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Using cold-seal hydrothermal bomb and piston-cylinder apparatus, we have carried out both forward and rever-
sal experiments to investigate the phase boundary between nahcolite (NaHCO3) and trona (NaHCO3⋅Na2CO3⋅
2H2O). We found that the temperature of this phase boundary remains low at least up to 10 kbar, so that this 
phase transformation maintains its univariant nature in our investigated P-T space. The locus of this phase 
boundary in a log(pCO2)-T space is defined as log(pCO2) = 0.0240(±0.0001)T – 9.80(±0.06) (with pCO2 in bar 
and T in K), in excellent agreement with earlier 1 atm experiments at different partial pressures of CO2 (pCO2) 
and theoretical calculation. Using this equation and literature thermodynamic data, the entropy of trona at 
298.15 K is constrained to be 303.8 J mol−1 K−1, essentially identical to earlier estimates from different methods. 
Our experimental results have also been used to constrain the genesis of nahcolite in some fluid inclusions of 
diverse origins, and it is suggested that nahcolite in these occurrences is most likely a daughter mineral which 
crystallized from the fluids as temperature decreased, rather than an accidentally trapped phase.
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INTRODUCTION

Nahcolite has a diverse paragenesis. It occurs as massive 
evaporite ore beds in the Piceance Creek Basin of Colora-
do (e.g., Dyni, 1996) and the Anpeng deposit in Henan 
Province of China (e.g., Wang et al., 1991), and as small-
sized ore beds, pockets, lenses or concretions in some 
other geological basins (e.g., Foshag, 1940; Mees et al., 
1998; Sugitani et al., 2003). In addition, nahcolite has 
been reported as a mineral hosted in fluid inclusions in 
quartz (Larsen et al., 1998; Barrie and Touret, 1999; Bak-
ker and Mamtani, 2000; Ram Mohan and Prasad, 2002) 
and emerald (Moroz et al., 2001; Vapnik and Moroz, 
2002) from metamorphic rocks. Nahcolite is also closely 
related to carbonatitic volcanoes, where it crystallizes 
from the orthomagmatic carbonatitic fluids and is pre-
served within fluid inclusions in quartz and apatite (e.g., 
Rankin and Le Bas, 1974; Vard and Williams-Jones, 
1993; Samson et al., 1995). It occurs also in the alteration 
products of natrocarbonatitic lavas (e.g., Dawson, 1962; 
Keller and Krafft, 1990; Zaitsev and Keller, 2006). More-
over, nahcolite has been reported as inclusions in primi-
tive olivine phenocrysts from basaltic magmas of differ-
ent tectonic environments (Kamenetsky et al., 2001, 

2002).
Trona (NaHCO3⋅Na2CO3⋅2H2O) has a similar para-

genesis to nahcolite. For example, trona forms evaporite 
ore beds (e.g., Foshag, 1940), the most well known of 
which is in the Eocene Green River Formation of Wyo-
ming, occupying an area of over 2000 km2. Trona also oc-
curs, along with nahcolite, as part of the alteration product 
of natrocarbonatitic lavas (Keller and Krafft, 1990; Zait-
sev and Keller, 2006). And in some cases trona appears to 
be related to the very final stages of magmatism (Markl 
and Baumgartner, 2002).

The reaction relating nahcolite to trona is:

3NaHCO3 + H2O 
　= NaHCO3⋅Na2CO3⋅2H2O + CO2� (1),

with CO2 mainly presenting as a vapour phase, and H2O 
either as a fluid at low to moderate P-T conditions or as 
part of the vapour at high temperatures (e.g., Duan et al., 
1992, 1995). In the three-component system Na2O-H2O-

CO2, therefore, this reaction should be univariant in P-T 
space as long as temperature is sufficiently low. Due to 
the geological importance of nahcolite and trona, this re-
action has been determined by experiments performed 
under different partial pressures of CO2 (pCO2) and tem-
peratures at 1 atm (Freeth, 1923; Eugster, 1966). It has 
also been theoretically calculated for similar conditions 
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using the ion-interaction model of Pitzer (1973) (Monnin 
and Schott, 1984). Recently, this phase relation was ap-
plied to field observations on some ore deposits (nahcolite 
± trona), and it was suggested that there were periods of 
elevated atmospheric CO2 content in Earth’s history (e.g., 
Lowe and Tice, 2004; Lowenstein and Demicco, 2006).

Equation (1), however, has never been investigated 
at elevated pressures. This is surprising, considering the 
substantial burial depths experienced by those massive 
ore bodies of nahcolite ± trona and the moderate magmat-
ic/metamorphic pressures recorded by the fluid-inclusion 
hosts (e.g., 4-8 kbar in Samson et al., 1995; 4 kbar in Bar-
rie and Touret, 1999; 3-7 kbar in Moroz et al., 2001; 3-4 
kbar in Vapik and Moroz, 2002; up to 8 kbar in Bakker 
and Mamtani, 2000). An experimental determination of 
the reaction between nahcolite and trona at elevated pres-
sures is certainly long overdue.

EXPERIMENTAL DETAILS

Reagent grade NaHCO3 (certified ACS sodium hydrogen 
carbonate; synthetic nahcolite; Fisher Scientific Compa-
ny) was used as the starting material for all of our experi-
ments reported here; examination of the starting material 
with powder X-ray diffraction and FTIR spectroscopy 
suggested that this material contained no any other addi-
tional solid crystalline phase. Although nahcolite absorbs 
moisture from air, we did not attempt to dry this reagent 
because NaHCO3 starts to break down at temperatures 
well below ~ 373 K in an open air (1 atm; e.g., Dei and 
Guarini, 1997) according to the reaction

2NaHCO3(s) 
　= Na2CO3(s) + H2O(l) + CO2(g)� (2).

In order to monitor the content of free water (molec-
ular water), however, we did heat various amounts of this 
material to different temperatures at intervals throughout 
this study and it was found that the content of free water 
varied from ~ 0.1 to ~ 0.3 wt%, slightly lower than that 
determined by Hill and Bacon (0.33-0.7 wt%; 1927). The 
data from two typical heating experiments are shown in 
Table 1. If the starting material were dry and 100% pure, 
the theoretical mass loss due to heating at elevated tem-
peratures would be ~ 36.91 wt% [H2O and CO2; Equation 
(2)].

Forward experiments

Forward experiments [from the left side of Equation (1) 
to the right side] were carried out with a standard cold-

seal hydrothermal bomb and a piston-cylinder (Depths of 
the Earth Company Quickpress). The starting material 
was loaded into a gold capsule which was immediately 
sealed by arc-welding. To prevent the breakdown of 
NaHCO3 during welding, the gold capsule was wrapped 
in a water-wetted tissue, which might introduce a trace 
amount of water to the experimental charge.

Experiments with the standard cold-seal hydrother-
mal bomb were conducted at 0.1, 0.34, 0.69, and 2.07 
kbar. A 38.1 mm long gold capsule with the starting mate-
rial sealed inside was loaded into the Tuttle bomb. Pres-
sure was applied first; and then, temperature was raised to 
a target value at a rate of 20 K/minute, with pressure care-
fully maintained. Finally, heating was terminated by 
switching off the electrical power, and the Tuttle bomb 
with the experimental capsule in it was quickly cooled in 
cold water. During the course of an experiment, pressure 
was carefully monitored and adjusted, and its uncertainty 

a time cumulated from the beginning of heating.

Table 1. Heating experiments with the NaHCO3 reagent starting 
material in an open air

Figure 1. Thick wall assembly used in the piston-cylinder experi-
ments (not to scale). In our laboratory this assembly is usually 
used to conduct experiments up to 1173 K.
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was estimated to be ~ ±0.02 kbar. Temperature was mea-
sured by a Chromel/Alumel thermocouple; the uncertainty 
in the temperature measurement is ~ ±10 K. For the tem-
perature range covered by our experiments, 15-30 min-
utes was required for the outside heating furnace and the 
inner Tuttle bomb to reach their thermal equilibrium.

Experiments with the piston-cylinder apparatus were 
conducted at 5 and 10 kbar using the 19.05 mm low-fric-
tion cell shown in Figure 1 (Mirwald et al., 1975). To fur-
ther reduce the friction in our experiments, this cell was 
wrapped in a thin lead foil, and the inner surface of the 
cylinder was coated with a thin film of molykote. Pressure 
calibration was done using the melting of dry NaCl at 
1323 K (Bohlen, 1984), and the uncertainty in the pres-
sure measurement is ±0.2 kbar. Temperature was mea-
sured by either a Chromel/Alumel thermocouple or a 
WRe5-WRe26 thermocouple, with the effect of pressure 
on its e.m.f. ignored. In the case of thermocouple failure, 
temperature was estimated from the settings of the electri-
cal power supply. The tip of the thermocouple was sepa-
rated from the 8 mm long gold capsule by a 0.5 mm thick 
layer of MgO powder; it was later found that this thin lay-
er of MgO powder could not effectively prevent the ther-
mocouple tip penetrating into the noble capsule when the 
experimental pressure reached 10 kbar, so that a harder 
material like alumina or ruby disc should be used instead. 
Our experience suggested that the thermocouple reading 
might be 25 K lower than the real temperature in the hot 
spot of the graphite furnace, which should be the domi-
nant among the factors affecting the temperature measure-
ment in the piston-cylinder apparatus. Therefore, the un-
certainty in the temperature measurement of our piston-

cylinder experiments is assumed to be ~ ±25 K. During 
each experiment, pressure was raised to the target value 
first, and then temperature was raised using a heating 
ramp of 150 K/minute. Experiments were terminated and 
rapidly temperature-quenched by switching off the elec-
trical power supply.

Capsules recovered from our experiments were first-
ly examined carefully visually. We observed that the cap-
sules from the hydrothermal experiments at relatively low 
temperatures were generally collapsed whereas those 
from the hydrothermal experiments at higher tempera-
tures were distended, indicating the absence/presence of a 
vapour phase. On perforating the distended capsules, va-
pour escaped quickly and explosively. This phenomenon, 
however, was not clearly observed for those capsules re-
covered from the piston-cylinder experiments, presum-
ably due to the much smaller sample sizes and the much 
higher experimental pressures. Experimental charges were 
ground under acetone in an agate mortar, and analyzed by 
powder X-ray diffraction (Rigaku D/MAX-B system; 

CoKα X-radiation). It was found that the visual observa-
tions made on the capsules from the hydrothermal experi-
ments (collapsed versus distended) agreed very well with 
the corresponding X-ray diffraction powder patterns (e.g., 
compressed capsules yielded nahcolite alone whereas dis-
tended capsules contained trona ± nahcolite; see Figure 2 
for an example). This agreement led to a convenient 
method for reversal of Equation (1) using the hydrother-
mal bomb technique.

Reversal experiments

Reversal experiments were carried out with the hydro-
thermal bomb only. The experimental procedures for the 
forward experiments with the hydrothermal bomb were 
generally followed, except that the experimentation of the 

Figure 2. Powder XRD patterns of starting material (nahcolite) and 
some products of experiments at 2.07 kbar: (1) starting mate-
rial, nahcolite; (2) LM097, 543 K, compressed capsule, nahco-
lite only; (3) LM094, 553 K, distended capsule, both nahcolite 
and trona; (4) LM074, 593 K, distended capsule, both nahcolite 
and trona; (5) LM059, 673 K, distended capsule, both nahcolite 
and trona; (6) LM053, 728 K, distended capsule, trona only (Co 
Kα X-radiation). Note that only nahcolite was detected by pow-
der XRD in the experimental product from compressed capsules 
whereas trona ± nahcolite was detected in the experimental prod-
uct from distended capsules.
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reversal experiments consisted of two stages. In the first 
stage, the capsule was heated for a few hours at a temper-
ature slightly above the phase transformation curve (nah-
colite + trona + vapour + fluid), which had been already 
established by the forward experiments. Then the capsule 
was quenched and carefully checked to assure appropriate 
swelling. In the second stage, the distended capsule was 
reloaded in the cold-seal bomb and run at a temperature 
slightly lower than the transformation value, i.e. in the 
stability field of nahcolite + fluid, then quenched and 
opened to confirm the absence of a vapour phase; the ab-
sence of trona in the final experimental product was sub-
sequently confirmed by powder XRD. To secure a full re-
versal, the duration of the second stage of the experi‑ 
mentation was always much longer than that of the first 
stage.

Evaluation of equilibrium and texture of experimental 
product

Due to their important commercial value, thermal decom-
position studies have been conducted for nahcolite and 
trona, and a complicated behaviour has been observed 
(e.g., Caven and Sand, 1911; Gancy, 1963; Templeton, 
1978). About 100 years ago, Caven and Sand (1911) 
found that the dissociation reaction of nahcolite was very 
slow at temperatures below ~ 363 K (at 1 atm) and noted 
that encrustation or caking was a serious problem. Gancy 
(1963), on the other hand, observed the encrustation phe-

nomenon in the case of trona. Presumably due to the same 
reason, Templeton (1978) observed a metastable phase as-
semblage with five solid phases [soda ash (Na2CO3), tro-
na, wegscheiderite (Na2CO3⋅3NaHCO3), thermonatrite 
(Na2CO3⋅H2O), and nahcolite] when he studied the ther-
mal decomposition of nahcolite in a closed experimental 
apparatus at 533 K with variable confining pressure. In 
contrast, phase equilibrium studies in the system Na2O-

H2O-CO2 have shown that a close approach to phase 
equilibrium is easily and quickly achieved (e.g., Hill and 
Bacon, 1927; Waldeck et al., 1934; Eugster, 1966). In-
deed, the relatively rapid reactions in this system are ex-
ploited in the processing of soda ash ores.

In this study, eight hydrothermal experiments with 
durations ranging from 0 to 160 hours were performed at 
2.07 kbar and 583 K to evaluate the state of equilibrium 
of our experiments (Table 2). As expected, the phases in 
the products are nahcolite, trona and vapour (see later dis-
cussion). The phase proportion extracted from the powder 
X-ray diffraction data shown in Figure 3 is largely inde-
pendent of run duration, implying that the forward reac-
tion is almost instantaneous.

Additionally, some of our experimental products 
were checked by using electron microprobe (JEOL JXA- 

8600) back-scattered (BSE) images, and no apparent en-
crustation of nahcolite by trona was found. Fig. 4 shows 
the typical texture of the experimental products. Our fa-
voured explanation for the nominal discrepancy between 
the phase equilibrium and thermal decomposition studies 
(no encrustation versus encrustation) is that the experi-
mental pressure in the former was fixed while it evolved 
naturally in the latter.

In summary, we believe that the present experiments 

Figure 3. Experiments of different durations at 2.07 kbar and 583 K, 
showing that the proportion of the product trona is independent 
of annealing time. The volume proportion of trona to nahcolite 
was calculated from the X-ray powder diffraction patterns, with 
the starting material nahcolite and the experimental product tro-
na of LM053 as reference materials. The reflections used in the 
calculation were 210, 111, 121, and 320 of nahcolite (NaHCO3), 
and 200, 411 and 6￣04 of trona.

Figure 4. BSE image showing the texture of the experimental prod-
uct of LM063 (0.69 kbar, 523 K). Bright grains are nahcolite 
while grey grains trona. No apparent encrustation of nahcolite by 
trona was observed in this study.
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were conducted under either equilibrium conditions or 
conditions closely approaching equilibrium.

EXPERIMENTAL RESULTS

Table 2 summarizes the experiments at 2.07 kbar and 583 
K which have been used to evaluate the equilibrium state 
of our experiments, Table 3 the forward experiments con-
ducted at 0.1, 0.34, 0.69, and 2.07 kbar with the hydro-
thermal bomb, Table 4 the forward experiments conduct-
ed at 5 and 10 kbar with the piston-cylinder apparatus, 
and Table 5 the reversal experiments conducted at 0.34, 
0.69 and 2.07 kbar with the hydrothermal bomb. In total, 
51 hydrothermal experiments and 8 piston-cylinder ex-
periments were carried out from 0.1 to 10 kbar and 328 to 
848 K. In these experiments, the observed phases are nah-
colite, trona, fluid and vapour. Figs 5 and 6 show the ex-
perimental results, with the major experimental finding as 
that the phase transformation temperature between nahco-
lite and trona is very low (See later discussion).

X-ray diffraction powder patterns for the various ex-
perimental products indicated that the solid crystalline 
phases in the experimental products were nahcolite and 
trona only (see Fig. 2 for some examples). The patterns of 
the single phase products closely corresponded to the 
JCPDS reference patterns, and were very closely repro-
duced by calculation using program POWDER2 (Penn-
sylvania State University) and literature crystal structure 
data. It is therefore assumed that these solid phases were 
most likely stoichiometric.

The exact nature of the fluid and vapour in the pres-
ent experiments is not very clear; this, however, does not 
influence our results reported here. The room pressure ex-
periments of Eugster (1966) were performed at 293-343 
K in the presence of excess aqueous solution, with the 

a Proportion of trona in experimental product (by volume%) was 
calculated from X-ray data, with any vapour or fluid ignored.

b Presence of vapour demonstrated by distended capsule and ex-
plosive release of gas.

c Average followed by one standard deviation, read as 29 ± 28.

Table 2. A time study at 2.07 kbar and 583 K with the hydrother-
mal reaction vessel

a It was calculated from X-ray data, with any vapour or fluid ig-
nored.

b Experiments at 0.1 kbar might suffer serious problem in pres-
sure measurement.

c A fluid phase was required by mass-balance; it was not directly 
observed.

d During quenching capsule was exploded, with the experimental 
charge gone.

e Average followed by one standard deviation, read as 1 ± 2.

Table 3. Experiments with the hydrothermal reaction vessel
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identities of solution (fluid) and vapour well established. 
For high P-T conditions, however, there are insufficient 
experimental and theoretical data available to accurately 
describe the state of H2O as fluid or vapour: there are ex-

tensive literature data for the CO2-H2O, CH4-CO2-H2O 
and NaCl-H2O-CO2 systems above 1 bar (e.g., Sterner 
and Bodnar, 1991; Duan et al., 1992, 1995), but not for 
the present Na2O-CO2-H2O system. Thanks to the major 
experimental result found in this investigation, the trans-
formation of nahcoltie to trona [Equation (1)] taking place 
at very low temperatures (Tables 3, 4 and 5), the identities 
of fluid and vapour can be positively determined theoreti-
cally, as outlined below.

Phase assemblage at low temperatures and univariant 
nature of Equation (1)

Since the starting material in our experiments is nahcolite 
plus a small amount of free water (from the air or the wa-
ter-wetted tissue), the stable phase assemblage at temper-
atures lower than the transformation temperature should 
be nahcolite + fluid, as required by the low temperatures 
and the mass-balance consideration (Figs. 5 and 6).

a Correction was made to account for the temperature gradient in 
the high pressure cell.

b It was calculated from X-ray data, with vapour and fluid ig-
nored.

c A fluid phase was required by mass-balance; it was not directly 
observed.

d Average followed by one standard deviation, read as 4 ± 5.
e Thermocouple failed, and temperature was estimated by electri-

cal power supply.

Table 4. Experiments with the piston-cylinder apparatus Table 5. Reversal experiments with the hydrothermal reaction 
vessel

Figure 5. P-T phase diagram defined by the forward experiments 
related to Equation (1): empty symbols are the experiments 
showing the phase assemblage of nahcolite + fluid while filled 
symbols are the experiments showing the phase assemblage of 
trona + vapour ± nahcolite (filled symbols in dark, trona + va-
pour; filled symbols in grey, nahcolite + trona + vapour). The 
complete transformation from nahcolite to trona demonstrated by 
the experiments at relatively high temperatures at 0.69 and 2.07 
kbar might indicate another phase transformation, as shown by 
the broken curve.

Figure 6. Univariant P-T curve for Equation (1) defined by both 
forward and reversal experiments.
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The P-T condition of the critical point of pure H2O 
is well known as 0.218 kbar and 647.3 K. With the intro-
duction of nahcolite, the fluid phase should dissolve some 
NaHCO3 in it; because the amount of free water in the ex-
perimental charge was very low, however, the most of the 
nominal nahcolite content should have maintained its 
identity as a solid phase in our experiments at low tem-
peratures (Hill and Bacon, 1927; Waldeck et al., 1934). 
Although there has not been any experimental measure-
ment on the solubility of NaHCO3 in water at high pres-
sures or experimental study on the effect of NaHCO3 on 
the P-T of the critical point, it is probable, by analogy to 
the NaCl-H2O-CO2 system, that NaHCO3 will not affect 
the critical temperature of water substantially; if there is 
any salting effect, it should increase the critical tempera-
ture and thus enlarge the stability field of the fluid (Hendel 
and Hollister, 1981). Consequently, water must be present 
as a fluid phase in the experiments at temperatures lower 
than the transformation temperature; e.g. at 10 kbar, the 
temperature to initiate Equation (1) is ~ 575 K (Figs. 5 
and 6), which is much lower than the critical temperature 
of pure water. This is very important, because it confirms 
that Equation (1) should be univariant at pressures up to 
at least 10 kbar.

Transformation of nahcolite/trona and evolution of 
pCO2

When temperature reaches the phase transformation tem-
perature, Equation (1) will start to take place, trona and 
CO2 (vapour) be produced at the expense of nahcolite and 
water (fluid), and some H2O partition into the vapour 
phase (e.g., Sterner and Bodnar, 1991; Duan et al., 1992). 
As the reaction progresses towards its equilibrium, the 
volume of the vapour phase increases, so that pCO2 in-
creases from ambient to some unknown value which 
might be slightly lower than Ptotal due to the minor contri-
bution of H2O in the vapour. When the final equilibrium is 
attained, the final phase assemblage along the univariant 
curve should be nahcolite + trona + fluid (H2O-rich) + va-
pour (CO2-rich), with pCO2 approximating Ptotal because 
of the very small quantity of water in the experimental 
charge. Once the temperature raises further and the sys-
tem moves away from the univariant curve, water, wheth-
er it is in the fluid phase or vapour phase, will be immedi-
ately eliminated from the system due to the formation of 
trona (See later discussion), so that pCO2 should become 
strictly equal to Ptotal.

The forward experiments are shown in Figure 5. At 
low temperatures the divariant phase assemblage of nah-
colite + fluid is stable up to at least 10 kbar, in agreement 
with Kagi et al. (2005). The univariant nahcolite/trona 

phase boundary is defined by the first appearance of trona 
on heating the nahcolite starting material to a temperature 
given by T = 38.5(±5.8)logP + 536.1(±3.5) with P in kbar 
and T in K (Fig. 5). The reversal experiments, plus the 
univariant curve of nahcolite + trona + vapour + fluid de-
rived in Figure 5, are plotted in Figure 6. The univariant 
nahcolite/trona phase boundary is defined by the first dis-
appearance of vapour in the reversal experiments. Clearly 
the reversal experiments define a P-T locus for Equation 
(1) which is generally about 5 to 10 degrees lower than 
that constrained by the forward experiments. This dis-
crepancy is essentially within the accuracy of the temper-
ature measurement in our experiments. Finally, the curve 
for the equilibrium phase boundary was fitted to the me-
dian of the two sets of experimental points (from the for-
ward and reversal experiments), giving T = 42.9(±2.0) 
logP + 532.7(±1.2), with P in kbar and T in K.

Divariant field of nahcolite + trona + vapour

When temperature increases above the transformation 
value, one phase will be eliminated and the system be-
comes divariant. In Eugster’s (1966) experiments the 
phase to be eliminated apparently was nahcolite because 
the solution (H2O-rich fluid) was in excess; in contrast, 
the most likely phase to be eliminated in our experiments 
is the fluid phase due to the very low content of H2O in 
the experimental charge, so that the stable phase assem-
blage after the phase transition should be nahcolite + trona 
+ vapour, as revealed by our visual observation and X-ray 
diffraction data (Tables 2, 3 and 4).

A few experiments demonstrating the phase assem-
blage of trona + vapour were observed at relatively high 
temperatures at 0.69 and 2.07 kbar (Fig. 5), which poten-
tially implies another phase transformation. Its mecha-
nism is currently under experimental investigation.

DISCUSSION

Nahcolite/trona phase relations

The phase relations of nahcolite and trona coexisting with 
a fluid phase (H2O-rich) and a vapour phase (CO2-rich) 
were previously studied at room pressure by Freeth (1923) 
and Eugster (1966), who carried out experiments at 1 atm 
with different pCO2, and Monnin and Schott (1984), who 
calculated the 1 atm phase diagram using the ion-interac-
tion model of Pitzer (1973). These earlier studies are 
compared with the present investigation in a plot of 
log(pCO2) versus T (Fig. 7). Note that in plotting the pres-
ent results on Figure 7, we have assumed pCO2 ≈ Ptotal 
along the univariant curve, as previously discussed. Mon-
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nin and Schott (1984) pointed out that their calculations 
and Eugster’s (1966) experiments on the location of the 
nahcolite/trona boundary at Ptotal = 1 atm were in very 
good agreement. Figure 7 now shows that our experimen-
tal data at high pressures are in very good agreement with 
these two earlier studies at room pressure. We conclude 
that the nahcolite/trona phase boundary extends almost 
linearly in the log(pCO2)-T space to at least 10 kbar (pCO2 
≈ Ptotal): the linear regression equation for the phase 
boundary is log(pCO2) = 0.02403(±0.00014)T – 9.800 
(±0.056).

Entropy of trona at 298.15 K

No calorimetric measurements have been made on trona. 
Vanderzee (1982), using limited phase equilibrium data at 
room pressure and some assumptions, tentatively suggest-
ed that the entropy of trona at 298.15 K is ~ 303.13 ± 1.7 
J mol−1 K−1, which agreed well with the estimate made by 
Rupert et al. (1965; 302.9 J mol−1 K−1). Due to some un-
known reasons, these values however were not included 
in the major compilations of thermodynamic data such as 
Robie and Hemingway (1995). Our well defined nahco-
lite/trona phase transformation can be used to further con-

strain the entropy of trona at 298.15 K.
The general condition for the thermodynamic equi-

librium of the phase transformation of nahcolite and trona 
[Equation (1)] can be expressed as:

	

　 �
(3),

where ∆G(P,T) is the Gibbs free energy change for the re-
action among pure end members at the pressure and tem-
perature of interest, ∆G(1,T) the Gibbs free energy change 
for the reaction among pure end members at 1 bar and the 
temperature of interest, ∆V(P,T) the volume change for 
the reaction among the pure end members at the pressure 
and temperature of interest, P pressure, R gas constant 
(8.3143 J K−1 mol−1), T temperature and

�
(4).

Our powder XRD data suggested that nahcolite and trona 
are most likely pure solid phases. In addition, we assume 
the fluid phase consists of 100% water, neglecting any 
dissolution of NaHCO3 and Na2CO3⋅NaHCO3⋅2H2O at 
298.13 K (Waldeck et al., 1934). According to the litera-
ture experimental measurements (e.g., Wiebe and Gaddy, 
1939) and thermodynamic modeling (e.g., Duan et al., 
1992, 1995; Duan and Sun, 2003), the abundance of CO2 
in this fluid at the transformation condition of 298.15 K 
and 0.00229 bar should be negligible (Fig. 5). Further-
more, the supercritical CO2-rich vapour phase at the 
phase transformation can be treated as a pure phase be-
cause the solubility of H2O should be very low (e.g., 
Chrastil, 1982; Duan et al., 1992, 1995; Duan and Sun, 
2003). Consequently K is approximately 1, and the term 
RTlnK is negligible.

Replacing ∆G(1,T) by the entropy and the enthalpy 
terms, and choosing P = 0.00229 bar and T = 298.15 K as 
the transition point of interest (Fig. 7), we then recast 
Equation (3) into:

　 �
(5),

where ∆H(1,T) and∆S(1,T) are, respectively, the enthalpy 
change and entropy change for the reaction at 1 bar and 
298.15 K. Since most physical data are not available for 
the phases involved here, we have to assume that the vol-
ume changes of nahcolite, trona and fluid (H2O-rich) are 
negligible. This is a very reasonable assumption because 

Figure 7. Phase relations of nahcolite, trona and thermonatrite 
(Na2CO3⋅H2O) in log(pCO2)-T space (pCO2 in bars and T in K). 
For the equilibrium of nahcolite and trona, the data points of this 
study are from the equation in Fig. 6 while those of Eugster (1966) 
are from his experiments. Note the excellent agreement for the 
nahcolite/trona equilibrium [Equation (1)] between this study at 
high pressure and the literature studies at Ptotal = 1 atm. For the 
equilibrium of trona and thermonatrite [Equation (6)], the data 
points of Eugster (1966) are from his experiments, and the result 
of Monnin and Schott (1984) which is shown as a short curve is 
from their theoretical calculation.
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there is a vapour phase (CO2-rich) in the study system. 
Further, the vapour phase (CO2-rich) can be handled as an 
ideal gas because the transition pressure (0.00229 bar) at 
298.15 K is extremely low. We must emphasize here that 
only the thermodynamic data at 298 K are needed for this 
calculation, and that the whole process is essentially an 
isothermal expansion process of an ideal gas.

With the thermodynamic data listed in Table 6, 
Equation (5) gives the entropy of trona at 298.15 K as 
303.8 J mol−1 K−1, which is essentially identical to the es-
timates of Vanderzee (1982; 303.13 ± 1.7 J mol−1 K−1) and 
Rupert et al. (1969; 302.9 J mol−1 K−1).

Transformation pressure of trona/thermonatrite at 
298.15 K

The transformation reaction between trona and thermona-
trite (Na2CO3⋅H2O) is:

2NaHCO3⋅Na2CO3⋅2H2O 
　= 3Na2CO3⋅H2O + 2H2O + CO2	� (6),

in which H2O is present as a fluid phase and CO2 as a va-
pour phase as long as temperature is not too high. In this 
case, this reaction is univariant (Fig. 7). At elevated P-T 
conditions, however, H2O and CO2 should mix completely 
to form one single vapour phase (e.g., Duan et al., 1992, 
1995), so that the reaction is not univariant any more and 
the phase relations should change dramatically.

Equation (6) at low P-T conditions has been experi-
mentally investigated by Eugster (1966) and theoretically 
calculated with the ion-interaction model of Pitzer (1973) 
by Monnin and Schott (1984), and has been found to be 
univariant indeed. According to these two studies, the tro-
na/thermonatrite transformation [Equation (6)] only oc-
curs at very low pCO2 when temperature is low (e.g., 
pCO2 ≈ 10-20 ppm at 1 bar total pressure and ~ 313.15 
K). However, it has been pointed out that pCO2 values as 
low as this could not have been measured accurately in 
these early experiments (Vanderzee, 1982; Monnin and 
Schott, 1984).

The entropy of trona at 298.15 K derived in the last 
section, along with other thermodynamic data in the liter-
ature (Table 6), can be tentatively used to constrain the 
transformation pressure of trona and thermonatrite at 
298.15 K. This is a constructive exercise, although trona 
might not coexist with thermonatrite + fluid (H2O-rich) + 
vapour (CO2-rich) at this temperature (Eugster, 1966; 
Monnin and Schott, 1984). The similarity of Equations (1) 
and (6) argues that, essentially, we can treat the phase 
transformation of trona and thermonatrite in the same way 
as the phase transformation of nahcolite and trona. Our 
calculation suggests that the transformation pressure at 
298.15 K should be ~ 0.0000007 bar; i.e., pCO2 = 0.7 
ppm at 1 bar total pressure, much lower than the values 
suggested by Eugster (pCO2 < 20 ppm; 1966) and Mon-
nin and Schott (pCO2 < 10 ppm; 1984). Clearly a large 
discrepancy still exists for the phase transformation of 
trona and thermonatrite at low P-T conditions.

To date there is little information on the phase trans-
formation of trona to thermonatrite at elevated P-T condi-
tions. If the results for the equilibrium of trona and ther-
monatrite at low P-T conditions from Eugster (1966) and 
Monnin and Schott (1984) are linearly extrapolated to 
high P-T conditions (curve 1 in Fig. 7), one obtains a very 
limited stability field for trona. As we previously dis-
cussed, Equation (6) does not appear to be univariant un-
der high P-T conditions, so that the linear extrapolation 
must be problematic. Indeed, the linear extrapolation ap-
parently contradicts our experimental observation that 
trona is stable to much higher P-T conditions (Tables 2, 3 
and 4). The equilibrium curve of trona and thermonatrite 
probably shifts to much higher temperatures as pressure 
increases, as tentatively suggested by curve 2 in Figure 7.

Nahcolite in natural fluid inclusions

Beyond its appearance in the evaporite ore deposits, nah-
colite has been found as a daughter mineral in fluid inclu-
sions in rocks of magmatic origin; e.g., ijolite pegmatites 
(Rankin and Le Bas, 1974; Aspden, 1980), phonolites 
(Vard and Williams-Jones, 1993), carbonatites (Rankin, 
1977; Samson et al., 1995) and basaltic glasses (Kame
netsky et al., 2001, 2002). It also has been discovered as a 
daughter mineral in some fluid inclusions in rocks of met-
amorphic origin; e.g., schists (Ram Mohan and Prasad, 
2002), eclogites (Andersen et al., 1989), granulites (Lars-
en et al., 1998), greenstones (Samson et al., 1997), mig-
matites (Olsen, 1987), and alkaline metasomatic alteration 
zones between basic-ultrabasic rocks and pegmatites 
(Moroz et al., 2001; Vapnik and Moroz, 2002). In general 
nahcolite has been considered to be part of the crystalliza-
tion products of these fluid inclusions at low tempera-

All data except the entropy of trona are from Robie and Heming-
way (1995).

Table 6. Thermodynamic data used in estimating the entropy of 
trona at 298.15 K
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tures. On the other hand, nahcolite in the fluid inclusions 
in the quartz grains from a biotite-garnet schist in the 
Southern Aravalli Mountain Belt (Bakker and Mamtani, 
2000) and some auriferous veins at Yirisen, Masumbiri, 
Sierra Leone (Barrie and Touret, 1999) has been interpret-
ed as an accidentally trapped mineral. Due to the lack of 
experimental data on the physical-chemical behavior of 
nahcolite at moderate-to-high pressures, the actual mech-
anism by which nahcolite formed in these fluid inclusions 
was uncertain.

The trapping P-T conditions of some fluid inclusions 
which host nahcolite are plotted in Figure 8. These trap-
ping P-T conditions were established by microthermome-
try (Barrie and Touret, 1999; Bakker and Mamtani, 2000; 
Moroz et al., 2001; Vapnik and Moroz, 2002), mineralogi-
cal geothermometry-geobarometry (Olsen, 1987) or strati
graphic reconstruction combined with fluid inclusion iso-
chors (Vard and Williams-Jones, 1993). According to our 
experimentally determined univariant curve of nahcolite 
+ trona + vapour + fluid, the mostly likely stable sodium 
carbonate-sodium hydrogen carbonate phase in these fluid 
inclusions at the trapping P-T conditions appears to be 
trona rather than nahcolite, and any nahcolite grains acci-
dentally trapped by the fluids in excess (Barrie and To-
uret, 1999; Bakker and Mamtani, 2000) probably would 
be dissolved in the fluids due to the high temperature. In-

deed trona has been occasionally documented in the field 
(Markl and Baumgartner, 2002). Consequently it should 
be concluded that nahcolite in these natural occurrences is 
most likely a daughter mineral which crystallized from 
the fluids as temperature decreased.
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