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A calcite + aragonite-type phase transition in CdCO.
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Ansrnacr

Otavite (CdCO.) recovered from experiments at P > I70 kbar and I - 1000 oC con-
tained material with the aragonite structure, indicating that a phase transition occurred.
The lattice parameters of the aragonite-type CdCO. are a : 4.989 '+ 0.003, b : 1.822 +

0.003, and c : 5.113 + 0.004 A at ambient conditions. The ambient molar volume is
33.57 -r 0.06 cm', which is 2.lVo smaller than that of otavite. The same kind of transition
was not observed in rhodochrosite (MnCO.), which is stable at least up to 280 kbar at
-1000'C. Lack of any observations of another phase transition type suggests that the
aragomte-type structure is the only likely high-pressure modification of the smaller-cation
carbonates such as MgCO. at high pressures

INrnonucrroN this type of transition at the lowest pressure, followed by

Like the pair graphite and diamond, calcite and ara- MnC!',, the smallest' MgCo' and Nico" would be ex-

gonite are among the best known polymorphout ;i;";"lr nected,,tg follow the same transition at the highest pres-

in nature. For these minerals, it is well known ,rr"i ai* sures (Liu and Bassett 1986)'

mond is the high-pressure polymorph of c *d ;A;i;" . 
If the calcite -+ aragonite phase transition cannot be

is rhe high-pressure polymorph of caco. (".g., ;;i"J; founj 
in,olavite (cdco.) or rhodochrosite (Mnco') in a

1953; Liu and Bassett 1986). Except for caco, ;;t;ir few hundred kilobars pressure' one may conclude that the

occurs as the polymorphs calcite and aragonite,-no o-r-# TT"^!l^" 
transition should not occur in magnesite

carbonates are so far known to occur in both ,*",*", (MgCo.) within the pressure range of the Earth's mantle.

at ambient conditions, although there are *o."-,-fr*l.n If otavite.or rhodochrosite were found to transform to yet

carbonates that exist either with the calcite 
"t 

*;;;;i; another structure, then the new structure should also be a

sffucture. we repoft here, for rhe firsr time, rhe f;;;;i;; model sffucture for magnesite at high pressures' so, the

of a carbonate that, like CaCO., can exist ir L;ih 
-;h; 

experimental data for otavite and rhodochrosite should

calcite and aragonite structures at ambient .onOltionr. provide us with fundamental information concerning the

The volume of isostruchrral compounds i, 
"o--onty 

high-pressure behavior of magnesite, the most likely sta-

found to relate to the cation size of^these compounds. In ble carbonate in the Earth's deep mantle (e.g., Kushiro et

Figurel,theambientmolarvolumesof allthecarbonates al'1975; Breyetal' 1983; Redfernetal' 1993)'

that exist with the calcite- and aragonite-type structures, d
compiled by Robie et al. (1966), wire ptotiea against the SAMPLES AND EXPERIMENTAT' PROCEDURES

cation radii of these carbonates. SrCO. and BaCO. with CdCO. with a purity greater than9T%o purchased from
the calcite structure (shown by open triangles) are stable Fluka Ltd. and a natural sample of rhodochrosite were
only at high temperatures, and their ambient molar vol- used in the present study. Pink rhodochrosite from Mex-
umes were estimated from the lattice parameters of these ico was supplied by T. Munson. Chemical composition of
phases published by Chang (1965). It is obvious from the rhodochrosite was confirmed using an electron probe
Figure I that the correlation among the carbonates having (0.98 MnCO., 0.01 MgCO., and 0.01 CaCO.). A standard
the calcite-type sffucture is well defined. A similar cor- X-ray diffraction pattern of the powdered samples
relation also exists for carbonates having the aragonite- showed no detectable impurities, and their X-ray diffrac-
type structure. The volume of the aragonite-type carbon- tion data are in good agreement with those published in
ates is generally 7 -8Vo smaller than that of the the JCPDS card catalog.
calcite-type carbonates (except for CdCO., which is ad- The finely powdered samples were intimately mixed
dressed later). with a trace amount of graphite (< l7o by weight), which

Since aragonite is the high-pressure polymorph of served to absorb the laser radiation and thus heat the sam-
CaCO., it would be expected that other carbonates having ple under compression. Samples thus prepared were com-
the calcite sffucture at low pressure may transform to an pressed in a diamond-anvil press fitted with a lever-and-
aragonite-type structure at high pressures or high tem- spring assembly and irradiated by a continuous YAG
peratures or both, if there is no interference from other laser while the samples were maintained at high pres-
types of modification. Empirically, CdCO. should follow sures. The loading pressures of the sample at the central
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Frcunn 1. The correlation between the ambient molar vol-
ume and the cation size of carbonates possessing either the cal-
cite or the aragonite structure. The values for calcite{ype SrCO.
and BaCO., shown by open ffiangles, were esrimated from high-
temperature data of Chang (1965) by linear extrapolation. The
molar volume for the aragonite{ype CdCOr was obtained in the
present study

portion of the anvil were estimated from the length of the
spring, which was calibrated according to the room tem-
perature NaCl pressure scale (Weaver et al. 1971). Pres-
sures thus estimated are probably accurate within + l}Vo.
Except for the sample itself, no pressure medium was
used in the present experiment so as to avoid possible
reactions between sample and pressure medium at high
pressure and high temperature. Thus, deviatoric stresses
must exist in the pressure chamber. Fortunately, however,
the pressure gradient is the smallest in the central portion
of the anvil where the high-pressure phase transition was
observed. The transition pressure estimated in this type
of experiment does not appear to be grossly different
from those determined in other high-pressure apparatus
such as in a multi-anvil press (see, e.g., Liu and Bassett
1986).

Temperatures were estimated on the basis of the inten-
sity of incandescent light emitted from sample and were
subject to large uncertainty. In the present study, temper-
atures of about 800-1200 "C were estimated. At lower
pressures, rhodochrosite sometimes absorbs the laser ra-
diation by itself. In this case, rhodochrosite was probably

Trele 1. Room temperature and 1 bar pressure X-ray
diffraction data for CdCo" quenched Jrom -250 kbar
and -1000 'C
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Note: X-ray data collected using CoKo radiation
. From JCPDS 8-456.
t Cafculated from cell dimensions ol a : 4 989, b - 7 822, and c:

5 713 A The relative intensities were calculated by assuming Cd,* re-
placing Ca'?* in aragonite

+ Estimated visually The letter b denotes broad line

heated in excess of 2000 "C in the present experiment.
After quenching and release of pressure, samples were
transferred to a modified 57.3 mm diameter Debye-Scher-
rer camera for X-ray diffraction study using Fe-filtered
Co radiation. Because of fluorescence, some samples of
rhodochrosite were studied using Ni-filtered Cu radiation.
Details of the experimental procedure have been de-
scribed elsewhere (Liu and Bassett 1986).

Rnsur,rs
CdCO. was found to have the calcite structure (or ota-

vite) at pressures below about 160 kbar. New X-ray dif-
fraction lines were observed in the samples recovered
from the experiments between 180 and 250 kbar (inclu-
sive). The number and intensity of the new lines increase
at higher pressures. The X-ray diffraction data for the
sample, which was laser heated at 250 kbar, are given in
Table I, and a photograph of the diffraction pattern is
shown in Figure 2. The products were approximately 65Vo
otavite and 35Vo the new phase, on the basis of their
relative intensities. The appearance of otavite is probably
due to a pressure gradient across the diamond anvil and
the chill zones of the sample in direct contact with the
diamond anvils. As shown in Table l, there are nine new
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Frcuno 2. Photograph of the X-ray diffraction pattern of
CdCO. quenched from about 250 kbar and 1000'C. The dif-
fraction lines corresponding to the aragonite structure, but not
superimposed on those of otavite, are marked by Miller indices
at the edge of the photograph.

diffraction lines that do not correspond to otavite but can
be indexed for the orthorhombic aragonite structure. By
using the Novak-Colville least-squares cell parameter re-
finement program, the lattice parameters of the aragonite-
type CdCO. calculated from these lines are a : 4.989 +

0.003, b : 7.822 + 0.003, and c : 5]13 * 0.004 A at
ambient conditions. These values are compared with
those of other carbonates possessing the aragonite struc-
ture in Figure 3. If the lattice parameters of these car-
bonates vary linearly with the cation size, the values of
the lattice parameters of the aragonite-type CdCO. ob-
tained in this study are in good agreement with those of
the others shown in Figure 3. The ambient molar volume
is calculated to be 33.57 * 0.06 cm3 (Fig. 1), which is
2.l%o smaller than otavite. Compared with those of ota-
vite, the spacings measured in the present experiment
should be accurate within -t- 0.003 A. The relative inten-
sities of aragonite-type CdCO. were also calculated and
are listed in Table I for comparison. The relative inten-
sities of the 110 and02l reflections of the aragonite-type
CdCO. are in the reverse order of those for aragonite.
This is probably due to prefened orientation.

When rhodochrosite was heated at 40 kbar, at some
spots the sample temperature was estimated to be as high

Cation radius, A

FrcunB 3. The variation of the lattice parameters of the ara-
gonite-type carbonates with the cation size.

as -2000 oC because the sample itself absorbed the laser
radiation. At these spots, gas bubbles were observed dur-
ing heating and void spaces were found after quenching
and release of pressure. The X-ray diffraction pattern of
the recovered sample revealed that the sample was com-
posed of rhodochrosite and manganosite (MnO). Thus,
we conclude that some of the rhodochrosite sample was
heated at 40 kbar to the temperature at which the sample
decomposed into the mixture MnO + COr. The gas bub-
bles observed during heating should be CO, gas, and it
was lost when pressure was released. The same phenom-
enon was not observed in experiments between 60 and
280 kbar (inclusive), in which only rhodochrosite was
observed. Thus, it is reasonable to concluded that rho-
dochrosite is stable at least up to 280 kbar at -1000'C.

Drscussror.l

The size of Cd'z* is only about 5Vo smaller than that of
Ca'* in the calcite-type sffucture (Fig. 1), and it entails
about 180 kbar at -1000 "C to form the aragonite-type
CdCO.. The same transition was not found in MnCO. in
the experiments up to 280 kbar at -1000 oC, and Mn2*
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is about lTVo smaller than Ca2*. Thus. it should be ex-
pected that MgCO. would not adopt the aragonite struc-
ture until some extremely high pressure was reached, be-
cause Mg2+ is about 287o smaller than Car*. Except for
the aragonite structure, no other new types of structure
were revealed in the present study of CdCO. and MnCO.
at high pressures and high temperatures. Thus, this may
also suggest that no other high-pressure modification of
MgCO. is likely, except the aragonite structure. However,
the calcite -+ aragonite-type transition may not occur in
MgCO. at the pressures prevailing in the Earth's lower
mantle (no phase ffansition was found in magnesite up to
550 kbar at -1300 "C by Katsura er al. l99l). On the
other hand, if the transition pressure for the calcite -+
aragonite-type ffansition in CaCO. and CdCO. were lin-
early related to the cation size of these carbonates, the
linear extrapolation of this relationship would yield a
ffansition pressure of about 820 kbar at -1000 .C for
magnesite. In this case, the calcite -+ aragonite-type tran-
sition may occur in MgCO. at the P-T conditions of the
lower mantle.
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