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Abstract The solubility of calcite in H2O was measured
at 6–16 kbar, 500–800 �C, using a piston-cylinder
apparatus. The solubility was determined by the weight
loss of a single crystal and by direct analysis of the
quench fluid. Calcite dissolves congruently in the pres-
sure (P) and temperature (T) range of this study. At
10 kbar, calcite solubility increases with increasing
temperature from 0.016±0.005 molal at 500 �C to
0.057±0.022 molal at 750 �C. The experiments reveal
evidence for hydrous melting of calcite between 750 and
800 �C. Solubilities show only a slight increase with
increasing P over the range investigated. Comparison
with work at low P demonstrates that the P dependence
of calcite solubility is large between 1 and 6 kbar,
increasing at 500 �C from 1.8·10)5 molal at 1 kbar to
6.4·10)3 molal at 6 kbar. The experimental results are
described by:

logmCacO3
¼ �3:95þ 0:00266T
þ ð32:8� 0:0280T Þ log qH2O

where T is in Kelvin and qH2O is the density of pure
water in g/cm3. The equation is applicable at 1–20 kbar
and 400–800 �C, where calcite and H2O stably coexist.
Extrapolated thermodynamic data for HCO�3 indicates
that the dominant dissolved carbon species is CO2,aq at
all experimental conditions. The results require that
equilibrium constant for the reaction:

CaCO3
calcite

þ2Hþ ¼ Caþ2 þ CO2;aq þH2O

increases by several orders of magnitude between 1 and
6 kbar, and also rises with isobaric T increase. Published
thermodynamic data for aqueous species fail to predict
this behavior. The increase in calcite solubility with P
and T demonstrates that there is a strong potential for
calcite precipitation during cooling and decompression
of water-rich metamorphic fluids sourced in the middle
to lower crust.

Introduction

Calcite, the primary reservoir for carbon in the conti-
nental crust, is sparingly soluble in pure H2O at low
pressures and temperatures. However, the widespread
occurrence of calcite-bearing veins in metamorphic rocks
and ore deposits indicates that crustal fluids have the
capacity to dissolve and transport significant quantities of
calcium carbonate. Quantitative understanding of the
links between calcite-fluid interaction during metamor-
phism and carbon cycling require knowledge of the sol-
ubility of calcite inH2O at high pressure and temperature.

Previous experimental studies of the solubility of cal-
cite in H2O have focused on relatively low pressures and
temperatures. Early work determined calcite solubility in
H2O (CO2-free or equilibrated with Earth�s atmosphere)
from 25 to 370 �C along the H2O liquid-vapor saturation
curve (Wells 1915; Frear and Johnston 1926; Schloemer
1952; Morey 1962). These studies showed that calcite
dissolves congruently in pure H2O, and that solubility
decreases with increasing temperature.Walther and Long
(1986) and Fein and Walther (1989) measured calcite
solubility in H2O to 600 �C and 3 kbar. They observed a
decrease in solubility with increasing temperature at
1–2 kbar; however at 3 kbar calcium concentration in-
creased slightly from10)3.3 mol solute per kgH2O (molal)
at 550 �C to 10)3.1 molal at 600 �C.

Fein and Walther (1987, 1989) inferred that, from 100
to 600 �C and 1–3 kbar in pure water, Ca+2 is the pre-
dominant calcium species, with CaOH+, CaHCO3

+ and
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CaCO3,aq representing an insignificant fraction of the
total dissolved Ca. Thus, calcite solubility in pure H2O
at these conditions is governed by the equilibria:

CaCO3
calcite

þ2Hþ ¼ Caþ2 þ CO2;aq þH2O ð1Þ

CO2;aq þH2O ¼ HCO�3 þHþ ð2Þ

HCO�3 ¼ Hþ þ CO�23 ð3Þ

H2O ¼ Hþ þOH� ð4Þ

where CO2,aq represents the neutral species regardless of
the hydration state. Fein and Walther (1987, 1989)
found that the only significant C species were CO2,aq and
HCO3

-. The results of Fein and Walther (1987, 1989),
combined with those of Walther and Long (1986), show
that at upper crustal metamorphic conditions, dissolved
Ca (as Ca+2) and C (as CO2,aq and HCO3

)) concen-
trations in H2O in equilibrium with calcite are generally
low (<10)3 mol/kg H2O), and that concentrations
decreasing as temperature increases isobarically. Their
results also suggest that isothermal increases in pressure
enhance the solubility of calcite in H2O, indicating that
calcite may be substantially more soluble at mid- to
lower-crustal metamorphic conditions. Although exper-
imental studies of calcite solubility have been extended
to complex aqueous solutions involving, for example,
CO2 and NaCl, at low pressures (e.g., Miller 1952; Ellis
1959; Segnit et al. 1962; Ellis 1963; Sharp and Kennedy
1965; Malinin and Kanukov 1972; Plummer and
Busenberg 1982; Fein and Walther 1987, 1989), we are
unaware of any previous measurement of the solubility
of calcite in pure H2O at >3 kbar.

The present work was undertaken to measure the
solubility of calcite in pure H2O at 500 to 800 �C and 6
to 16 kbar. This study greatly extends the temperature
and pressure range of calcite solubility measurements in
H2O, permitting assessment of the thermodynamic data
on carbonic fluids in the Earth�s crust and upper mantle.
The results of the present work complement the study of
calcite solubility in H2O–NaCl fluids by Newton and
Manning (2002).

Methods

If calcite dissolves congruently—i.e., all components are lost to
solution in stoichiometric proportion—solubility can be measured
in two ways: from the weight loss of calcite crystals equilibrated
with initially pure H2O, and from the concentration of Ca in
experimental solutions. The experiments were designed to permit
assessment of congruent dissolution and determination of solubility
using both methods.

Experimental procedure

Natural calcite crystals from Rodeo, Durango, Mexico,
were used in all experiments (Table 1). Handpicked,
inclusion-free crystals were rounded in an air driven

sphere grinder to minimize crushing during experiments
(Bond 1951). The rounded crystals were washed for 15 s
in 2.5 N HCl to dissolve adhering fines. Examples of
starting materials are shown in Fig. 1A, B. For each
experiment a single rounded crystal was weighed and
placed in a 2-mm outer diameter (OD) perforated Pt
capsule, which was then crimped tightly shut. The cap-
sule, which served to contain all crystal fragments in the
event of breakage, was weighed and then loaded in a
5-mm OD Pt outer capsule with 350 lL of ultrapure
H2O. Although no special measures were taken to re-
move atmosphere-derived CO2 from the H2O, its affects
are insignificant (<10)5 molal, assuming equilibrium) at
the high solubilities measured in this study (�10)2 mo-
molal). The outer Pt capsule was crimped, weighed to
determine the amount of H2O delivered, sealed by arc
welding, and reweighed to check the H2O content. Fi-
nally, the crimped portion of the outer capsule was
folded to make a packet approximately 5·5·3 mm. All
weighing was done on a Mettler M3 microbalance with
1r=0.003 mg for each weighing step (determined by
repeated weighing of a known mass).

The experiments were conducted in a 2.54-cm-diame-
ter end-loaded piston-cylinder apparatus (Boyd and
England 1960) using a cylindrical graphite heater and
NaCl pressure cells similar to those described by Bohlen
(1984). Pressure was achieved using the piston-out tech-
nique, in which assemblies were first cold pressurized to
60–70% of the final value before the temperature was
increased.The thermal expansionof the assemblies during
subsequent heating raised the pressure to the desired level.
Under these conditions, NaCl pressure cells are friction-
less and therefore no pressure correction is necessary
(Johannes 1973; Bohlen 1984; Manning and Boettcher
1994). The long dimension of the Pt capsule was placed
normal to the long axis of the heater to minimize the
effects of temperature gradients (Newton and Manning
2000). Manning and Boettcher (1994) determined T gra-
dients of £ 8 �C using the same furnace design but cap-
sules more than twice as long in the vertical dimension; T
gradients were therefore likely no more than several de-
grees centigrade. Temperatures were monitored with
Pt-Pt90Rh10 thermocouples, which were in close contact
with the Pt capsule (commonly leaving a dimpled
impression on the top surface). Temperatures were not
corrected for the effect of pressure on EMF.

Table 1 Electron microprobe analysis of starting material

wt%

CaO 55.73(39)
FeO 0.07(11)
MgO bd
MnO bd
CO2 44.20(39)
Total 100.00

Numbers in parenthesis are the standard deviations of ten analyses;
bd below detection limit (0.05 wt%); CO2 by difference; total
normalized to 100%
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Experiments were quenched by cutting power to the
heater, which resulted in temperatures dropping to
100 �C in under 30 s. The capsule was then washed in
6 N HCl in an ultrasonic cleaner for 15 min to remove
any debris from the outer surface, and dried in a 115 �C
oven and weighed to check for any water loss during the
experiment.

To extract the experimental solution, the cleaned
capsule was submerged in 2 mL of ultrapure H2O,
punctured two to three times and allowed to equilibrate
for 24 h (Manning and Boettcher 1994). After removing
the capsule from the extraction vessel, the solution was
acidified with 8 mL of 6.6% HNO3 and then analyzed
for Ca by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Owing to the small volume of
the extracted samples, only three to five replicates were
analyzed for each sample. Analytical errors from ICP
measurements (1r) were typically on the order of 1%
relative.

After fluid extraction, the capsule was again dried in
an 115 �C oven, weighed and the H2O content of the
capsule rechecked by difference. This calculation,
allowing for loss of stoichiometric CO2, typically agreed
with the pre-run weight determination to within 0.7%.

The capsule was then opened and the inner capsule and
solid products were retrieved, weighed, and mounted for
optical and SEM petrography.

Analysis and determination of solubility

Initially the experiments were conducted following the
procedure of Anderson and Burnham (1965), where
calcite solubility was calculated from the measured
weight loss of a perforated inner capsule. This method
assumes that all weight loss of the inner capsule is due to
dissolution of the contained calcite crystal and that the
fluid retains all dissolved calcite. The weight change of
the capsule was used instead of that of the crystal be-
cause in some cases crystals broke during experiments,
and it proved difficult to ensure that all calcite chips were
collected for weighing.

As a check on the results obtained by weight-loss
measurements, solubilities were also determined for �2/
3 of the experiments from the amount of dissolved Ca in
the extracted fluids. Early experiments indicated that
solubilities calculated from fluid compositions were 1 to
1.5 orders of magnitude lower than when calculated

Fig. 1 Scanning electron
micrographs of starting and
run-product calcite crystals.
A, B Example of an air-abraded
and acid-etched starting calcite
crystal. C Type-1 crystal from
experiment CW-33. Crystal is
thin, platy and curved,
mimicking the surface of the
outer Pt capsule on which it
grew. D Type-2 crystals on the
inside surface of the inner Pt
capsule. The crystals are
clustered around the
perforations and crimped edges
of the capsule. E Example of
run-product calcite crystal
displaying smooth, solution-
rounded surfaces. F Example
of run-product calcite crystal
displaying evidence of
dissolution and
recrystallization. G Example
of run-product calcite crystal
from high-solubility experiment
displaying pitted and anhedral
texture
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from weight-loss. The weight-loss data also displayed
considerable scatter. Investigation of the quenched
capsules by scanning electron microscope (SEM) re-
vealed two morphologically distinct types of newly
formed calcite crystals on the walls of the inner and
outer capsules. Type-1 crystals were relatively large
(�1 mm in length). In experiments done at temperatures
greater than 700 �C, these crystals are typically thin and
platy, and conformed to the surface of the capsule on
which they had crystallized (Fig. 1C). At temperatures
less than 700 �C, the crystals tended to be euhedral
rhombs. The total mass of these crystals in a single
experiment ranged from 3 lg to 1 mg, with the greater
masses typically occurring at higher temperatures.
Transmitted light microscopy revealed that type-1 crys-
tals were single birefringent grains. Because of their
small number, relatively large size, and interface con-
trolled growth, these crystals were interpreted as the
product of transport and re-precipitation of material due
to minor concentration differences imparted by the small
temperature gradient in the capsule. The conclusion that
type-1 crystals grew during experiments at high P–T
requires that their weight be included with the original
crystals in the determination of solubility by weight loss.

Crystals of the second textural group (type 2) were
much smaller, less than 10 lm in length (Fig. 1D). They
were distributed throughout both inner and outer Pt
capsules, and covering the original calcite crystal and the
type-1 crystals. Type-2 crystals varied in morphology
from discrete euhedral rhombs to radiating, acicular
clusters. The occurrence of a large number of small
crystals suggests a transport-limited process, as would be
expected with a large degree of under-cooling during
growth. Hence, type-2 crystals are interpreted as quench
material because of their uniform size, high nucleation
density, and their even distribution on all surfaces
including the original crystal and the type-1 crystals.

The presence of type-1 and type-2 calcite crystals offers
an explanation for the discrepancy between solubilities
calculated from fluid chemistry and solubilities calculated
by weight loss. In accordance with the interpretation that
type-1 crystals grew at high T and P, and type-2 crystals
grew during quench, solubilities were calculated from:

mCacO3
¼

1000 wi
ic � ðw

f
ic þ w1Þ

h i

100:078 wH2O
ð5Þ

where mCacO3
is the concentration of calcite in solution in

units of molality, wi
ic and wf

ic are respectively the initial
and final masses of the perforated inner capsule, w1 is
the mass of type-1 crystals, wH2O is the mass of water
present in the experiment, and 100.078 is the molecular
weight of calcite (all masses in milligrams). Equation (3)
ignores type-2 crystals included in the inner capsule.
Because the volume of water in the inner capsule is only
several percent of the total volume of fluid in the
experiment, the weights of inner-capsule type-2 crystals
should be negligible (see below).

Similarly, type-2 crystals must be recombined with
the solution for accurate solubility determination by
fluid analysis. The quench fraction was extracted by
washing the inner and outer Pt capsules in 8 mL of 6.6%
HNO3 for 20 min in an ultrasonic cleaner after extrac-
tion of the original and type-1 calcite crystals. This
treatment dissolved the smaller, quench crystals adher-
ing to the capsule walls. The quench crystals adhering to
the type-1 crystals and the original crystal were too
small, less than 10 lm in length, to be recovered inde-
pendent of the larger crystals, and so the mass of the
type-1 and original calcite crystal are increased some-
what. Assuming an even distribution of type-2 crystals
on all surfaces this amounts to less than 5% of the total
mass of quench material being included with the mass of
type-1 crystals. The wash solution was collected and
analyzed for Ca by ICP-AES and the result was added
to the Ca concentration determined for the quench fluid.

Results

Experimental results are given in Table 2. Run products
consisted of extracted fluid, type-1 crystals (Fig. 1C),
type-2 crystals (Fig. 1D), and the original calcite crystal
(Fig. 1E–G). Run-product crystals in experiments done
at the conditions where solubility was highest (750 �C)
were anhedral, with wormy pits and groves (Fig. 1G).
Except at 800 �C, 10 kbar, where melt was interpreted to
be present (see below), no other solid phases were ob-
served, showing that calcite dissolves congruently. The
absence of graphite in the quenched charges indicates
that oxygen fugacity was in excess of the CCO buffer,
and therefore reduced carbon species, such as CH4 or
CO, are insignificant, based on COH fluid speciation
calculations (Holland and Powell 1991).

Table 2 gives the weights used in determining solu-
bility from Eq. (5), as well as the concentrations in the
quench fluid and the wash used to redissolve type-2
crystals. The weights of type-1 crystals increase with
increasing solubility and range from 0 to �90% of the
weight change of the inner capsule, with an average of
44%. This indicates that type-1 crystals represent a sig-
nificant fraction of the total weight change registered in
the experiments. The Ca concentration in the wash
solutions also increases with increasing solubility, but it
is in each case higher than that in the extracted quench
fluid, indicating that most of the dissolved Ca and C
precipitate upon quench.

Comparison of the two independent measures of
solubility offers a mass-balance test for experimental
accuracy. Table 2 shows that if type-1 crystals are not
included in the weight-loss calculations the solubility
calculated from weight loss is greater than the solubility
as calculated from fluid composition. Similarly, if
quench material is not included in the calculations of
fluid composition, the solubility is less than that calcu-
lated from weight loss. However, if type-1 crystals are
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included in the weight-loss calculations, and the Ca
from the dissolved type-2 crystals coating the capsules
are included in calculations of fluid composition,
the solubility from weight-loss measurements and the
solubility calculated from fluid composition agree rea-
sonably well. Differences for the entire experimental
data set are centered on zero, indicating no systematic
direction of deviation. Average absolute deviations are
27%. This supports the interpretation of run-product
textures and the simplifying assumption used to calcu-
late weight loss Eq. (5). However, compared to the rest
of the data set, most results at ‡750 �C yield poor mass
balance, with solubility determined by fluid analysis
�50% lower than that measured by weight-loss. This
implies that it is difficult to account for all type-2 crystals
where solubility is highest. Nevertheless, the general
agreement between the two methods of solubility
determination supports the conclusion that mass bal-
ance can be established to at least 700 �C. All following
discussion of calcite solubility is based on the larger
weight-loss data set.

Experiments of varying duration were conducted at
500 and 750 �C, 10 kbar, to determine the time required
to achieve equilibrium. No systematic variations in cal-
cite solubility were observed in experiments ranging
from 12 to 96 h (Fig. 2). All subsequent experiments
were therefore run for a minimum of 12 h.

Average analytical uncertainties from weight-loss
measurements and ICP-AES analyses, when propagated
through all calculations, are 8.5·10)4 and
3.0·10)4 molal, respectively, which is on the order of
1% or less. These errors are small compared to the
variations observed among replicate experiments.
Because of the precision differences between low- and
high-temperature data, we estimated uncertainty in the

500–700 �C results separately from those at 750 and
800 �C. Uncertainty in 500–700 �C solubilities was
determined by calculating the sample standard devia-
tion, r, from pooled replicates at individual P–T con-
ditions (e.g., Skoog et al. 1994):

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN1

i¼1
ðmi � �m1Þ2þ

PN2

j¼1
ðmj � �m2Þ2 þK

N1 þ N2 þK

vuuut
ð6Þ

where mi, N1 and �m1 are respectively the ith solubility
measurement, the number of replicates and the mean
solubility at P1 and T1, mj, N2 and �m2 are the jth solu-
bility measurement, the number of replicates and the
mean solubility at P2 and T2, and so on. Six sets of two
to four replicates give a pooled sample standard devia-
tion of 0.005 molal for the weight-loss measurements.
One standard deviation in the four replicate experiments
at 750 �C, 10 kbar, is 0.022 molal; this was applied to
experiments at ‡750 �C. The major sources of uncer-
tainty are probably our ability to recover type-1 and
type-2 crystals.

Experiments at 800 �C and 10 kbar where the initial
H2O content was greater than 95 wt% yielded type-1
crystals, quench products and an aggregate of micro-
crystalline, vesicular white material, interpreted as
quenched melt. Wyllie and Tuttle (1960) showed that in
the presence of H2O, calcite melts incongruently at
740 �C, 1 kbar, producing a hydrous melt with a com-
position along the Ca(OH)2–CaCO3 join and a vapor
phase very close to the H2O-CO2 join. Within the calcite
+ melt + vapor region the amount of melt increases
with increasing H2O content. This suggests that minute
amounts of melt could have been produced with less
than 95 wt% H2O (e.g., CW-33, Table 2), but were
overlooked. These results bracket the melting point of
calcite in pure water at 10 kbar to between 750 and
800 �C.

Figure 3 shows calcite solubility as a function of
temperature and pressure. At the high P of this study,
the solubility of calcite increases with increasing T. At
10 kbar, calcite solubility increases from 1.6·10)2 molal
at 500 �C to 5.7·10)2 molal at 750 �C. Our data confirm
the progressive change from isobaric decrease to isobaric
increase in calcite solubility with increasing P implied by
low-P experimental data (Walther and Long 1986; Fein
and Walther 1989).

Isothermal plots at 500, 600 and 700 �C (Fig. 4) re-
veal that calcite solubility is only weakly dependent on P
at >6 kbar. Combined with the results of Walther and
Long (1986) and Fein and Walther (1989), a strong P
dependence is indicated at <6 kbar; for example, be-
tween 1 and 6 kbar, 500 �C, calcite solubility increases
more than two orders of magnitude, from 1.8x 10)5 to
6.4·10)3 molal. By contrast, at >6 kbar, calcite solu-
bility increases less than one order of magnitude, from
6.4·10)3 to 1.7·10)2 molal at the same T. Note that the
large pressure dependence required by the 500 and
600 �C data leads to prediction of similar behavior at

Fig. 2 a Logarithm of the molality of dissolved calcite vs.
experiment duration at 750 �C (a) and 500 �C (b), at 10 kbar.
The horizontal line is the mean of the replicate experiments. Error
bars, shown where greater than symbol size, are propagated 2r
based on weighing error for each experiment
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700 �C (Fig. 4c), although no measurements have been
made below 6 kbar at this temperature.

One solubility measurement was conducted within
the aragonite stability field at 600 �C, 16 kbar (CW-90,
Table 2). This experiment resulted in a dense aggregate
of sugary-textured crystals, interpreted to be aragonite,
although no x-ray studies were conducted to confirm
this. Conversion of calcite to aragonite should have
occurred in minutes at the conditions of this experiment
(Johannes and Puhan 1971; Boettcher and Wyllie 1968).
Therefore, it is likely that the experiment measured the
solubility of aragonite, not metastable calcite. The sol-
ubility determined within the aragonite stability field is
within error of that for stable calcite at 12 kbar, 600 �C.

Discussion

Calcite solubility as a function of T and P

The results of the present study can be combined with
previous work to constrain calcite solubility in H2O over
a wide range of P and T (Fig. 4). Fein and Walther
(1989) suggested that the results of Walther and Long
(1986) were 0.3–0.5 log molality units too low at any
given P–T. They explain this change by improvement in
sample collection method used. However, Fig. 4 illus-
trates that this discrepancy is small compared to the
large changes with P from 1 to >10 kbar. The combined
low-P and high-P data sets show that measured calcite
solubility at constant T is a linear function of the

logarithm of the density of water, consistent with pre-
vious experimental work on other systems (Eugster and
Baumgartner 1987; Mesmer et al. 1988; Anderson et al.
1991, Manning 1994). Therefore the results of this study
and those of Fein and Walther (1989) were regressed to
give:

logmCacO3
¼ �3:95þ 0:00266T
þ ð32:8� 0:0280T Þ log qH2O ð7Þ

where T is in Kelvin and qH2O is the density of water in
g/cm3. Solubility calculated from Eq. (7) is also shown
in Fig. 4. Equation (7) reproduces experimental results
between 400 and 750 �C and 1 to 16 kbar with a mean
relative deviation of 10%. Despite accuracy concerns,
the data of Walther and Long (1986) are also broadly

Fig. 3 Log mCaCO3 vs. temperature for experiments at selected
pressures showing results of this study and previous work. At those
P–T where experiments were repeated, averages of all experiments
are plotted. Error bars for results of this study are 1r based on
pooled results (<750 �C) or 1r in the mean (750 �C; see text); those
for Walther and Long (1986) are 5% relative uncertainty. The
curves were visually fit to the data

Fig. 4 Log mCaCO3 vs. pressure for experiments at 500 (a), 600(b)
and 700 �C (c). Curves calculated from Eq. (7). Calcite-aragonite
transition is from Holland and Powell (1998). Dashed lines indicate
extrapolated, metastable calcite solubility within the aragonite
stability field. Error bars as in Fig. 3
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consistent with the fit, although they were not used to
derive the equation. Regression based on water density
means that the fit probably extrapolates well to the up-
per stability of calcite in the presence of water at the
aragonite-calcite-melt-H2O invariant point at about
20 kbar and 800 �C.

Isopleths of calcite solubility calculated from Eq. (7) ,
Fig. (5) illustrate the nature of the T and P dependence of
calcite dissolution behavior. Individual isopleths display
maxima, which increase from �450 to �500 �C as P in-
creases. The trace of the calcite-aragonite equilibrium
intersects the maximum in solubility isopleths at �log
mCaCO3 =)1.7 (�11 kbar). Below this P, an isobaric in-
crease in T causes a decrease in calcite solubility up to
�500 �C. Thus the well-known isobaric ‘‘reverse solubil-
ity’’ of calcite (decreasing solubility with increasing T)
persists to�11 kbar. If the metastable isopleths of calcite
solubility in the aragonite stability field are a reasonable
approximation of aragonite solubility behavior, we pre-
dict that a maximum in the isopleths, hence reverse-sol-
ubility behavior, will persist for aragonite at least to
20 kbar. Our results suggest that above 2 kbar, isobaricT
increases at T >500 �C yield an increase in calcite solu-
bility. The generally shallow positive or negative slopes of
solubility isopleths at <600 �C indicate that in this T
range, P has a stronger effect on calcite solubility than T.
However, the steep negative slopes of isopleths above
�600 �C indicate that at high T, calcite solubility is
strongly dependent on both P and T.

The calcite-solubility isopleths (Fig. 5) are in marked
contrast to those for quartz at high pressures, which are
rather steep P–T isopleths due to the very strong

temperature dependence on solubility (Manning 1994).
This suggests that quartz and calcite dissolution or
precipitation may occur along different sections of a
given burial-uplift path, which in turn will vary with the
tectonic environment.

Speciation

Experiments on calcite solubility in H2O do not uniquely
constrain species concentrations; however, a provisional
estimate can be derived by comparison with data at low
P. Fein and Walther (1987) used experimentally deter-
mined calcite solubility in H2O-CO2 fluids to assess
species abundance and to adjust the standard molal
Gibbs free energy of CO2,aq at high P and T (DG�CO2;aq

).
Their results indicate that at the conditions of their
experiments, DG�CO2;aq

required revision, whereas
DG�HCO�3

values are accurate. This can be seen by com-
paring equilibrium constants (K) for equilibrium (1) with
those for:

CaCO3
calcite

þHþ ¼ Caþ2 þHCO�3 ð8Þ

as constrained by experiments (Fein and Walther 1987,
1989) and calculated (SUPCRT92; Johnson et al. 1992)
from tabulated thermodynamic data (Helgeson et al.
1978; Shock et al. 1997). Table 3 shows that, at 1 and
2 kbar, 500 �C, there is good agreement between pre-
dicted and experimentally constrained log K8, but that
log K1 as constrained by experiment is significantly
lower than predicted. Fein and Walther�s (1987) ap-
proach can be extended to high P by using our calcite
solubility measurements to compute the abundance and
thermodynamic properties of CO2,aq. However, because
the modified Helgeson-Kirkham-Flowers equation of
state for aqueous species used in SUPCRT92 can be
used only at £ 5 kbar, extrapolation is necessary. It has
been shown that the logarithm of the equilibrium con-
stant for many mineral hydrolysis reactions is linear with
log qH2O at constant T (Eugster and Baumgartner 1987;
Mesmer et al. 1988; Anderson et al. 1991; Manning
1994, 1995). Figure 6 shows log K8 vs. log qH2O at 500–
700 �C, 2–5 kbar, calculated at 0.5 kbar increments
using SUPCRT92 with data for aqueous species from
Shock et al. (1997). Error bars correspond to estimated

Fig. 5 Contours of log mCaCO3 (Eq. 7) as a function of pressure
and temperature. Calcite-aragonite transition is from Holland and
Powell (1998). The provisional water-saturated solidus is based on
Wyllie and Tuttle (1960) and this study (Table 2). Short-dashed
isopleths indicate metastable calcite solubility within aragonite or
melt stability fields

Table 3 Values of logK1 and logK8 from previous work at 500 �C

P
(kbar)

Log K1 Log K8

SUPCRT92 FW87 FW89 SUPCRT92 FW87 FW89

1 6.87 4.79 )4.05 )4.24
2 6.85 4.92 5.6 )3.01 )2.55 )2.2

SUPCRT92 values calculated using updated data from Shock et al.
(1997); FW87, Fein and Walther (1987); FW89, Fein and Walther
(1989). Standard state for aqueous species is unit activity of the
hypothetical 1 molal solution at infinite dilution; for minerals and
H2O, it is the pure phase at any P and T

282



uncertainties of 0.5 kcal/mol in DG�PT of reaction (Shock
et al. 1997). As H2O density and P increase, the change
in log K8 vs. log qH2O becomes linear (Fig. 6), implying
that:

@ lnK8

@ ln qH2O

� �
¼ � DrV �8

bH2ORT
¼ constant ð9Þ

where qH2O and bH2O are the density and isothermal
compressibility of water, R is the gas constant, T is
temperature in Kelvin and DrV �8 is the standard molar
volume of Eq. (8). Figure 6 shows that, within the
uncertainties in log K, a linear extrapolation to high P is
appropriate. We calculated values for �DrV �8 =bH2ORT at
5 kbar of 15.1, 14.2 and 13.9 at 500, 600, and 700 �C
and used these values to determine log K8 at P>5 kbar.
To assess species predominance in our experiments, we
initially considered five species Ca+2, CO2,aq, HCO3

),
H+ and OH). If we adopt a standard state for minerals
and H2O of unit activity of the pure phase at any P and
T, then for a given P and T the experimentally deter-
mined calcite solubility and the equilibrium constants
for reactions (3), (4) and (8), yield the following equa-
tions:

K4 ¼ aHþaOH� ð10Þ

K8 ¼
aCaþ2aHCO�3

aHþ
ð11Þ

mCa ¼ mCO2;aq
þ mHCO�3 ð12Þ

2mCaþ2 þ mHþ ¼ mHCO�3 þ mOH� ð13Þ

Equations (10), (11), (12), and (13) and expressions for
activity coefficients of charged species (Davies 1962) were
solved by iteration, assuming unit activity coefficients for
neutral species and adopting a value for the Debye-Hüc-
kel paramater (A) of 1.0 kg1/2mol)1/2 at>5 kbar, which is
justified because speciation calculations are not sensitive
to A at high P. At £ 5 kbar, A was taken from Helgeson
and Kirkham (1974). The equilibrium constant for H2O
dissociation was calculated from Marshall and Frank
(1981). The standard state for aqueous species is unit
activity of the hypothetical one molal solution referenced
to infinite dilution. Simultaneous solution of the system of
equations at each experimental condition reveals that
CO2,aq is the dominant carbonate species (>98.6%) at all
experimental conditions. Fein and Walther (1987, 1989)
obtained a similar result at 1 and 2 kbar. Calculated pH
ranges from 5.5 to 6.9.

Fein and Walther (1987, 1989) concluded that
CaOH+ was not a significant Ca species in calcite-sat-
urated H2O at 1–2 kbar. Since their work, new predicted
thermodynamic data for CaOH+ were reported (Shock
et al. 1997). Using the Shock et al. (1997) data, the
equilibrium constant for

Caþ2 þH2O ¼ CaOHþ þHþ ð14Þ

was estimated by the same methods as for Eq. (8), which
permits speciation of the experimental fluids with
inclusion of CaOH+. Results indicate that CaOH+

should be similar to or predominate over Ca+2 (58–
99%). The predominance of CaOH+ over Ca+2 results
from a larger value for K14 derived from Shock et al.
(1997) than was inferred by Fein and Walther (1987).
The Shock et al. (1997) data also predict that CaOH+

predominates in calcite-saturated H2O at 1–2 kbar;
however, Fein and Walther (1987) suggested that this is
inconsistent with experimentally constrained values of
K2 at low T (Read 1975). However, regardless of this
discrepancy, CO2,aq remains the most abundant C-
bearing species (>97%) when CaOH+ is included, and
there is only a small shift in pH ranges from 5.4–6.6.
Thus, although our data cannot constrain the relative
abundance of Ca species, we can conclude that uncer-
tainty in their distribution does not affect the inference
that CO2,aq predominates.

The additional species CO3
-2, CaHCO3

+ and Ca-
CO3,aq (Shock et al. 1997; Sverjensky et al. 1997) were
also considered by extrapolation of the equilibrium
constants for Eq. (3) as well as:

CaHCOþ3 ¼ Caþ2 þHCO�3 ð15Þ

and

CaCO3;aq þHþ ¼ Caþ2 þHCO�3 ð16Þ

to >5 kbar. Using extrapolated log K values to expand
the speciation calculations to nine species indicates that

Fig. 6 Extrapolation of the equilibrium constant for Eq. (8) as a
function of the logarithm of water density. Individual data points
are values at 0.5 kbar increments from 2–5 kbar, 500, 600 and
700 �C, calculated from SUPCRT92 using data of Shock et al.
(1997). Uncertainties correspond to 500 cal/mol. Long dashed lines
show linear extrapolation to >5 kbar (see text). Short dashed lines
are selected isobars (2 and 5 kbar)

283



CO3
)2, CaHCO3

+ and CaCO3,aq are not significant
(<<1%) in any of the experimental fluids.

The speciation calculations show that, regardless of
discrepancies in predicted abundance of CaOH+, and
provided that other thermodynamic data and the
extrapolation scheme are accurate, we can conclude
that the dominant form of dissolved carbon in calcite-
saturated H2O at 500–750 �C and P up to at least
16 kbar is the neutral CO2,aq species. Because the sys-
tem of equations does not depend on the problematic
thermodynamic properties of CO2,aq, the calculations
should be robust, provided that the extrapolations are
not in error by more than the uncertainty in the stan-
dard state thermodynamic properties of the other
aqueous species.

Thermodynamic properties of Eq. (1)

Results of the speciation calculations above yield the
equilibrium constant for Eq. (1) via:

K1 ¼
aCaþ2aCO

2;aq

a2
Hþ

ð17Þ

Figure 7 shows log K1 at 500 �C as a function of
pressure. Fein and Walther (1987, 1989) reported K1

assuming all Ca as Ca+2. Using this assumption and
solubilities calculated using Eq. (7), our results require
that log K1 increase strongly with P, from �4 at 1 kbar
to �8 at 6–10 kbar, consistent with the large pressure
dependence of calcite solubility. Values of log K1 from
Fein and Walther (1987, 1989) and this study recalcu-
lated including CaOH+ are lower (Fig. 7), but the
strong P dependence remains. By contrast, log K1

computed from SUPCRT92 (CO2,aq from Shock et al.
1989) and extrapolated to high P using the methods
described above implies that calcite solubility should
display little pressure dependence (Fig. 7). This
behavior is clearly inconsistent with the experimental
data.

Although temperature does not have as strong an
effect on calcite solubility as pressure, the observation
of isobaric increases in calcite solubility with increasing
T implies larger standard molal enthalpy (DrH�) and
entropy (DrS�) of Eq. (1) at high T and P than previ-
ously recognized. For example, using calcite solubility
calculated from Eq. (7) at 5 kbar, fluid speciation cal-
culations allow determination of log K1 as a function of
T. Speciation without CaOH+ yields DrH�1 and DrS�1 of
190 and 180 J/mol K respectively at 500–800 �C.
Consideration of CaOH+ lowers these values to
140 kJ/mol and 150 J/mol K. Either way, DrH�1 and
DrS�1 constrained by high-P experiments are substan-
tially larger than the values of 37 and 43 J/mol K
calculated from predicted thermodynamic data (Shock
et al. 1989). The difference results from isobaric tem-
perature dependence of calcite solubility determined
experimentally.

Conclusions

New measurements of the solubility of calcite in pure
water show that calcite dissolves congruently between 6–
16 kbar and 500 and 750 �C. The dominant carbonate
species at these conditions is determined to be CO2,aq.
Calcite solubility is strongly dependent on P, but only
weakly T dependent. This behavior, which was not
predicted from existing thermodynamic data, has
important geologic consequences. Fluid flow involving
large changes in P can be important in influencing CO2

metasomatism and transport. H2O evolved at depth and
rising in the crust will become progressively less able to
hold calcite in solution. Thus, a substantial fraction of
lower-crust-derived CO2 can be retained by the crust via
calcite precipitation along the flow path, rather than
degassed at the surface.
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