c-axis
parallel to surface and free of visible inclusions and defects was used in a subset of
measurements to ensure the host mineral does not affect solute quantification. The cover slip was

ground to a thickness of ~100 microns and doubly polished to a colloidal silica grade.

A comparison of the standard NaHCO3 and Na>,COz solutions measured by Raman both
with and without the addition of a calcite cover slip was performed for each concentration to
measure the effect of the host mineral on solute quantification (Fig. 2). To ensure that the desired
focal plane was in the solution, before each measurement, the laser was first focused on the
surface of the cover slip and then focused down to the underside of the cover slip, and finally
focused 100 microns below and into the solution. For solutions without the calcite cover slip, the

laser was focused 100 microns below the surface of the solution.

Raman Measurement and quantification of CO3?> and HCO3"

Shortly after a solution was mixed and the open system solutions reached equilibrium, 5
microliters of solution were placed in a glass concavity slide and analyzed using a WiTec
alpha300 R confocal Raman spectrometer utilizing a 532 nm green laser at the Carnegie Institute
of Science, Earth and Planets Laboratory®’. Laser power at the source was 14 mW during each
analysis. Measurements were made using a Zeiss 50x objective, a 50 pm aperture, and a 1 cm™
spectral resolution using a Witec UHTS spectrometer system with a 600 grating and an Andor
DV400 camera cooled to -59 °C. Additional measurements were made on a Bruker SENTERRA

Raman spectrometer at Rensselaer Polytechnic Institute, Department of Earth and Environmental
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Science. Measurements were integrated for 30 seconds with 3 accumulations and alternated
between the solution and the solution with calcite cover slip to minimize any evolution in the
solution composition over the course of the analyses. Each component (H20, HCOs’, and CO3*
solution with and without the calcite cover slip, and the calcite cover slip alone) used in this
study can be broken down into their individual Raman spectra (i.e., H20O, CaCOs, etc. measured
independently), and when constructed together, form a spectra that simulates a fluid inclusion
(Fig.2).

The HCO3™ anion has a weak Raman scatter, but in alkaline solutions, HCO3" is the
dominant anion of the carbonate system and has 9 normal, partially polarized Raman modes
54038 The two broad, weak peaks at 634 cm™ and 673 cm™ with the latter representing §CO2.
The broad mode at 634 cm™* can be deconvoluted into three sub-bands at 630 cm™, 634 cm™, and
640 cm™ to represent yCO-H and SHOC. HCO3  modes are prevalent at 843 cm™ (yCO3), 1017
cm (vC-OH), 1312 cm™ (8CO-H), 1360 cm™ (vsCO2), 1630 cm™ (vasCO2), and 2600 cm™ (vCO-
H)“°. The Raman bands of CO3? have 6 active Raman modes®*®, where weak peaks occur at 684
cm? (v4, in-plane deformation), 885 cm™ (v,, out-of-plane deformation), 1385 cm™ (vs,
antisymmetric stretch C-O), 1435 cm™, and 1764 cm™4%. However, to avoid issues with peak
interferences, low intensity signals, and/or mineral fluorescence, the main vibrational mode of
HCO3 at 1017 cm™ and CO3? at 1066 cm™ was used to quantify the amount of [HCO37] and
[CO3?7] in solutions as these are the strongest peaks>“?. Calibration solution data was exported in
OriginLab (OriginLab Corp., Northampton, MA, USA) where the spectra was background
subtracted and the main HCO3™ and COs? bands were integrated for their cumulative area (Anco-
3-and Acosz-). The area of the HCO3 and CO3? bands were ratioed (Acosz-/Ancos.) as this

parameter is reliable in estimating pH, as well as [CO3?7, and [HCO3] as the concentrations are

10
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pH dependent (Fig. 1). The ratioed area of the bands, the measured pH, and the calculated
[HCO37] and [CO3?] of calibration solutions are used to build calibration curves which allows us

to estimate [COs*], [HCOs7, and pH of an unknown sample®®=*.,
Optical Calcite Fluid Inclusion

An Icelandic Spar calcite sample of an unknown origin was used to evaluate the
applicability of our calibration’s curves to natural carbonate samples. The Icelandic Spar calcite
was chosen as a test sample, as it contained an abundance of primary and secondary fluid
inclusions spanning a large size range. An inclusion-free portion of the same mineral was used to
make the calcite cover slip and provides the best matrix matched sample to test the calibration
curves. The fluid inclusions in the Icelandic Spar calcite are predominantly of two phases, vapor
and liquid. For demonstration of the success of the calibration technique, a large inclusion that is
~150 pm across and ~150 um below the sample surface was analyzed. Measurements were
focused on a large ~150 pum fluid inclusion because the area of the phases (aqueous or vapor) of
interest were larger than the laser spot size (~1 um or less). Fluorescence from the host calcite
makes it increasingly difficult to analyze small inclusions, especially as parameters such as
integration time and accumulations are increased. If carbonate species concentrations and pH of
the solution are quantified, then the pCO. can be determined in a fluid inclusion using equation
six®. The spectra of the Icelandic Spar calcite were processed and deconvoluted as the

calibration solution, as described in the previous section.

Results and Discussion

Calibration Curves

11
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Aqueous bicarbonate and carbonate calibration curves were made for a range of solution
to calibrate the Raman spectrometer to quantify carbonate species concentrations and pH and to
investigate the effects of the host mineral and salinity on carbonate species and pH

quantification.

Area ratio calibrations for standard solutions (without NaCl) with and without the calcite
cover slip are similar (Fig. 3 and Table 3; consult this table for equations). Quantification of
[COs?7, [HCOs7, and pH using Acosz-/Ancos- show a power, linear, and exponential
relationship, respectively, with and without the calcite cover slip (Fig. 3). NaCl wt% calibration
curves display a spreading pattern for [CO3?7] and pH estimations with increasing salinity,
whereas [HCOz3] have similar slopes and intercepts (Fig. 4 and Table 4; consult this table for
equations). Quantification of [CO3%], [HCOs7], and pH using Acosz-/Arcos- With increasing

salinity shows a power, linear, and exponential relationship, respectively.
Characterization of the Raman spectra

The solutions with the calcite cover slip have a peak at 1088 cm™ that may interfere with
COs? in solution and can pose a potential problem in accurately quantifying carbonate species at
low concentrations in fluid inclusions, as discussed in Dubessy et al. (1992)?. However, the
confocal Raman spectrometer also detects a low CaCOs; peak at 1088 cm™ that does not interfere
with the CO3? signal (Fig. 2). With this, the calcite cover slip has little to no effect on estimating
[CO3%], [HCO37, and pH of the system when using area ratio between the carbonate species. At
lower concentrations, HCO3™ and CO3? becomes harder to distinguish from the background (pH

= <7) and perhaps an additional extrapolation scheme may be needed.

Caumon et al. (2015)* demonstrated that if the crystal symmetry and optical properties

are not accounted for then quantification errors can occur. However, this is not a concern in our

12
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analyses because we employ a confocal Raman spectrometer which bypasses the calcite cover
slip as it is above the focal point and does not contribute to the analysis®*°. Given this, there is
no substantial difference expected, and accordingly little effect is observed on the calibration
curves between non- and calcite cover slip analyses (Fig. 3). The confidence intervals indicate no
major differences between non-calcite cover slip and calcite cover slip as they overlap one

another (Table 3).

The effects of salinity on the calibrations at low [CO3?] and pH is likely negligible
([COs*] <0.01 molar and ~9.5 pH) (Fig. 4). However, accounting for salinity in estimating
[HCOz7 is likely minor at all concentrations as the slope of the calibrations for different
salinities overlap within their respective confidence intervals (Fig. 4 and Table 4). Therefore, it
may be unnecessary to account for the effects of salinity for a solution at low concentrations
(e.g., seawater) and pH in natural fluid inclusions. Although, at higher [CO32] and pH, salinity
should be considered by using the OH™ Raman stretch to quantify the concentration of NaCI®8,
Their methods to determine NaCl concentration can be applied to natural fluid inclusions to
allow for accurate [CO3%], [HCO37], and pH estimates using our calibrations. Overall, the
relationships observed are a promising approach towards accurately quantifying carbonate
species and pH to estimate pCO: in natural samples.

Measurement of fluid inclusion in Calcite

The results of measurements of the aqueous and gaseous phases of a ~150 microns fluid
inclusion in the Icelandic Spar calcite are shown in Figure 5. The inclusion formed in an area of
the crystal that showed no signs of fracture healing or continual mineral growth along a growth
plane®!. Because the origin, internal pressure, density, and temperature of formation of the fluid

inclusion is unknown, this section and the measurements described within are presented as a

13
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demonstrative proof of concept. We chose this sample for its ample size. Given this, the density
of the gaseous phase CO- can be determined by using the Fermi diad peak difference (vi-2v2) of
CO,%283 1t is worth noting that although fluid inclusion homogenization experiments can be used

to determine temperature of formation, it is beyond the scope of this study.

In the aqueous phase spectra, the distinctive peaks of the calcite host mineral can be
observed as well as a HCO3 and COs?*peak at 1017 cm™ and 1066 cm™?, respectively (Fig. 5).
The OH- stretch is present between 2750-3700 cm™. The salinity in the fluid inclusion was
estimated to be 19.9 wt% using the equation of Wang et al. (2013), assuming that NaCl only is
present in solution®*, The area between the HCO3™ and CO3? peaks were calculated, ratioed, and
applied to the calibration curves without the calcite cover slip. pH was estimated to be 9.33 +
0.29, and [HCOs] and [CO3s*] were determined to be 0.044 + 0.027 and 0.098 + 0.1 molar,
respectively (Table 5). The dissociation and solubility constants were adjusted to the measured
salinity value using the calculations of Millero (2006)>2 and Onda et al. (1970)%*. 20C° was
assumed for the solubility and dissociation constants to calculate pCO2 because the temperature
at the time of formation is unknown. With carbonate concentrations and solution pH estimated,

pCO2g) was calculated to be -3.78 + 0.03 (167 £ 13 ppm).

In the gaseous phase spectra, the CO, Fermi diad is present at 1287 cm™ and 1389 cm™,
hydrogen sulfide and methane are also present at 2611 cm™ and 2917 cm™, respectively® (Fig. 5).
The density of CO; is essentially zero as the fermi diad technique can be utilized as low as 0.1
g/cm36283_ However, the density of present-day atmospheric CO; is 0.0019 g/cm?, potentially
suggesting that the fluid inclusion formed in an atmosphere between <0.0019 and <0.1 g/cm? of
CO:z. In addition, the lack of major atmospheric gases (e.g., Oz and N>), the presence of H.S and

CHa suggest that the fluid inclusion precipitated in a reducing environment.
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Calibration Limitations

Quantification of [COs%], [HCOs7], and pH can provide information about the pCO; of
formation of a carbonate fluid inclusion, and there is no observed effect from the host mineral on
estimating pH and carbonate species when using a confocal instrument (Fig. 3)%4%. However,
there are limitations using this method, including: (1) the Raman spectrometer was calibrated at
low temperatures and pressures (1 atm), where it is likely the calibrations will deviate at higher
temperatures and pressures as the solubilities and the dissociation constants of the carbonate
species change®®, (2) The calibrated Raman spectrometer does not encompass the low pH
range present in modern €52 and ancient systems*® (e.g., acidic springs and soils). (3)
Determining the alkalinity of fluid inclusions may be impossible with current technology as
titrating them would lead to fluid contamination. However, it is reasonable to assume that the
alkalinity would be controlled by TDIC, as it is in the modern oceans®’. (4) Salts (e.g., MgCly,
CaCly, and KClI) are likely to be present in natural carbonate fluid inclusions that will skew the
water peaks®®* and may affect accurate determination of pH and species concentrations. (5)
Analyses of fluid inclusions are based on small amounts of solution, and this limits the
determination of carbonate species concentrations and pH, as a relationship exists between the
intensity and the number of molecules present in the sample®®. For example, if there is a limited
amount of water in a carbonate fluid inclusion, a lower intensity water peak will be observed,
and as a consequence of this, the HCO3™ and CO3? peaks may not be detectable in these
inclusions. However, larger carbonate fluid inclusions are promising as more solution is present

and may be able to detect HCO3 and COs? (Fig. 5).

Other Applications
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The different proxies to estimate pCO; in deep time do not agree with one another!6:23-2°,
For example, data from 5'3C of paleosol carbonates and stomatal indices of fossil plants from the
end-Triassic extinction show a corroborating pCO: trend, but the absolute pCO2 values do not
agree®®-28, One reason is the soil productivity parameter (S(z)) within the soil diffusion model?®.
This parameter is the concentration of CO; in the soil derived from the respiration of organic
matter and CO- in the atmosphere. CO> estimations within a soil is largely unknown and
unconstrained because this parameter will fluctuate depending on soil profile depth and soil
type’®. However, the calibration presented in this study is a potential method that can constrain

the S(z) and estimate pCO. within a soil column.
Conclusion

We demonstrate the calibration of a confocal Raman spectrometer over a range of [COs*
], [HCOz7], and pH, representative of natural waters. These calibrations allow for the
quantification of carbonate species concentrations and pH in fluid inclusion at low-temperatures
and pressures. Calibrations can be used to calculate [COs%], [HCOs7], and pH, which ultimately
allows pCO- to be determined in mineral fluid inclusions, assuming the mineral formed at the
Earth’s surface and equilibrated with its environment. The host mineral’s crystal optics have
little to no effect on determining the [CO3*], [HCOs7], and pH if the Raman spectrometer is
confocal. Negligeable effects of salinity occur at low [CO3%] and pH, and all [HCO37].
Homogenization temperature experiments should be conducted in conjunction with confocal

Raman experiments to determine accurate pCO> estimations in natural fluid inclusions.
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Figure 1. (A) Theoretical calculations of the relationship between the ratio of [COs?] and
[HCOz1], pH, and pCO.. The theoretical relationship can be used to estimate pCO> over a wide
range of alkaline solutions. (B) Solutions used in this study shows the relationship between the
ratio of [COs%] and [HCO37], and pH can calibrate for a wide range of pCOs..
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Figure 2. Background corrected Raman spectra of the different components used to build the
calibration curves. A) Raman spectra of the Millipore water used to make the solutions. B) Raman
spectra of a 0.15 molar NaHCO3 and 0.03 molar Na>CO3 solution with inset of the red box in an
area between 950 — 1150 cm™®. The main HCOs and COz® band is at ~1017 and ~1066 cm?,
respectively. C) Raman spectra of the calcite cover slip with the main CaCOs peak at ~1088 cm™.
D) Raman spectra of the 0.15 molar NaHCO3 and 0.03 molar Na,COs solution with the Raman
focused 100 um below the calcite cover slip with an inset that shows the respective positions of
the HCO3, COs%, and CaCOs peaks. Abbreviations: T, translational lattice; vi, Symmetric
stretching vibration; v2, out-of-plane bending vibration; v3, antisymmetric stretching vibration; va,

in-plane bending vibration.
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Figure 3. Comparisons of carbonate species
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between CO3* and HCOjs peaks. Blue box
represents the inset within (A). Concentrations
are in mol/L.
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Figure 4. Comparisons of carbonate species concentrations (COs>" and HCO3") and pH solution
calibrations at various NaCl concentrations (salinities). Solution calibrations of [CO3:*] (A),
[HCO3] (B), and pH (C) versus area ratios between the CO3s> and HCOs peaks. Normalized
Raman OH- stretch at different NaCl concentrations. Blue box represents the inset within (A).
Concentrations are in mol/L.
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Figure 5. Example Raman spectra of the liquid (A) and gas phase (B) of the large fluid inclusion
measured in this study. Liquid phase showing HCO3 (1017 cm™), CO3s?* (1066 cm™), and H.0O
(1630 and 2750-3750 cm™) peaks with an inset of the red box for the HCO3™ and COs? peaks. Gas
phase shows the CO, Fermi diad (1285 and 1388 cm™), hydrogen sulfide (2611 cm™), and methane
(2917 cm™). Gas phase inset of the red box shows the CO, Fermi diad and the difference between
peak distance (A) estimates fluid density. Host mineral calcite peaks are present in both in liquid
and gas phase spectra at (156, 284, 711, 1088, and 1435 cm™). Photomicrograph of the analyzed
fluid inclusion in Iceland Spar (C). Abbreviations: T, translational lattice; vi, Symmetric stretching
vibration; vz, out-of-plane bending vibration; vs, antisymmetric stretching vibration; va, in-plane

bending vibration.
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Table 1. Range of carbonate and bicarbonate concentrations (mol/L), and pH in natural waters.

Environment [COs%] [HCO37] pH Reference
Oceans 0.0002 - 0.0003 0.002 - 0.03 74-8.3 35.46-48
Rivers 3.6x10"-8 0.0005 - 0.002 5.28-8.5 35,47,50,69

Groundwater 0.00169 0.0001 - 0.003 5.1-10.7 51,52,69

Soil - 0.0001-0.003 | 4.8-10.02 51,52
Fluid Inclusions - 0.007 - 0.014 - 49
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Table 2. Solutions and associated area ratio of carbonate species to water, with and without the
calcite cover slip, measured using Confocal Raman spectroscopy.

ACO3*/AHCO5 ACO3*/AHCO5
NaClwt% | pH | [CO5"] | [HCOs] (non-caléite cover 3slip) (calcitz cover sli3p)

0 10.08 | 0.0426 | 0.0762 1.228 -

0 10.06 | 0.0381 | 0.0787 1.246 1.259

0 9.94 | 0.0220 | 0.0587 1.035 1.047

0 9.51 | 0.0030 | 0.0218 0.467 0.456

0 9.08 | 4.2E-04 | 0.0080 0.131 -

0 8.97 | 2.5E-04 | 0.0062 0.270 0.149

0 8.78 | 1.1E-04 | 0.0040 0.159 0.160

0 8.69 | 7.3E-05 | 0.0034 0.147 0.151

0 8.63 | 5.3E-05 | 0.0029 0.071 -

0 8.14 | 5.6E-06 | 0.0009 0.146 0.123

0 8.11 [ 4.8E-06 [ 0.0009 0.110 -

0 7.64 | 5.5E-07 | 0.0003 0.063 -

0 7.29 | 1.1E-07 | 1.3E-04 0.031 -

0 7.21 | 7.6E-08 | 1.1E-04 0.010 -

0 7.18 | 6.7E-08 | 1.0E-04 0.025 -

1 10.03 | 0.3326 | 0.1133 1.425 -

1 9.15 | 0.0058 | 0.0149 0.213 -

1 8.69 | 0.0007 | 0.0052 0.090 -

1 7.18 | 6.6E-07 | 1.6E-04 0.019 -

1 7.11 | 4.8E-07 | 1.4E-04 0.022 -
3.5 10.07 [ 1.927 0.1856 2.393 -
3.5 9.02 | 0.0152 | 0.0165 0.315 -
3.5 8.15 | 2.8E-04 | 2.2E-03 0.055 -
3.5 7.12 | 2.4E-06 | 2.1E-04 0.018 -
3.5 7.05 | 1.7E-06 | 1.8E-04 0.013 -

5 10.16 | 3.7454 | 0.2365 3.134 -

5 9.24 | 0.0538 | 0.0284 0.477 -

5 8.21 | 4.8E-04 | 0.0027 0.060 -

5 7.13 | 3.2E-06 | 2.2E-04 0.023 -

5 7.11 | 2.9E-06 | 2.1E-04 0.028 -
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Table 3. Results of [COs?], [HCOs7], and pH estimation correlations with and without the calcite
cover slip.

Test Equation RZ 95% CI RMSE
2-
[CO, ] y = 0.021x312 0.99 | 0.018-0.023 0.0013
I\i((’;cra:ge [HCO,] | y = 0.064x —0.004 | 0.99 | 0.059-0.069 0.0035
pH y=2Gwn® | 099 | 142-186 0.31
1.64
2-
[CO, ] y = 0.020x283 0.99 | 0.019-0.021 0.0005
Cocvaelflstﬁp [HCO3_] y = 0.065x — 0.006 | 0.99 | 0.060-0.070 0.002
pH y= G | 099 | 148-2.18 0.15
1.83
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Table 4. Results of [CO3?], [HCO37], and pH estimation correlations at different NaCl wt%.

Test NaCl wt% Equation R? 95% ClI RMSE
1 wit% y = 0.16x2%14 0.99 0.15-0.16 0.0021
[CO5%] 3.5 wt% y = 0.24x23° 0.99 0.24-0.24 0.0055
5 wt% y = 0.24x23° 0.99 0.24-0.24 0.020
1 wt% y = 0.081x — 0.002 | 0.99 [ 0.08-0.082 0.00044
[HCO37] 3.5 wt% y =0.079x — 0.003 | 0.99 | 0.073-0.084 0.0035
5 wt% y = 0.077x — 0.004 | 0.99 | 0.073-0.080 0.0031
In (7552 15=10)
1 wit% y = 7.80 * 10 0.99 1.9-2.3 0.27
2.13
In (5525 75=5)
pH 3.5 wt% y = 8.26 * 10 0.99 1.9-2.0 0.025
1.93
In (3555 15=5)
5 wt% y = 3.08 % 10 0.99 1.93-2.16 0.055
2.04

Table 5. Estimated CO3? and HCO3™ concentrations (mol/L), pH, pCO2, and CO; (ppm) of the
calcite fluid inclusion.

[COs*]
0.098 £ 0.1

[HCOsT]
0.044 + 0.027

pH
9.33+0.29

pCO:2
-3.78 £ 0.03
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CO2 (ppm)
167 + 13




