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M In situ determination of NaCl-H,0 isochores up to 900 °C and
1.2 GPa in a hydrothermal diamond-anvil cell
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NaCl-H,O is a typical binary system solution in geologic environments. However, its
available PVTX properties (e.g., isochores) are primarily applicable in the pressure-
temperature (P—T) range of <600 MPa and <700 °C. Here, we performed 53 experi-
ments in a hydrothermal diamond-anvil cell (HDAC) to determine NaCl-H,O
isochores by using the newly defined a-p quartz P—T transition boundary as a pres-
sure calibrant (Li and Chou, 2022). The refined isochores fitted with our data are
expressed by: P (bar)=A; + Ay x T (°C) and

A;=0.0061 + (0.2385 — a;) X Tj, — (0.002855 + a5) X T2 — (a3 X Ty, + ay X T2) X m

Azzﬂl +u2XTh+9.888X10_6XT%+(Q3+Q4XTh)Xm

where m is the NaCl molality (mole/kg H,O), T}, (°C) is the liquid-vapour homogenisation (to the liquid phase) temperature, and
ay, ap, ag, and a4 are constants (27.21, —0.05956, —0.3095, and 0.003232, respectively). The isochores have better applicability for
the salinity range of 525 wt. % NaCl, 100 °C < Ty, <450 °C, and P—T range up to ~1.2 GPa and ~900 °C. Compared with previous
data, these isochores are more precise above 600 MPa, and are particularly suitable for the geological applications involving saline

fluids in the deep Earth.
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¥ Introduction

NaCl-H,O solutions exist widely in geologic environments. The
properties of the pressure, volume, temperature, and composi-
tion (PVTX) of the binary system have been widely investigated
to interpret the rock- and ore-forming conditions, and quantify
mass transfer in many geological settings, such as subduction
zones (Mantegazzi et al., 2013). Empirical and theoretical models
have been published to describe the PVTX properties of NaCl-
H,0 (e.g., Bodnar and Vityk, 1994). However, most PVTX mod-
els for NaCl-H,O are applicable under low temperature (e.g.,
<700 °C) and pressure (e.g, <600 MPa) conditions (e.g.,
Bodnar and Sterner, 1987; Mao et al., 2015). This is mainly
because these PVTX properties were derived from experimental
results, such as those obtained with synthetic fluid inclusion
(SFI) methods, using pressure vessels operated under relatively
low P-T conditions (Gehrig, 1980; Zhang and Frantz, 1987;
Bodnar and Vityk, 1994). Moreover, many PVTX models were
built by using the equation of state (EoS) of H,O suggested by
Haar et al. (1984) (e.g., Driesner, 2007), which has been consid-
ered to have lower accuracy than other available models at pres-
sures >600 MPa (e.g., Li and Chou, 2022). Consequently, most
current available EoSs of H,O-NaCl are only applicable to the
upper crustal P—T conditions and thus unsuitable for describing
geological processes in lower crustal conditions, such as those

involving the saline aqueous fluids released from subduction
slabs where the pressure may become much higher than
600 MPa (e.g., Kawamoto et al., 2018).

In order to experimentally model such high P—T condi-
tions, the hydrothermal diamond-anvil cell (HDAGC; Bassett et al.,
1993), is a good option. It can potentially yield a sample chamber
with a constant volume during an experiment at pressures up to
2.5 GPa and temperatures from —190 °C to 1200 °C (Bassett et al.,
1993), making it excellent to measure the PVTX properties or iso-
chores of fluids under wide P—T conditions. By using the HDAC
to measure the PVTX properties of a fluid, it is crucial to deter-
mine the pressure value at a set temperature in a homogenous
fluid phase inside the sample chamber (Figure S-1a). Previously,
pressure sensors based on shifts of Raman or fluorescence lines
in some minerals or materials (e.g., quartz and ruby) were com-
monly used in HDAC experiments, despite their large associated
uncertainties (Schmidt and Ziemann, 2000). By using these pres-
sure sensors, Mantegazzi et al. (2013) used a diamond-anvil
cell to determine the PVTX properties of NaCl-H,O solutions
at 0.5-4.5 GPa and <400 °C (extrapolated up to 800 °C).

To obtain NaCl-H,O isochore data with high precision in
a wide PVTX range through HDAC experiments, this study
uses the a-p quartz phase transition P—T boundary as the pres-
sure calibrant (Figure S-1a), as done by Shen et al. (1993).
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In HDAC experiments, the a-f quartz phase transition temper-
ature (T,) can be measured by optical observation of interference
fringes (Shen et al., 1993) or the Raman shifts of the quartz
464 cm~! band (Schmidt and Ziemann, 2000), with rigourous
experimental conditions but large uncertainties (Li and Chou,
2022). Recently, Li and Chou (2022) found that the abrupt
change in the Raman shift of the quartz 128 cm~! band is much
more sensitive and precise than that of the 464 cm™! band during
heating for the detection and measurement of the T, particu-
larly under high P conditions (Figure S-1b); a new a-p quartz
P-T boundary with high precision was redefined by Li and
Chou (2022). Moreover, a cooling system for HDAC was
designed (Li et al., 2020), which can be used to determine the
true salinities of the loaded H,O-NaCl solutions through ice
melting temperatures (Tis). This prevents an erroneous
assumption that the salinity of the prepared H,O-NaCl solution
is the true salinity of the loaded fluid, ignoring the effect of
unavoidable evaporation of water and the corresponding
increase in the salinity during loading (Li et al., 2020). These
new experimental procedures to measure the pressure and salin-
ity can be applied to obtain fluid isochores with high precisions,
especially at elevated temperatures and pressures. Therefore,
here we loaded NaCl-H,O solutions in an HDAC sample cham-
ber together with a chip of natural quartz (Figure S-2) to measure
NaCl-H,O isochores with a Raman spectrometer.

! Experimental Results

Experimental details are provided in the Supplementary
Information (Experimental Methods). A total of 53 experiments
with P—T range up to 1.2 GPa and 900 °C have been conducted
with HDAC in this study. In each experiment, the Ti, Ty, and
liquid—vapour homogenisation (to liquid phase) temperature
(Ty) of the sample fluid were recorded (Table S-1). During
heating, the Raman shifts of the 128 cm~! Raman band of
a-quartz in the sample chamber were collected in each experi-
ment to determine Tys (Figure S-1b). Subsequently, the a-f
quartz phase transition pressure (P;) was calculated from Ty,
according to the refined a-p quartz P-T boundary of Li and
Chou (2022).

Each isochore of NaCl-H,O in our experiment is estab-
lished through two P—T points; one is the P,—T}, of the NaCl-
H,O system in the HDAC sample chamber, and the other is
Py—Ti, described above (Figure S-1a). The P}, is the liquid-vapour
homogenisation (to the liquid phase) pressure for the sample
NaCl-H,O fluid calculated from the measured T}, by using the
equation of Bodnar (1983). All the P-T data of the NaCl-H,O
isochores are presented in Table S-1 and Figure 1.

! Discussion

Isochores fitted with the experimental data. To facilitate the inter-
polation of our experimental results, we used the equation for-
mats provided by Zhang and Frantz (1987) to fit the H,O-NaCl
isochores determined with (T}, Py) and (T, Py,) listed in Table S-
1. This is because their equations were built with the liquid-
vapour homogenisation T and P and the corresponding entrap-
ment P-T conditions of SFIs, which are similar to the data
groups (Ty, Py and Ty, Py) collected in this study (Table S-1).
Moreover, their equations can accurately describe PVTX data
from many experiments, as commented by Brown (1989).
Accordingly, the H,O-NaCl isochores of this study can be fitted
by the following equation with R?=0.991:

P (bar)=A;+ A, x T (°C) Eq. 1

where
Ay =0.0061 + (0.2385 — ay) x Ty, — (0.002855 + a,) X T2
— (a3 x T +ay X T2) xm
and
Ay=a;+ay X T +9.888 x 107 X T3 + (a3 + a; X T),) x m

The constants A; and A, are functions of T}, (°C) of the
fluid inclusions or NaCl-H,O solution in the HDAC sample
chamber and salinity (1, the NaCl molality in aqueous solution).
The parameters a, a,, as, and a4 are 27.21, —0.05956, —0.3095,
and 0.003232, respectively. The average errors between the val-
ues calculated from Equation 1 and the experimental data for P,
and isochore slopes are 3.7 % and 3.9 %, respectively (Table S-1).
These fitting errors among NaCl-H,O fluids with low to high sal-
inities are consistent (Table S-1), and they are different from
those of Zhang and Frantz (1987) which contain large errors
for high density NaCl-H,O solutions, as pointed out by
Brown (1989), indicating a better fitting of Equation 1 in this
study. Considering the P-T range of our experiments,
Equation 1 is considered to have better applicability for solutions
with salinity and T}, ranges of 5—-21 wt. % NaCl and 100—450 °C,
respectively.

Comparisons of experimental data with previous
studies. The experimental data of this study are compared with
those derived from Bodnar and Vityk (1994) and Mao et al.
(2015) (Figure 1). The model of Bodnar and Vityk (1994), deter-
mined using the SFI method, is applicable at <600 MPa, and
has been widely used to interpret the PVTX properties of geo-
logical fluids (e.g., Sullivan et al., 2022). Mao’s model (Mao et al.,
2015), as a representative thermodynamic model, works up to
1000 °C and 500 MPa. The agreements, among the P, obtained
from our experimental data and those from Bodnar and Vityk
(1994) and Mao et al. (2015) below 600 MPa for the measured
Tys (Figure 1), demonstrate the reliability of our experimental
method and results. However, the deviations of P, values
obtained in our experiments from those extrapolated from
the previous isochores, particularly Bodnar and Vityk (1994),
are evident above 600 MPa, and they increase with salinity
(Figure 1).

The isochores of NaCl-H,O solutions calculated with
Equation 1 in this study were primarily compared with those
derived from Hurai (1988), Bodnar and Vityk (1994), and Mao
et al. (2015) in Figure 2. Note that the isochores of NaCl-H,O
fluids in Bodnar and Vityk (1994) derived from the SFI technol-
ogy were approximated by connecting the P—T point at which
the SFI was formed (P—T¢), and the P—T point defined by the
observed liquid-vapour homogenisation (to liquid phase)
T (P,—Ty), assuming the volumes of the studied SFI at these
two P-T points were the same (isochoric) (Bodnar, 1995).
However, it was clearly shown in Figure 17.3 of Bodnar and
Sterner (1987) that, even for the pure H,O system, the volumes
of the studied SFIs at these two P—T points were not expected to
be the same for most of SFIs (Bodnar and Sterner, 1987; their
Table 17.1). To clearly demonstrate their warning, their experi-
mental results for SFls trapped at 100 MPa and 300, 400, 500
and 600 °C were shown in Figure S-3 by adding the isochores
based on the densities of pure H,O at these two P—T points,
which were derived from the well established EoS of H,O
IAPWS-95 (Wagner and Pruf3, 2002). Therefore, the isochores
obtained by SFI methods should strictly be called as iso-T}, lines,
unless the SFI volumes are corrected. Conversely, our isochores
were measured in situ, during which the volume of the HDAC
sample chamber was kept constant. Accordingly, the isochores
of this study with high salinities and low Tjs evidently deviate
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Figure 1 Comparisons of pressures at the measured a-f quartz phase transition temperatures (T,s). Plotted are the a-f quartz phase tran-
sition pressures (Pys), which were calculated from the equation of Li and Chou (2022). Other corresponding pressures were calculated from
the isochores reported by Bodnar and Vityk (1994) and Mao et al. (2015) and shown by the open symbols below the 600 and 500 MPa isobars,
respectively; the extrapolated pressures above the two isobars are shown by the solid symbols. All data are listed in Table S-1.

from those extrapolated from Bodnar and Vityk (1994) (Figure 2),
consistent with the deviations of P, values above 600 MPa
shown in Figure 1.

On the other hand, the isochores of Mao et al. (2015) were
not only fitted with the accurate EoS of H,O (IAPWS-95;
Wagner and Pruf3, 2002), but also calculated with the molar vol-
ume equation of the NaCl-H,O PVTX model from Driesner
(2007) that was developed with several thousand data points
available from previous literature, including those derived from
SFIs. This could cause the isochore data of Mao et al. (2015) to be
closer to ours under low T}, and high salinity conditions, when
compared with those of Bodnar and Vityk (1994) (Figures 1,
2c—f). Furthermore, the isochores of this study, particularly those
with high salinities, agree excellently with those of Hurai (1988),
which are shown in Figure 2 by the linear regression and
extrapolated lines based on the data listed in Table S-2 and
shown by the black dots in Figure 2. The data in Table S-2 were
derived from the listed data of Hurai (1988), which summarized
previously available data, especially those from Haas (1976) for
vapour-saturated liquids, Hilbert (1979) for densities of solutions
containing up to 25 wt. % NaCl at 20-40 MPa, 200400 °C, and
Gehrig (1980) for densities of solutions containing up to 20 wt. %
NaCl at 10-300 MPa, 200-600 °C, covering 100-500 °C,
<500 MPa and Tys of 83-325 °C. The PVT data of Hilbert
(1979) and Gehrig (1980) were collected with volume-calibrated
pressure vessels under specified P—T conditions. Representative
data of Gehrig (1980) for 20 wt. % NaCl solution are shown in

L]
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Figure S-4a as an example, to show these data were excellently
presented by Hurai (1988). These features support the reliability
of our isochores, implying that the isochores under our experi-
mental conditions are approximately linear in P—T space and
that the applicability of Equation 1 can be extended to the aque-
ous solutions containing 25 wt. % NaCl. Moreover, our isochores
agree very well with those calculated from the density data
reported by Pitzer et al. (1984) and Majer et al. (1988) within their
rather limited applicable P-T areas (i.e. <100 or 40 MPa and
<350 °C shown in Figure S-4b,c). However, deviations occur
when extrapolating the isochores calculated from their data to
higher P—T conditions, possibly due to the small curvature of
their isochores, which are not suitable for linear extrapolations.
Additionally, the PVTX models of Mantegazzi et al. (2013) and
Fowler and Sherman (2020) are not considered for comparison
here, as their isochores are only suitable for NaCl-H,O solutions
with densities (primarily >1.0 kg/cm?®) much higher than those in
this study.

Application of the isochores in the deep Earth setting. As
discussed above, our isochores of the NaCl-H,O solutions are
more reliable under conditions above >600 MPa. Therefore,
our isochores are expected to provide better applications in lower
crustal conditions. For example, the isochores of fluid inclusions
in metamorphic rocks are commonly used to determine the peak
metamorphic conditions in the deep Earth setting such as a sub-
duction zone (e.g., Kawamoto et al., 2018). The western Coast
Mountains of British Columbia, Canada formed during terrane

34
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Figure2 Comparisons of NaCl-H,O isochores derived from our experimental data (red lines), those from Bodnar and Vityk (1994; black solid
lines with dashed extrapolations above 600 MPa) and Mao et al. (2015; blue lines with dotted extrapolations above 500 MPa), and isochores
(green lines with dash-dotted extrapolations above 500 MPa and 500 °C) linearly fitted with data from Hurai (1988; black circles). The homog-

enisation temperatures (T,s) are marked.

accretion in the Jurassic and Cretaceous Periods (Wolf et al.,
2010). The metamorphic framework in Prince Rupert of the
Coast Mountains comprises schist, gneiss, and migmatite, dis-
playing progressive regional metamorphism. In this area, the
fluid inclusions in quartz contain 25 wt. % NaCl, and the
observed homogenisation Ts (to liquid) were between 95 and
165 °C (Hurai, 1989). As shown in Figure 3, the P—T field defined
by the isochores of these fluid inclusions based on the models of
Bodnar and Vityk (1994) and Mao et al. (2015) does not match
the metamorphic P-T path derived from associated mineral
assemblages (Crawford et al., 1987). However, the P-T field

Q)EAc
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derived from our isochore model matches perfectly well with
the metamorphic P—-T path.

The isochores of this study can also be used to infer the
formation P-T conditions of melt inclusions (MIs) in plutonic
rocks. A fluid subsystem inside MIs usually belongs to the
NaCl-H,O system, existing as a shrinkage bubble. Its isochores
are commonly used to estimate the MI entrapment pressure
(Hurai et al., 2015). By this method, the overestimation of the
pressure values could be avoided, if our NaCl-H,O isochores
rather than those extrapolated from Bodnar and Vityk (1994)
and Mao et al. (2015) were used.
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Figure3 Application of NaCl-H,O isochores obtained in this study
for the determination of the peak metamorphic conditions in
Prince Rupert of the Coast Mountain, British Columbia, Canada.
Hurai (1989) reported that the fluid inclusions (Fls) in quartz in this
metamorphic belt have salinities of ~25 wt. % NaCl with Ts (to L)
of 95-165 °C. The P-T fields (four shaded areas) defined by the FI
isochores from Hurai (1988), Mao et al. (2015) and Bodnar and
Vityk (1994), and this study are compared with the metamorphic
P-T path (thick line with arrows) derived from associated mineral
assemblages (Crawford et al., 1987). The lines and symbols are the
same as those in Figure 2.

! Conclusions

The isochores of NaCl-H,O solutions with salinities of up to
21 wt. % NaCl (applicable up to 25 wt. % NaCl), measured in
the HDAC experiments by using the re-fitted a-p quartz P-T
boundary of Li and Chou (2022), were extended to ~900 °C
and ~1.2 GPa.

At pressures above 600 MPa, our isochores are considered
to be reliable and accurate relative to previous ones and their
extrapolations, particularly those derived from analyses of
SKIs. Therefore, our isochores are more suitable to be applied
for the interpretations of geological processes involving NaCl-
H,O fluids in the lower crust.

Our experiments also suggest a fast method for the accu-
rate measurement of isochores of geologically important saline
solutions with solutes of LiCl, NaCl, KCl, CaCl,, efc., and their
mixtures by using HDAC and the newly calibrated a-p quartz
P—Tboundary of Li and Chou (2022) under wide P-T conditions.
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Experimental methods

Isochores of the H,O-NaCl system were measured, as illustrated in Figure S-1, by using a Bassett VT-type hydrothermal
diamond-anvil cell (HDAC; Li et al. 2016), with a newly designed cooling system (Li et al. 2020), and a Raman
spectrometer. The HDAC sample chamber is a hole (0.5 mm diameter) at the center of the annular rhenium gasket (3
mm diameter and 0.125 mm thick), compressed and sealed by the two parallel diamond anvils (Figure S-2a; Bassett et
al., 1993). The sample chamber was heated externally by using two tungsten carbide furnaces, each of which was
wrapped with a heating resistance wire. The heating power to the heaters was controlled through a temperature controller
(PES1300; Li et al. 2020). During cooling, the sample chamber was cooled by a stream of nitrogen, which was cooled
through a stainless steel coil immersed in a liquid nitrogen Dewar, as described in Li et al. (2020). The temperatures
were measured using two K-type thermocouples from Omega Engineering with their tips attached separately to the two
diamond anvils. The new thermocouples were calibrated by measuring the triple point of H,O (0.01 °C), the eutectic
point of NaCl solution (-21.2 °C), and the melting points of NaNOs3 (306.8 °C) and NaCl (800.5 °C) before experiments,
and they were checked again after each experiment to confirm their reliabilities. The reported temperatures are accurate
to+ 0.5 °C. A JY/Horiba LabRAM HR Evolution Raman system was used, with an SLWD 20x Olympus objective (0.4
numerical aperture), a 532 nm laser excitation, a grating of 1800-grooves/mm, spectral resolution of 0.2 cm™, and ~40

mW laser light focused on the sample during the measurement.
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At the beginning of each set of isochore experiments, a quartz chip (80 pm thick; as a pressure sensor) from the
Jiajika pegmatites, Sichuan, China (Li and Chou, 2016) and H>O-NaCl solution were loaded and sealed in the sample
chamber with a vapour bubble (Figure S-2b). The solutions were prepared with salinities of 2, 5, 10, and 13 wt. % NaCl.
Subsequently, considering the new rhenium gasket could be deformed during heating, we heated the sample chamber
from ambient to 850 °C in several cycles until the difference of the two vapor-disappearing (i.e., vapour to liquid
homogenization) temperatures (71s), in the two adjacent cycles was less than 1 °C to ensure that the sample chamber
did have a negligible volume change in the following heating cycle. Such a Re gasket training procedure is the same as
that described by Li and Chou (2022).

In the following heating cycle after the Re gasket was trained, we collected the in-situ Raman spectra of quartz
in the HDAC sample chamber while the temperature increased from ambient to the temperature above the a-§ quartz
phase transition temperature (7y), and the heating rate was reduced from 5 °C/min to 1 °C/min while the temperature
was close to Ti. The Ty was determined by the abrupt ~128-cm™ Raman shift of a-quartz as shown in Figure S-1b. At
each temperature, the Raman spectrum of quartz, collected for 20-60 s with two accumulations, was repeatedly collected
for 3—5 times until the Raman shifts of the 128-cm™ band were constant. Details of this Raman spectroscopic criterion
were described by Li and Chou (2022). After a heating cycle, we cooled the sample chamber to the ambient temperature
and then repeated the Raman spectra collection procedures during the following heating cycle to check the observed T.
In the two consecutive heating cycles, we also compared the Tis to further ensure that the volume of the sample chamber
is kept constant. Subsequently, we tightened the driver screws of HDAC to reduce the volume of the sample chamber
and thus increase the bulk H,O-NaCl solution density and then repeated the above experimental procedures to obtain
the T under a higher pressure condition.

Finally, after the sample chamber was cooled, the final melting temperature of ice ( Tic.) in the H,O-NaCl system
was measured and the salinity of the fluid in the sample chamber was calculated according to the equation of Bodnar
(1993).
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Supplementary Tables

Table S-1 Experimental results for the measurements of the isochores of NaCl-H.O solutions loaded in the sample

chamber of a hydrothermal diamond-anvil cell

No, ®Tce (Wf“’/ ‘T P T ep, "Pup Pom UEV RN S
O Nacpy €O (MP) ((C)  (MPa)  (MPa)  (MPa)  (MPa) (%) (%)
1 -3.5 5.7 359.7 17.85 638 238.11 223.81 260.76 238.91 0.34 0.36
2 -3.5 5.7 357.1 1732 643 257.26 232.94 270.61 248.08 3.57 3.83
3 —4.1 6.6 338.0 13.67 661 326.54 298.23 334.94 309.30 5.28 5.51
4 -3.6 5.9 290.0 7.17 705 498.07 471.35 515.12 481.70 3.29 3.33
5 -3.7 6.0 2744  5.66 719 553.30 540.89 583.61 549.80 0.63 0.64
6 -3.7 6.0 2714 540 722 565.17 555.04 597.43 563.72 0.26 0.26
7 -3.7 6.0 258.0 4.35 739 632.74 625.34 665.57 633.06 0.05 0.05
8 -3.7 6.0 2479  3.67 754 692.74 684.25 721.70 691.26 0.21 0.21
9 -3.7 6.0 2394 317 765 736.96 733.72 767.66 740.12 043 0.43
10 —4.3 6.9 210.2 1.82 802 887.15 925.70 935.80 924.50 4.21 4.22
11 —4.6 7.3 200.0 1.47 829 998.14 1024.31 1019.97 1016.97 1.89 1.89
12 —4.3 6.9 263.0 4.69 740 636.72 613.98 654.84 620.47 2.55 2.57
13 —4.6 7.3 287.5 6.84 709 513.82 493.89 535.38 501.59 2.38 2.41
14 -9.0 12.8 4420 37.28 609 127.82 141.35 138.99 134.31 5.08 7.18
15 -6.7 10.1 3948 25.13 621 173.29 187.11 198.79 186.29 7.50 8.78
16 -9.0 12.8 3914 2370 633 219.00 215.14 222.93 213.89 2.33 2.62
17 -9.0 12.8 377.8 20.62 634 222.82 236.89 248.00 237.27 6.49 7.15
18 —6.4 9.7 3664 18.69 647 272.61 250.04 270.44 252.72 7.30 7.83
19 -104 144 3651 17.73 648 276.45 278.78 291.72 281.30 1.75 1.88
20 -9.2 13.1 355.0 1599 656 307.24 299.24 316.66 301.70 1.80 1.90
21 -10.4 144 3450 14.04 669 357.50 340.46 358.89 343.70 3.86 4.02
22 -104 14.4 325.1 10.93 690 439.24 411.41 434 41 413.62 5.83 5.98
23 -10.8 14.8 3120 9.14 706 502.00 469.24 493.48 469.18 6.54 6.66
24 -10.4 144 311.0 9.04 707 505.94 470.39 495.69 470.45 7.02 7.14
25 —-9.8 13.7 2720 5.12 752 684.71 655.66 680.62 643.26 6.05 6.10
26 -8.9 12.7  260.0 4.27 761 720.86 706.60 730.73 691.56 4.06 4.09
27 -9.2 13.1 211.8 1.79 803 891.24 1004.69  983.63 947.77 6.34 6.35
28 -9.2 13.1 203.2 1.51 819 956.90 1079.95 1044.71 1011.82 5.74 5.75
29 —8.4 12.2  200.0 1.42 824 977.50 1092.46 1057.04 1030.35 5.41 542
30 —-8.6 124 2720 5.18 740 636.72 627.20 655.88 619.28 2.74 2.76
31 =77 11.3 186.8 1.08 837 1031.24 1178.32 112240 1111.04 7.74 7.75
32 -12.0 16.0 4327 33.28 620 173.29 167.83 169.95 164.86 4.86 6.02
33 -12.5 16.4 428.0 31.83 625 188.50 177.11 184.26 176.14 6.56 7.89
34 -11.7 15.7 3940 23.65 632 215.18 222.62 227.04 224.11 4.15 4.66
35 -11.7 157 349.6 14.66 665 342.00 333.62 348.90 337.54 1.30 1.36
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36 | —11.7 157 3355 1234 680 40023 38220 40067 38540 370  3.82
37 | -138 17.6 3046 802 709 51382 517.00 53426 51237 028 029

38 | —14.1 179 2833 585 744 65270 63934 65428 62308 454 458

30 | -119 159 1960 126 838 103539 1199.83 113690 1090.06 528 529

40 | -125 164 1870 104 846 106861 128051 119692 114828 746  7.46

41 | -125 164 1990 134 839 103954 119124 113231 1081.03 399  4.00

42 | 119 159 1800 089 860 1127.00 134565 124530 120358 680  6.80

43 | -166 199 4130 2684 628 19992 21048 20656 217.03 856 988

44 | -170 202 3930 2225 644 26110 25566 25424 26368 099  1.08

45 | -170 202 3780 19.15 655 30339 29220 29338 30045 097  1.03

46 | —183 212 3340 1143 686 423.62 430.64 43595 43401 245 252

47 | -183 212 3000 722 725 57706 58220 589.64 57205 087  0.88

48 | -180 21.0 2880 608 740 63672 64344 65073 62594 169 171

49 | -174 205 2404 284 790 83820 92029 91066 85645 218  2.18

50 | —17.4 205 2208 198 815 94044 106559 103890 97215 337 338

51 | —17.4 205 1968 123 849 1081.10 127038 121177 113043 456 457

52 | —162 196 2292 234 813 93223 100795 98878 92932 031 031

53 | —162 196 2370 270 807 907.62 957.09 94496 88938 201  2.02
AVVaelrjfe 3.69  3.90

Note:

*No.: experimental number;

°Te: ice point of NaCl-H,O solution measured in HDAC with the cooling system after the Raman spectroscopic

measurements of the a-f quartz phase transition;

“Sal: salinity of NaCI-H,O solution calculated from Bodnar (1993);

4T,,: vapor bubble-disappearing temperature in the HDAC sample chamber;

¢Py: pressure at Ty calculated with the equation of Bodnar (1983);

'T.: the measured a-B quartz phase transition temperature;

Py the sample pressure at T calculated according to the refined a-f quartz P—7 boundary of Li and Chou (2022);

"Pyp: the sample pressure at T, calculated from the NaCl-H,O isochore of Bodnar and Vityk (1994);

"Pum: the sample pressure at Ty, calculated from the NaCl-H,O isochore of Mao et al. (2015);

IPyc: the sample pressure at Ty calculated from the fitted Equations (1) shown in the text;

KPeror: the error between 8Py and !Puc. *Perror= [Py - 'Puc| / 8Py X 100%.

iSIpeor: the slope errors between measured isochores (Isochorews) and fitted isochores (Isochorers), which were

determined with [(T, Pn), (Tt, Pi)] and [(Th, Pn), (T, Puc)], respectively. 'Slpemor = |Isochore - Isochorer|/ Isochorey x

100%.
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Table S-2 Pressures at specified temperatures along the isochores of NaCl-H,O solutions interpolated from the listed values of Hurai (1988)

e “Temperature (°C) on theisochore
(033) 150°C 175 200 225 250 275 300 325 350 375 400 425 450 475 500
“Pressure (MPa) on the isochore
SW o NGl e
150 |40 437 877 13241778 2236 2700 3163 3627 4088 4547 5007 . .
(34) (-L0) (0.7 (17 (1.9) (1.8) (1.1) (0.4) (-0.3)  (-0.7)  (=0.9) (1.3
200 1.5 415 81.4 1220 1628 2040 2440 2848 3260 3679 4087 4492  489.1
(-13)  (04) (0.4 (0.5) (0.6) (0.1) (0.9) (0.8) (0.4) (-0.7)  (-0.8)  (=0.6)  (0.3)
550 3.9 37.5 710 1057 1414  177.1  212.6 2477 2827 3172 3510
(-16) (=02  (1.2) (1.5) (0.7) (0.0) (<0.6)  (-0.7)  (=0.7)  (=0.3) (0.8
300 8.3 34.1 61.4 88.9 116.6 1443 1724 2003 2282
L7 (0.1) (0.4) (0.4) (0.3) (0.2) (-0.3)  (=0.6) (0.9
Wt o NaCl
150 |_ps 443 890 1339 1795 2263 2716 3179 3645 4110 4576 5043 | . \
(-0.9) (0.4 (1.3 (1.7) (0.8) (1.4) (1.0) (0.3) (-03)  (-1.0) (1.8
200 1.5 41.8 83.0 1264 1639 2051 2449 2862 3280 3708 4123 4538 4942
(-0.9) (-0.)  (-03) (25 (1.0 (0.9) 2.2) (2.0) (1.2) (0.5 (0.9  (-1.4) (0.7
550 3.7 37.5 71.4 107.0 1438 1803 2168 2527 2884 3231 3575
(-2.)  (-0.h) (1.7 (1.8) (0.7) (-0.) (=09 (-L1) (-L1)  (-0.h) (1.2
300 8.1 34.9 63.9 93.0 1225 151.8 1817 2112 2408
(-2.0) (0.5 (0.7) (0.9) (0.6) (0.5) (-0.2) (0.4 (-0.8)
3wt % NaCl
50 |4 448 900 1353 1812 2271 2740 3206 3677 4149 462l | . . .
(-27)  (-0.8) (02) (1.2 (1.5) (1.8) (1.2) (0.8) (-0.1)  (-1.0)  (-2.0)
200 1.4 41.9 82.5 123.8 1652 2066  247.1 2892 3315 3751 4173 4598  501.1
(24 (-12)  (0.0) (0.4) (0.8) (1.1) (2.3) (2.0) (1.4) (-0.5) (-1.0)  (-1L7)  (-13)
250 3.6 37.9 72.5 109.1 1467 1841 2215 2583 2950 3304 3658
(-23)  (-0.) (1.9 (1.8) (0.8) (0.0) (0.9 (-1 (-1.2)  (-0.1) (LI
300 7.8 36.6 67.3 98.1 1292 1602 1917 2227 2540
17 (0.4) (0.6) (0.7) (0.5) (0.4) (-0.2)  (-0.3)  (-0.7)
Tt 0 Nl e
150 |4 452909 1367 1831 2295 2769 3245 3724 4203 4682  \ \ \ \
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(<30) (0.9 (0.2) (12 (1.7) (2.2) (1.6) (0.9) (<02) T(F12) T T(23)
500 14 41.9 82.8 1247  166.6  207.8  250.7 2934  336.7  380.8 4238 4672  506.7
(-3.1) (-13)  (0.3) (0.7) (1.3) 2.5) (2.0) (1.7) (0.8) (0.9 (-1.5) (2.6) (0.3)
550 36 37.9 725 109.1 1467 1841 2215 2583 2950 3304  365.8
(23)  (0.1) (1.9 (1.8) (0.8) (0.0) (<09 (-L1) (-12) (-0.1)  (L.1)
300 75 39.2 715 1042 1368 1694 2023 2349  267.6
-0.8)  (0.2) (0.4) (0.2) (0.2) (0.2) (-0.1)  (=02)  (-0.3)
LWt o NAC
150 |4 453 01sT U380 i85 23220 2805 3294 378342734759 . . .
(-39)  (-L1) (04) (L6) (2.0) 2.7) @.1) (0.9) (-04)  (-1.7) (2.6
200 13 41.6 82.9 1257 168.1 2104 2556 2992 3435 3878 4317 4760
(—4.4) (-13) (0.8 (1.3) 2.2) (3.3) (1.4) (1.1) (0.2) (-0.8) (-l4) (2.4
250 33 39.7 772 1158 1535 1927 2320 2713 3105 3492 3878
(2.6)  (-03) (0.8 (0.8) (1.8) (1.3) (0.5) -0.1) (=0.7) (-0.7) (0.7
300 72 427 76.6 1113 1453 1794  213.6 2478 2818
(0.8) (-04)  (-0.1) (-0.5) (-0.2)  (0.0) (0.0) (0.1) (0.3)
S W o NAC
150 |4 453 019 I3027 i8T4 2354 2849 33533856 4359 d4ss2 . .
(-51) (-13) (0.7) (2.2) Q2.7) (3.4) 2.6) (0.9) (-0.7)  (-23) (2.9
200 12 41.1 82.8 1266 1697 2127 2618 3065 3519 3962  44l.1 4862
(-5.9) (-13) (14) 2.1) (3.4) (4.9) (0.2) (0.0) (-1.0)  (-0.8) (-12) (-L9)
250 32 41.1 80.8 1204 1576  197.5 2380 2788 3195  360.7 4015
(2.5 (=0.6) (-04) (-0.1)  (2.5) 4) (1.8) (0.8) (0.0) (-13)  (-2.3)
300 6.9 47.0 82.6 1195 1546 1902 2256 2613 2966
(3.0) L1)  (-0.7) (-1.6) (-0.8) (-0.4)  (0.2) (0.4) (1.1)

Ty, liquid-vapor homogenization (to liquid phase) temperature.
®specified temperature on the isochore of NaCl-H,O solution.
“pressure, interpolated from the listed values in Hurai (1988), at the specified temperature on the isochore corresponding to the 74.

ddeviation of the pressure, calculated with the linear equation that fitted the P—T data of the isochore corresponding to the Ty, from the “pressure.

not available; the data of Hurai (1988) are below ~500 MPa.
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Figure S-1 (a) Diagram showing the isochores (dashed lines) of the fluid inside the HDAC sample chamber determined

by o-f quartz transition temperature (7t) —pressure (Pr) boundary (squares on the solid - quartz phase transition line)

and the L-V homogenization temperature (to L; 73) —pressure (Py) (dots). (b) Diagram illustrating the advantage of

using the Raman shift of the quartz band near 128 cm™ relative to 464 cm™ for the determination of the Ty, during
heating, for an NaCIl-H,O solution (with salinity of 7.3 wt. % NaCl and 7; of 200 °C) loaded in the HDAC sample
chamber; plotted are the data from Exp. 11 listed in Table S-1, and 7} at 829 °C is marked by the vertical dashed line.

The two solid lines show the trends of the temperature dependence of the Raman shifts for the 128 (lower) and 464-cm”

! (upper) quartz bands in both o- and p-quartz.
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Figure S-2 (a) A schematic diagram of the central portion of a hydrothermal diamond-anvil cell (HDAC) and (b) the

sample chamber loaded with quartz wafer and NaCl-H»O solution (after Bassett et al., 1993; Li et al., 2016)
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Figure S-3 P-T (isoplethal) projection showing isochores (g/cm?) of pure H>O derived from the synthetic fluid inclusion
technique data (Bodnar and Sterner, 1987, their Table 17.1) for inclusions formed under 100 MPa. The four blue open
squares are the formation P—T points (at 100 MPa and 300, 400, 500 and 600 °C) of fluid inclusions in quartz, and the
corresponding isochores derived from the NIST Table (Wagner and Pruf3, 2002) are shown by the dashed blue lines,
which end at the liquid-vapor curve (solid black line). The four open red circles on the liquid-vapor curve are the
corresponding average liquid-vapor homogenization (to liquid) P—T points of fluid inclusions, and their corresponding
isochores are shown by the solid red lines. It is clearly shown that the density represented by the isochoric red line is
always higher than that of the corresponding dashed blue line, and that the lines connecting the open red circle and the

corresponding blue square (e.g., the black dash-dot line for inclusions formed at 100 MPa and 300 °C) are not isochoric.
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Figure S-4 Comparisons of NaCl-H,O isochores derived from our data (red lines) and previous ones with (a) 20 wt. %

NaCl, (b) 19 wt. % NaCl, and (c) 22.6 wt. % NaCl. The previous isochores include those from Bodnar and Vityk (1994;

applicable at <600 MPa), Mao et al. (2015; applicable at <500 MPa), and those linearly fitted with the data in tables of

Majer et al. (1988; triangle, applicable at <40 MPa), Hurai (1988; applicable at <500 MPa and 500 °C), Pitzer et al.
(1984; diamond, applicable at <100 MPa), and Gehrig (1980; circle, applicable at <300 MPa). All data are represented

by solid lines, and extrapolations are shown by other line symbols as indicated in the figure legends at the lower right

corner. The homogenization temperatures (71s) are marked.
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