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Abstract: Due to the presence of additional volatiles and/or electrolytes in CO,-H,O fluids, the
total pressure of many natural aqueo-carbonic fluid inclusions at high temperatures as determined
using microthermometry is usually made with considerable uncertainty. In this paper, we present the
results of our high p-T in-situ Raman scattering study of high-density aqueo-carbonic fluids, with
and without a small amount of CH4 and NaCl, whose objective is to derive a new method for
pressure determination in aqueo-carbonic fluid inclusions at high temperatures. The measurement of
the Fermi diad bands at temperatures up to 400 °C and pressures up to 1200 MPa is described. The
manner in which the frequency shifts and intensity of Raman bands are governed by pressure,
temperature, presence of CHy in carbonic and NaCl in aqueous fluids is discussed. From the
monotonic dependence of the frequency shifts of the lower Fermi diad band v. and the Fermi
resonant splitting D (D = vi — v.) with pressure and temperature, the pressure (in MPa) of
aqueo-carbonic fluid inclusions at elevated temperatures can be determined directly by using the
following two polynomial equations:

MPa) =—16 + 1.232xT — 53.72x(Av.) — 1.83x 107X 1% + 24.46x(Av.)* — 0.292x Tx(Av.);
p
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p (MPa) =26 + 1.501xT + 193.24x(AD) — 1.61x10°xT* + 5.436x(AD)* + 0.158xTx(AD).

Where T is in °C, Av. and AD represent frequency shifts (in cm™) of the lower band and the resonant
splitting relative to the reference values measured at 23 °C and 6 MPa, respectively. Based on the
attainable accuracy of the fitted peak positions and the results from fitting of Raman frequency shifts’
dependence with pressure and temperature, the uncertainty in pressure determination is about 50
MPa for pressures determined from v. and 40 MPa from that determined from D.

Key words: CO,, Raman spectroscopy, pressure determination, HDAC, fluid inclusion

Introduction

Fluid inclusions containing H,O-CO; fluids (aqueo-carbonic fluid inclusions) are very common
and are often the dominant fluid inclusion type occurring in hydrothermal and medium- to
high-grade metamorphic deposits (Chi et al., 2006; Lowenstern, 2001; Mumm et al., 1997; Phillips
and Evans, 2004; Thomas and Spooner, 1992; Tsunogae et al., 2002; Williams-Jones and Ferreira,
1989; Xu and Pollard, 1999). Determining the pressure of aqueo-carbonic fluid inclusions is of great
significance both in understanding their thermodynamic properties and in constraining the depth of
fluid activity and mineralization leading to trapping of the fluid inclusions. Presently, the principal
method of estimating the pressure in aqueo-carbonic fluid inclusions is by microthermometry, which
is based on measurements of two phase transition temperatures during heating, the liquid-vapor CO,
homogenization temperature and the homogenization temperature of the immiscible-to-miscible
aqueous and carbonic phase transition, and use of the known p-V-T-x properties of the H,O-CO,
binary system (Bakker and Diamond, 2000; Diamond, 1996; Diamond, 2001; Hurai, 2010; Mao et al.,

2009). However, due to the presence of additional volatiles in the carbonic or electrolytes in the
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aqueous phase in natural fluid inclusions (Berkesi et al., 2009; Bersani et al., 2009; Giorgetti et al.,
1996; Li et al., 2014; Peng et al., 2014; Salvioli-Mariani et al., 2015; Thomas et al., 1990; Wang et al.,
2013; Zhu and Peng, 2015), the phase transition temperatures in these aqueo-carbonic fluid
inclusions could be apparently different from those of the H,O-CO, binary system (Akinfiev and
Diamond, 2010; Aranovich et al., 2010; Hurai, 2010; Mao et al., 2013; Shmulovich and Graham,
1999; Shmulovich and Graham, 2004; Thomas et al., 1990). In these cases, considerable errors in
pressure estimation using microthermometry can occur.

The Raman vibrational modes of CO;, have been measured and interpreted (Gordon and
McCubbin, 1966; Rosso and Bodnar, 1995; Stoicheff, 1958), and based on the experiments that were
made in investigating the effects of temperature, pressure or density on CO, Raman peaks (Fig. 1),
the characteristic Fermi diad bands (v+ and v.) shift to lower frequencies, the resonant splitting (D =
vy —v.) and the intensity ratio of the upper band to the lower band (I(v.+)/I(v.)) increase monotonically
with increasing pressure or density (Fall et al., 2011; Garrabos et al., 1989; Garrabos et al., 1980;
Guo et al., 2014; Kawakami et al., 2003; Rosso and Bodnar, 1995; Song et al., 2009; Wang and
Wright, 1973; Wang et al., 2011; Welsh et al., 1952; Yamamoto and Kagi, 2006). Several attempts
have been made at ambient or low temperatures, in determining the pressure or CO; density in pure
CO; or HO-CO;, fluid inclusions from the splitting of the two CO, Fermi diad bands (Azbej et al.,
2007; Chen et al., 2006; Fall et al., 2011; Kawakami et al., 2003; Rosso and Bodnar, 1995; Schmidt
et al., 1995; Song et al., 2009; Thomas et al., 1990; Yamamoto et al., 2007). However, to our
knowledge no investigation of the dependence of the CO, Fermi diad band frequencies with
variations of both pressure and temperature to high pressure-temperature (p-7) conditions has been

made. Here we present results from our high p-T Raman spectroscopy investigations of
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H,0-CO,-NaCl, H,0-CO,-CH4 and H,0-CO,-CH4-NaCl systems, in order to determine the
dependence of the CO, Fermi diad band frequencies with pressure and temperature, and to study the
effects on these bands due to the presence of CHy in high-density carbonic and NaCl in aqueous
fluids. From these investigations, we have derived a new geobarometry for determining the total

pressure of aqueo-carbonic fluid inclusions at room to 400 °C temperature conditions.

Experimental apparatus and procedures

Hydrothermal diamond cell

A Bassett-type (Bassett et al., 1993) hydrothermal diamond anvil cell (HDAC) was used to
perform our Raman experiments. Two opposed diamond anvils with 800 um diameter culets were
mounted on tungsten carbide seats and heated externally using molybdenum heaters wound around
the seats. The sample chamber was made by sealing a 400 um diameter hole in the center of a 250
um thick rhenium gasket against the anvils. The temperature was measured using two K-type
thermocouples attached to each of the diamond anvils and calibrated in advance by measuring the
melting point of stearic acid (69.6 °C) and sodium nitrate (307 °C) at ambient pressure. The pressure
in the sample chamber was determined either from the liquid-vapor equilibrium pressure of CO, at
low p-T conditions where vapor (V), carbonic liquid (L) and aqueous liquid (L,q) coexisted, or
from the relative (to the value at ambient conditions) frequency shift of the 464 cm™ Raman peak of
quartz at high p-T conditions (Schmidt and Ziemann, 2000):

P(MPa) = 0.36079X(V, , —V,,)* +110.86X(V, , ~V, ) (1a)

Vo.r (em™) =V, 1yoe +2.50136x107" X T* +1.46454x10° x T° —1.801x107° x T*
’ ’ (1b)

-0.01216xT +0.29
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At low p-T conditions the pressure in the sample chamber was in fact the V+Lcy+Lyg equilibrium
pressure of HyO+CO,+CH4+NaCl systems, which differs slightly from the V+L equilibrium pressure
of pure CO,. However, in comparison to the overall pressure uncertainty, the errors introduced by not
accounting explicitly for the partial pressure of dissolved H,O and/or CH4 in CO, are negligible. At
high p-T conditions the pressure determined from the quartz sensor yields the total pressure value,
with a reported pressure uncertainty of better than £50 MPa based on an attainable accuracy of the

fitted Raman peak position of £0.2 cm™ (Schmidt and Ziemann, 2000).

Sample preparation

As gas-loading equipment is not readily available in our laboratory, the loading of CO, into the
aqueo-carbonic samples within the sample chamber of the hydrothermal diamond anvil cell was
accomplished using decomposition reactions described in greater detail below.

Decomposition of oxalic acid dihydrate (H,C,04-2H,0) crystals in water (Sample I) and in NaCl
aqueous solution (Sample II) at high temperatures was accomplished as follows: Crystals of oxalic
acid dihydrate and quartz (for pressure calibration) were first loaded into the sample chamber,
followed by adding HPLC water (Sample I) or 10 wt% NaCl aqueous solution (Sample II; as H,O
evaporated during sample loading whereas extra H,O was generated from the decomposition of
oxalic acid dihydrate, the final NaCl concentration was not exact but around 10 wt%) just prior to
sealing of the sample chamber in the HDAC (Fig. 2a). During heating, the oxalic acid dehydrate
decomposed into H,O, CO,, CO and H, (Holloway et al., 1968; Wang and Zheng, 2012) at
approximately 250 °C (Fig. 2b), which was followed by generating CH,4 from the complete reaction
of CO and H; during further heating of the sample (I and II) to 600 °C. The composition of the

carbonic phase in Samples I and II, as estimated by use of the intensity ratio of the CO, and CHy
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Raman bands at room temperature and the quantification factor ratio given by Seitz et al. (1996), is
about 90 mol% CO, and 10 mol% CHj (Fig. 3).

Chemical reaction between sodium bicarbonate (NaHCOs) and hydrochloric acid (HCl) in
aqueous solution (Sample I1I) was accomplished as follows: A sodium bicarbonate crystal and a
piece of quartz chip was firstly loaded inside the hole in the Re gasket positioned on top of the
bottom anvil, followed by the suspension of a small drop of 1.5 mol-L" hydrochloric acid aqueous
solution to the center of the face of the upper diamond anvil. The sample chamber of the HDAC was
subsequently quickly sealed by bringing the top anvil against the bottom anvil and gasket. Upon
contact and subsequent reaction of the sodium bicarbonate crystal and the hydrochloric acid solution,
CO, was generated and partly trapped within the sample chamber. The composition of the fluid
sealed in the sample chamber consisted of CO,, H,O, NaCl and potentially a small amount of

unreacted HCI. No Raman signal of HCO;™ was detected.

Raman measurement, spectral calibration and peak fitting

All Raman measurements were made using a HORIBA Jobin Yvon confocal LabRAM HR800
micro-Raman system installed at Missouri State University. A 80 mW 785nm laser excitation source,
a Mitutoyo M Plan Apo NIR 20% long-working distance objective (NA = 0.4, /= 200), and a
stigmatic 800 mm spectrometer with a 2400 groove/mm grating were used to make the Raman
spectroscopy experiments. The confocal hole was set at 200 um and the corresponding spectral
resolution was 0.5 cm™ of the spectral measurements. Raman spectra were measured between 100
and 600 cm™ and between 1000 and 1500 cm™ for quartz and CO,, respectively, using a counting

time of 60 seconds and by averaging 5 repeated collections.
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In order to correct for peak position shifts during the experiment, 3 external (to the sample)
emission peaks occurring at 659.20, 865.32 and 888.44 cm™ (Fig.3) and originating from a General
Electric 13-watt Energy Smart (model no. 74198) compact fluorescent lamp were collected
simultaneously at each p-T point for spectral calibration. The corrected peak positions (Veorr) Were
spectrally calibrated from the Raman bands measured from the samples (Vieasured) USINg:

Veorr = Vmeasured = Viight T 804.32 (2)
where viign; is the average value of the 3 peak positions. The consistency of viign Was verified in
advance by measuring the emission peaks simultaneously with the Raman band of a standard silicon
wafer at ambient temperatures ranging from 20 to 32 °C. Relative to the 520.70 cm™ peak of silicon,
the variation in viign; was less than 0.10 cm’’ throughout the experiments.

Because of the fundamental dissimilarity between CO; and H,O, and depending upon the p-7-X
conditions, CO, can present as a carbonic phase or phases (vapor, liquid, solid or clathrate hydrate)
or it can dissolve in the aqueous liquid of the CO,-H,O system (Diamond, 2001). In this study, a
separate, high-density (higher than the critical density of CO,) carbonic phase was observed over a
wide pressure and temperature range. The p-T conditions and number of Raman spectra that were
measured for the samples are as follows: 27 spectra were measured from Sample I at p-T conditions
up to 250 °C and 900 MPa, 64 spectra were measured from Sample II at up to 400 °C and 1200 MPa,
and 18 spectra were measured from Sample III from 22 °C and 5 MPa to 193 °C and 284 MPa. The
peak center (with precision of 0.01 cm™ after peak fitting) and intensity of the two Fermi diad bands
of CO; and the v; band of diamond were determined by fitting the Raman bands with Gauss-Lorentz
amplitude functions within the PeakFit V4.04 software package; the 464 cm™ peak of quartz was

fitted with a Pearson IV amplitude function that permits variable peak asymmetry (Schmidt and
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Ziemann, 2000), the three emission peaks used for vy were fit consistently using Beta amplitude
functions. All iterative computations were carried out until the squared correlation coefficients 7> >
0.99 were obtained. The uncertainties in frequency of the spectrally calibrated CO, Fermi diad bands
and the 464 cm™ peak of quartz were £0.1 and 0.2 cm™ at temperatures below and above 200 °C,

respectively.
Results

The representative Raman spectra measured with Sample I and II at room temperature are shown
in Figure 4. The frequency of the lower band (v.) decreases monotonically with increasing pressure,
from 1281.56 cm™ at 6 MPa to 1277.41 cm™ at 698 MPa. Within the same pressure range, the
frequency of the upper band (v;) also decreases with increasing pressure but varies by less than 1.2
cm’’, and the magnitude of the resonance splitting (D) increases monotonically from 104.07 cm™ at 6
MPa to 107.26 cm™ at 698 MPa. The intensity of the upper Fermi diad band increased significantly
whereas that of the lower band remained nearly constant as the density of carbonic phase increased
with pressure. Our results are in good agreement with the Raman spectroscopy results obtained from
pure CO, at ambient temperature and high pressures (Garrabos et al., 1989; Kawakami et al., 2003;
Rosso and Bodnar, 1995; Song et al., 2009; Wang et al., 2011; Yamamoto and Kagi, 2006).

The temperature dependence of the frequency values of the Fermi diad bands, as measured at
p-T conditions ranging from 141 MPa at 23 °C to 474 MPa at 250 °C for Sample I, and from 124
MPa at 23 °C to 639 MPa at 350 °C for Sample II, and after accounting for the pressure dependence,
is shown in Figure 5. The lower Fermi diad band increases at a slightly higher 0v/OT rate than the
upper band and D exhibits a negative 0v/0T rate with increasing temperature, which is in agreement

with the temperature dependence of the Raman vibrations of pure CO, (Wang et al., 2011). The
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intensity of two hot bands was found to increase with temperature to ~250 °C, and the intensity of all
observed Raman bands of CO, decreased significantly at temperatures higher than 300 °C (Fig. 5).

The overall p-T-dependent frequency shifts of v., v+ and D in high-density carbonic fluids, are
given by the following polynomial equation (where the frequency of v., v; or D values is represented
by v):

v(p, T)=v (po, To) + Av (p, T) = a + bxT + cxp + dxT* + exp” + fxTxp (3)
Parameters a-f were evaluated by fitting the frequencies of v, vy and D with pressure and
temperature using a TableCurve 3D V4.0 software package. The fitting results are listed in Table 1
and illustrated in Figures 6a-c. The residuals between the measured data and their fitted values are
less than 0.3, 0.4 and 0.2 cm™ for v., v+ and D, respectively. Our results show that the largest
pressure-dependent frequency shifts occur for the lower Fermi diad band v. and the resonance
splitting D value of CO, in H,O-CO,+NaCl+CH, fluids, within the p-T range covered by our
experiment. Thus, the v. and D frequency shifts are more suitable for pressure sensing in

aqueo-carbonic fluid systems.
Discussion

Effect of temperature and pressure on the Fermi diad bands

As can be seen from Figure 6a, within the p-T range of our experiment, v. shifts to lower
frequencies with increasing pressure and to higher frequencies with increasing temperature, at
progressively lower ov./Op and 0v./OT rates, respectively. Conversely, the effect of pressure on the
frequency shift of the v; band is weaker and non-monotonic (Fig. 6b): The v: band was observed to
shift to lower frequencies at low p-values and to higher frequencies with pressure at high p-values,

with a minimum between 400 to 500 MPa. Due to the nature of the variations in temperature and
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pressure of the v. and v, bands’ frequencies, the D frequency value increases with pressure and

decreases with temperature in monotonic fashion, as shown in Fig. 6c.

Influence of fluid composition on the Raman peak positions

In most cases, natural aqueo-carbonic fluid inclusions contain CHy, CO or N in the carbonic and
electrolytes in the aqueous phase (Berkesi et al., 2009; Bersani et al., 2009; Giorgetti et al., 1996; Li
et al., 2014; Peng et al., 2014; Salvioli-Mariani et al., 2015; Thomas et al., 1990; Wang et al., 2013;
Zhu and Peng, 2015). In order to determine the pressures within these aqueo-carbonic fluid
inclusions using CO, as an internal pressure sensor, it is fundamentally important to ascertain the
influence of these additional components on the p-7-dependent behavior of the CO, Raman peak
position shifts.

The solubility of NaCl (as well as many other electrolytes) in CO, is lower by 5-7 orders of
magnitude than in H,O (Zakirov et al., 2007) and thus can be neglected. However, the dissolved
NaCl in H,O can not only reduce the mutual solubilities of H,O and CO,, but also interacts with
water molecules and influence water structure (Sun et al., 2010). In principle, at high temperatures
where the carbonic phase contains a high concentration of water and weak hydrogen bond is formed
between CO, and H,O molecules, the addition of NaCl should have influence on the Fermi diad
bands’ frequency. However, in our results (see Figures 4-6), within the error ranges, there is no
measurable difference in the p-7T-dependence of the Fermi diad bands’ frequencies measured from
Sample I (no NaCl) and II (with ~10 wt% NaCl). We think this probably because the dissolved NaCl
in Sample II is ~10 wt% and its effect on the CO, Fermi diad bands’ frequency is insignificant. The
presence of CHy in the carbonic phase will reduce the CO,; partial pressure, potentially leading to an

underestimation of the p- and 7-dependent rates of the Fermi diad bands’ vibrational frequencies.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5405

Nevertheless, the influence of CHy4 on the Fermi diad band peak positions is negligible, provided that
the CH4 content is no more than 10 mol% (Seitz et al., 1996). This is confirmed from our Raman
measurements (see Figure 6) showing that the difference between the Fermi diad band peak positions
measured from Sample I (with ~10 mol% CH,) and III (no CHy4) is negligible within the estimated

CITors.

Determination of pressure from CO, Raman frequency shifts
Based on the systematic frequency shifts of v. and D with pressure and temperature, for which
we have demonstrated that small amounts of CHy in the carbonic phase (~10 mol%) and NaCl in the
aqueous phase (~ 10 wt%) have no measureable effect, the total pressure (in MPa) of aqueo-carbonic
(H,0-CO,=NaCl+CHy) fluid inclusions at elevated temperatures can be determined, by using the
following two polynomial equations:
p=—16+1.232xT—53.72x(Av.) — 1.83x10°xT* + 24.46x(Av.)* — 0.292xTx(Av.), R* = 0.9962;
(4a)
p=-26+1.501xT+ 193.24x(AD) — 1.61x10°xT* + 5.436x(AD)* + 0.158xTx(AD), R* = 0.9976.
(4b)
where Av. = v., — 1281.56 cm and AD = D, —104.07 cm’', representing the frequency shifts of v.
and D, respectively, relative to the reference values measured at 23°C and 6 MPa, at which point
vapor and liquid CO; are in equilibrium. Equations 4a and 4b can be used at 22 < 7'< 400 °C and
pressures up to 1200 MPa, with uncertainties of better than 50 MPa and 40 MPa for the pressure

determined from v_ and D, respectively (Fig. 7).

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5405

Application to fluid inclusion research

All of the Raman spectra in our experiments were measured from high-density (higher than CO,
critical density) aqueo-carbonic fluids. Therefore, the applicability of equations 4a and 4b for
pressure determination holds only for aqueo-carbonic fluid inclusions containing a liquid carbonic
phase. The presence of <10 mol% CH,4 or <10 wt% NaCl will not affect the results significantly, but
higher concentrations of such volatiles or electrolytes may lead to the estimated pressure being
different from real values. In addition, the inclusions selected for study need to be sufficiently large
(i.e. >10 pm) and close to the surface, in order to optimize the Raman signal particularly at high
temperatures where instabilities in the CO,-H,O phase boundaries are encountered (Burke, 2001).
Due to the rapidly increasing internal pressure with rising temperature, decrepitation of such
inclusions is very common (Bodnar, 2003; Bodnar et al., 1989). This problem can be avoided by
heating the inclusions within a HDAC or other similar high-pressure, high-temperature instruments
(Darling and Bassett, 2002; Schmidt et al., 1998). As pressure within the fluid inclusions and in the
HDAC sample chamber are increased jointly with temperature, the pressure gradient from within the
inclusion to the host mineral is greatly reduced and decrepitation can be prevented.

After an appropriate aqueo-carbonic fluid inclusion within an assemblage has been selected for
probing, the second step is to determine the Raman peak positions of CO, at a known reference p-T
condition (e.g., 22 °C and 6 MPa). This is straightforward for a V+LcatLaq inclusion as its pressure
can be estimated from the CO, vapor-liquid equilibrium pressure, whereas for a Lc,tLaq inclusion
with unknown pressure at room temperature, we can either determining its reference pressure using a
microthermometric method, or as an optional choice, determining the reference peak positions by

additional Raman scattering measurements with the same settings of a V+Lcy+Lag inclusion. This
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step is critical for the usage of Equation 4a because different Raman scattering or calibration settings
will affect the measured Raman peak positions to a significant degree. As for the usage of Equation
4b, this step is suggested but not required because the relationship between D and CO, density or
pressure has been proven to be quite reproducible (Fall et al., 2011; Kawakami et al., 2003; Rosso
and Bodnar, 1995; Song et al., 2009; Wang et al., 2011; Yamamoto and Kagi, 2006).

In the third step, Raman spectra of the carbonic phase in the target aqueo-carbonic fluid
inclusion should be measured from room to its homogenization temperature with proper intervals.
During this part of the procedure, measurement of a Raman signal from an external source for
spectral calibration is strongly recommended as the heat from the HDAC or heating stage will
significantly affect the measured Raman peak positions. In the final step, Av. or AD at different
temperatures are calculated and the total pressure in the target inclusion is determined either from Av.
using Equation 4a or from AD using Equation 4b. Compared with v_, which may be affected by some
unexpected errors, pressures calculated from D appear to be more reliable as the frequency shifts of

v and v, are usually affected by those unexpected errors in the same manner.
Implications

The use of microthermometry for estimation of pressure in natural HO-CO, fluid inclusions is
often limited by the presence of additional volatiles, such as CH4 and CO, and electrolytes such as
NaCl. We have made a systematic in situ Raman study of H,O-CO; fluids, with and without CHy4 or
NaCl, using the HDAC within the p-T range of 22 °C < 7 <400 °C and 5 < p < 1200 MPa, in order
to develop the use of CO; as an internal sensor for monitoring the pressure of aqueo-carbonic fluid
inclusions. We have determined the frequency shifts of the Fermi diad bands of CO; in

H,0-CO,£NaCl+CHy fluids as a function of pressure and temperature and, from these measurements,
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closely examined the effect of CH4 or NaCl on these shifts. The p-7-dependencies of the frequency
shifts of the lower Fermi diad band v. and the resonant splitting D between the upper Fermi diad
band v; and v. of CO; in aqueo-carbonic fluids were found to be monotonic, easily measurable and
quantifiable so as to be suitable for use as an internal pressure sensor.

Based on the quantified relationships of the frequency shifts of the Fermi diad bands with
temperature and total pressure, two polynomial equations were derived for the first time, for the
lower Fermi diad band v. and the splitting D value, that can be used for determining the total pressure
in aqueo-carbonic fluid inclusions from ambient pressure to 1200 MPa. Our method is applicable for
aqueo-carbonic fluid inclusions containing a liquid carbonic phase and is recommended for content
levels <10 mol% CHjy or <10 wt% NaCl. The use of CO; as an internal pressure sensor as developed
using our quantification procedure provides a more straightforward and more reliable method than
by the use of microthermometry for determining the pressure of natural aqueo-carbonic fluid
inclusions under elevated p-T conditions. As better pressure sensors with a better pressure resolution
are developed, higher-precision Raman instruments having greater signal sensitivity are produced
and more CO, Raman data are measured from aqueo-carbonic systems, the CO, Raman pressure

sensor will become more accurate for work on fluid inclusions in the future.
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435  Table 1. Parameters from fitting of the frequency positions of the CO, Fermi diad bands (v; and v.)

436  and the vy and v. splitting (D) values with pressure and temperature used to derive Equation 3 shown

437  1n the text.

a b c dx10° ex10° %107 R’
v. 1281.37(4)  0.01077(5)  -0.00853(2)  -15.2(12) 3.24(16) 0.066(6) 0.9934
Vi 1385.63(5)  0.00427(6)  -0.00378(17)  -8.6(15) 2.85(21) -1.3(7) 0.8717
D 104.17(2) ~ -0.00738(2)  0.00505(7) 9.9(7) -0.41(9) -2.0(3) 0.9971
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442 Figure 1. A typical Raman spectrum of CO, with the effects of density and temperature illustrated by

443  use of arrows, as modified from Rosso and Bodnar (1995).
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Figure 2. Photographs of the sample chamber at different temperatures for Sample II (see text):

(a) oxalic acid (OA, partly dissolved), HO+NaCl an air bubble (V) in the sealed sample chamber at
room temperature; (D) oxalic acid dissolved at 73 °C and the system homogenized at 92 °C; (c) CO,
bubbles generated from the decomposition of oxalic acid at about 260 °C; (d) aqueous and
high-density carbonic fluid (90 mol% CO; and 10 mol% CHy) coexist within the chamber after the

system was cooled down to 22 °C.
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Figure 3. Raman spectra of the carbonic phase measured with 532nm and 785nm laser excitation,
respectively, at 23 °C and ~ 30 MPa in Sample II (see text). In the spectrum measured with 532 nm
laser excitation, the intensity of the CH4 v; band (1.11x10% is about 38% of that of the CO, v, band
(2.92x10%), and the corresponding CH, concentration in the carbonic phase, after taking into account

of the quantification factor ratio given by Seitz et al. (1996), was estimated to be ~10 mol%.
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Figure 4. The effect of pressure on the Raman vibrational frequencies of CO, at 23 °C. The insets
show the frequency shifts of the CO, Fermi diad bands v: and v. and the splitting D, as a function of
pressure for Sample I (open diamonds) and Sample II (solid diamonds). All spectra are shown after

baseline corrections and spectral calibrations were made.
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Figure 5. The effect of temperature on the Raman vibrational frequencies of CO; at approximately
200 MPa. The insets show the frequency shifts of the CO, Fermi diad bands vy and v. and the
splitting D, as a function of temperature for Sample I (open diamonds) and Sample II (solid
diamonds). All spectra are shown after making baseline corrections, spectral calibrations and

pressure corrections (see text).
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Figure 6. Fitting results of the CO, Raman vibrational frequencies (a for v., b for v;) and D splitting
(c) with pressure and temperature. Diamonds, circles and squares represent data measured from
Sample I, II and III, respectively; border color represents the measured data that are higher (blue) or
lower (red) than their fitted values; filled color represents the error between measured data and fitted

value, blue is for error <0.1 cm™, green is for 0.1~0.2 cm’ and yellow is for 0.2~0.4 cm’.
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Figure 7. Pressure determination from the frequency shifts of v. (a) and D (b) of CO, at different
temperatures. Diamonds, circles and squares represent data measured from Sample I, II or III,
respectively; border color represents the measured data that are higher (blue) or lower (red) than their
fitted values; filled color represents the errors between measured data and fitted value, blue is for

error less than 20 MPa and green is for error between 20 and 50 MPa.
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1281.57
1281.29
1281.41
1280.88
1280.71
1277.98

1281.56
1282.00
1282.29

6711
6410
5229
3719
2202

651
4119
3565
2543
2547
1168
1056

492
3791
3682
3839
2623
1252

575
5109
2865
3677
3806
2436
1234
3820
2167

2077
2708
2688

Sample |
v+
1385.26
1385.16
1385.24
1385.14
1384.98
1384.63
1385.04
1384.48
1384.48
1384.49
1384.74
1384.66
1384.69
1384.92
1384.97
1384.98
1384.78
1384.77
1384.73
1385.56
1385.49
1385.52
1385.25
1385.35
1384.99
1385.39
1384.55
Sample Il
1385.63
1385.93
1385.99

v+
11740
11390
9559
6963
4294
1724
7541
6781
5158
5875
3398
2739
1278
8116
6723
7306
4937
2751
1493
9214
5223
6838
6768
4487
2335
7304
4764

3523
3722
4052

104.44
104.37
104.40
104.45
104.48
104.62
104.33
105.78
106.10
106.38
106.58
106.61
106.60
104.72
104.70
104.79
104.86
104.94
104.88
104.18
104.12
103.95
103.96
103.94
104.12
104.68
106.56

104.07
103.94
103.70

Av-

-0.74
-0.77
-0.72
-0.87
-1.06
-1.55
-0.85
-2.86
-3.17
-3.45
-3.41
-3.52
-3.47
-1.36
-1.29
-1.37
-1.64
-1.73
-1.71
-0.18
-0.19

0.01
-0.27
-0.15
-0.69
-0.85
-3.58

0.00
0.43
0.73

AD
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0.37
0.30
0.33
0.38
0.41
0.55
0.26
1.71
2.03
2.31
2.51
2.54
2.53
0.65
0.63
0.72
0.79
0.87
0.81
0.1
0.05
-0.12
-0.11
-0.13
0.05
0.61
2.49

0.00
-0.13
-0.37



150
200
250
300
350
400

23

50
100
150
200
250
300

22

23

50
100
150
200
250
300
350
400

23

50
100
150
200
250
300
350

23

50

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.

(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5405

48

73
101
140
169
284
270
331
434
514
587
659
794

30
40
56
74
115
153
208
239
507
550
674
774
890
985
1077
1138
564
629
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1282.43
1282.52
1282.43
1282.23
1281.86
1281.08
1279.42
1279.34
1279.23
1279.14
1279.08
1278.87
1278.59
1281.73
1281.56
1281.84
1282.14
1282.39
1282.32
1282.21
1282.08
1281.57
1281.18
1278.09
1278.08
1277.91
1278.13
1278.08
1277.97
1277.84
1277.71
1277.89
1277.88

2377
1913
1925
1226

669

265
5865
5318
4496
3214
2542
1741

364
3224
3145
3546
3386
3306
2708
2049

820

591

121
5268
4556
4010
3171
1232

928

546

302
5625
4265

1386.04
1385.82
1385.82
1385.61
1385.37
1385.03
1384.84
1384.74
1384.70
1384.66
1384.65
1384.69
1384.72
1385.69
1385.52
1385.85
1385.81
1386.00
1385.77
1385.80
1385.66
1385.22
1384.95
1384.59
1384.53
1384.66
1384.88
1384.94
1385.07
1385.10
1385.02
1384.70
1384.67

3750
3084
3126
2295
1572
729
11800
10580
9167
7105
5938
4581
1240
5492
5840
6695
5746
5730
4766
3804
1820
1447
378
12140
10030
9081
7697
2979
2239
1365
801
10140
9219

103.61
103.31
103.39
103.39
103.52
103.95
105.42
105.40
105.47
105.52
105.57
105.81
106.14
103.97
103.96
104.01
103.68
103.61
103.45
103.59
103.58
103.64
103.77
106.50
106.45
106.75
106.74
106.86
107.10
107.27
107.31
106.82
106.79

0.86
0.96
0.87
0.66
0.29
-0.48
-2.14
-2.23
-2.34
-2.42
-2.48
-2.69
-2.97
0.17
0.00
0.28
0.57
0.82
0.76
0.64
0.52
0.01
-0.38
-3.48
-3.48
-3.65
-3.43
-3.48
-3.59
-3.73
-3.85
-3.68
-3.68

-0.46
-0.76
-0.68
-0.68
-0.55
-0.12
1.35
1.33
1.40
1.45
1.51
1.74
2.07
-0.10
-0.11
-0.06
-0.39
-0.46
-0.62
-0.48
-0.49
-0.43
-0.30
2.43
2.38
2.68
2.68
2.79
3.03
3.20
3.24
2.75
2.72
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100 725 1277.86 4119 1384.72 9172 106.86 -3.70 2.79
150 860 1277.84 3243 1384.77 6750 106.94 -3.73 2.87
200 970 1277.68 2515 1384.80 5898 107.12 -3.88 3.05
250 1129 1277.45 1814 1385.04 5179 107.59 -4.12 3.52
23 698 1277.41 2697 1384.67 5962 107.26 -4.15 3.19
50 767 1277.28 2777 1384.60 5882 107.32 -4.29 3.25
100 908 1277.35 2476  1384.96 5414 107.62 -4.22 3.55
150 985 1277.39 1789 1384.92 4342 107.54 -4.17 3.47
200 1073 1277.35 1490 1384.91 3653 107.56 -4.21 3.49
250 1166  1277.43 916  1385.11 2482 107.68 -4.13 3.61
300 1241 1277.42 579 1385.14 1643 107.73 -4.14 3.66
22 364 1278.88 4992 1384.75 9215 105.87 -2.69 1.80
50 433 1278.70 5329 1384.71 10170 106.01 -2.87 1.94
100 529 1278.77 4648 1384.80 9347 106.02 -2.79 1.95
150 639 1278.73 4853 1384.75 9295 106.02 -2.83 1.95
200 696 1278.64 1921 1384.69 4693 106.05 -2.92 1.98
250 786 1278.65 1470 1384.80 4072 106.15 -2.91 2.08
300 881 1278.38 1107 1384.70 2833 106.32 -3.18 2.25
350 892 1278.44 475 1384.79 1340 106.35 -3.12 2.28
22 148 1280.43 4225 1385.11 6908 104.69 -1.14 0.62
22 124  1280.78 4978 1385.29 8297 104.51 -0.78 0.44
50 160 1280.69 3376  1385.31 6120 104.62 -0.88 0.55
100 275 1280.34 3321 1385.14 5682 104.80 -1.23 0.73
150 295 1280.36 1774 1385.13 3333 104.78 -1.21 0.71
200 369 1280.11 1351 1384.96 2673 104.85 -1.46 0.78
250 475 1279.97 1137 1385.07 2360 105.10 -1.59 1.03
300 551 1279.66 822 1384.89 1832 105.23 -1.90 1.17
350 639 1279.35 565 1384.77 1079 105.42 -2.21 1.35
Sample lll
22 5 1281.58 4119 1385.87 9502 104.21 0.01 0.06
25 10 1281.54 5122 1385.62 11580 104.00 -0.02 -0.15
31 20 1281.51 8949 1386.10 17130 104.03 -0.05 -0.12
42 35 1281.49 8659 1385.89 16720 104.09 -0.08 -0.06
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52 50 1281.41 8895 1385.89 17110 104.12 -0.15 -0.03
63 68 1281.33 8727 1385.84 16210 104.14 -0.24 -0.01
74 86 1281.30 8224 1385.85 15700 104.12 -0.27 -0.03
85 104 1281.24 7799 1385.84 14900 104.20 -0.33 0.05
96 122 1281.14 7043 1385.82 14000 104.26 -0.43 0.1
106 140 1281.15 7223 1385.73 14080 104.24 -0.41 0.09
117 158 1281.07 5871 1385.80 11530 104.27 -0.49 0.13
128 176 1281.04 5122 1385.79 10760 104.29 -0.52 0.14
139 194 1281.06 6130 1385.69 12430 104.30 -0.51 0.15
150 212 1281.03 6405 1385.68 12090 104.31 -0.54 0.16
160 230 1280.93 5407 1385.68 11300 104.38 -0.64 0.24
171 248 1280.80 3435 1385.51 7705 104.39 -0.77 0.24
182 266 1280.68 2835 1385.45 6779 104.49 -0.89 0.34
193 284 1280.60 1430 1385.43 3464 104.40 -0.97 0.25
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