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Abstract

The crystal structures of four isostructural orthorhombic carbonates, CaCO3 (aragonite), SrCO3 (strontianite), PbCO3 (cerus-
site), and BaCO3 (witherite), were obtained by Rietveld refinements using data acquired by synchrotron high-resolution powder 
X-ray diffraction (HRPXRD). For BaCO3, powder neutron-diffraction data were obtained and refined by the Rietveld method. 
For aragonite, we also carried out a refinement of the structure by single-crystal X-ray diffraction. These carbonates belong to 
the space group Pmcn, with Z = 4. The CO3 group is slightly non-planar, and the two independent C–O distances are slightly 
different. The CO3 group becomes more symmetrical and less aplanar from CaCO3 to BaCO3 (M2+

radii: Ca < Sr < Pb < Ba). The 
CaCO3 structure is, therefore, the most distorted, whereas the BaCO3 structure is the least distorted. Several linear structural 
trends are observed in plots of selected parameters as a function of the unit-cell volume, V. These parameters are radii of the 
nine-coordinated M2+ cations, the unit-cell axes, the average <M–O> and <C–O> distances, average <O–C–O> angle, and 
aplanarity. These linear trends are the result of the effective size of the divalent ionic radius of the M cations that are coordinated 
to nine oxygen atoms. The geometrical features of the CO3 group can be obtained reliably only by using neutron-diffraction data, 
especially in the presence of other heavy atoms.

Keywords: CaCO3, aragonite, SrCO3, strontianite, PbCO3, cerussite, BaCO3, witherite, Rietveld refinements, synchrotron high-
resolution powder X-ray diffraction (HRPXRD), neutron diffraction, crystal structure.

Sommaire

Nous avons affiné la structure cristalline de quatre carbonates orthorhombiques isostructuraux, CaCO3 (aragonite), SrCO3 
(strontianite), PbCO3 (cérusite), et BaCO3 (witherite), par la méthode de Rietveld en utilisant les données acquises par diffraction 
X à haute résolution avec rayonnement synchrotron. Pour le BaCO3, nous avons utilisé des données obtenues par diffraction 
neutronique, aussi affinées par la méthode de Rietveld. Pour l’aragonite, nous avons affiné la structure par diffraction X sur 
monocristal. Ces carbonates répondent au groupe spatial Pmcn, avec Z = 4. Le groupe CO3 est légèrement non planaire, et les 
deux distances C–O indépendantes diffèrent légèrement. Le groupe CO3 devient plus symétrique et moins aplanaire en allant de 
CaCO3 à BaCO3 (M2+

rayon: Ca < Sr < Pb < Ba). La structure de CaCO3 serait donc la plus difforme, tandis que la structure de 
BaCO3 serait la moins difforme. Plusieurs tendances structurales sont évidentes dans les tracés de paramètres choisis en fonction 
du volume de la maille élémentaire, V. Parmi ces paramètres sont le rayon des cations M2+ à coordinence neuf, les dimensions 
le long des axes de la maille élémentaire, les distances <M–O> et <C–O> moyennes, l’angle <O–C–O> moyen, et l’aplanarité. 
Ces tracés linéaires sont le résultat de la dimension effective du rayon ionique du cation M bivalent coordonné aux neuf atomes 
d’oxygène. On ne peut évaluer les aspects géométriques du groupe CO3 qu’avec les données en diffraction neutronique, surtout 
en présence des atomes lourds dans la structure.

	 (Traduit par la Rédaction)

Mots-clés: CaCO3, aragonite, SrCO3, strontianite, PbCO3, cérusite, BaCO3, withérite, affinements de Rietveld, diffraction X à 
haute résolution avec rayonnement synchrotron, diffraction neutronique, structure cristalline.
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Bowen 1971, Jarosch & Heger 1986, Bevan et al. 2002, 
Caspi et al. 2005, Pokroy et al. 2007). Pilati et al. (1998) 
carried out lattice-dynamic studies on several carbon-
ates. The structures of aragonite were refined in space 
group Pmcn, except for one structure refined in the 
triclinic system, space group P1, by Bevan et al. (2002).

The crystal structure of strontianite was determined 
by Zachariasen (1928), and refined by De Villiers 
(1971) and Jarosch & Heger (1988), whereas the crystal 
structure of witherite was determined by Colby & La 
Coste (1933) and refined by others (De Villiers 1971, 
Holl et al. 2000).

Studies of the isostructural orthorhombic carbonate 
phases are important in understanding the transition 
sequences in CaCO3 and may provide insights into the 
behavior of carbon in the mantle (e.g., Berg 1986, Antao 
et al. 2004). Because of the importance of CO2 seques-
tration and possible order–disorder of cations and CO3 
groups, we have recently examined the crystal structures 
of several carbonates (Antao et al. 2004, 2008a, 2009, 
Antao & Hassan 2007). In addition, results of several 
high-pressure studies are available for CaCO3, BaCO3 
and SrCO3 (Lin & Liu 1997, Holl et al. 2000, Santillán 
& Williams 2004, Ono 2007).

Experimental Methods

Sample characterization

One sample of aragonite used in this study is from 
Tuscany, Italy, and occurs as colorless needle-like crys-
tals that occur in a cavity. The chemical analysis of this 
aragonite (using small crystals encapsulated in epoxy 
resin, polished, and carbon coated) was done using a 
Cameca Camebax electron microprobe (EMP) using the 
operating program MBX (copyright by Carl Henderson, 
University of Michigan); the correction was done using 
Cameca’s PAP program. The analytical conditions 
were 15 kV, and with a beam current of 9.6 nA. A 
diffuse beam of electrons was used for the analysis to 
avoid volatilization. Minerals were used as standards 
[e.g., dolomite (CaKa, MgKa), siderite (FeKa), and 
rhodonite (MnKa)]. Typical oxide weight percentages 
resulting from the EMP analyses are given (Table 1). 
The chemical formula obtained for this aragonite is 
Ca0.996Mg0.001Sr0.003CO3, which is close to the ideal 
formula, CaCO3. The average amount of Sr, in atoms 
per formula unit (apfu), is 0.005, with minimum and 
maximum values ranging from 0 to 0.007 apfu.

The other aragonite sample is from Cuenca, Spain; 
it occurs as a large (several cm in size) euhedral 
crystal hexagonal in shape. This aragonite sample was 
analyzed in a similar manner (Table 1), and the formula 
is Ca0.985Sr0.014CO3. The average amount of Sr is 0.014 
atoms per formula unit (apfu), with minimum and 
maximum values ranging from 0.012 to 0.015 apfu. 
This amount of Sr is about three times more than that 
in the sample from Italy.

Introduction

The naturally occurring isostructural orthorhombic 
carbonates are aragonite (CaCO3), strontianite (SrCO3), 
cerussite (PbCO3), and witherite (BaCO3), listed with 
increasing size of the M2+ cation. In addition, isostruc-
tural rare-earth and radium carbonates (YbCO3, EuCO3, 
SmCO3, and RaCO3) have been synthesized (Speer 
1983). Linear structural trends are expected to occur 
in these series; their crystal structures were examined 
previously, but only general trends were observed (De 
Villiers 1971, Chevrier et al. 1992). The M2+ cations 
should have some effect on the slightly aplanar CO3 
group and on the two independent but slightly different 
C–O distances, although CO3 groups are generally 
considered to be rigid. With X-ray diffraction, it is 
difficult to accurately locate light atoms such as C in the 
presence of heavy atoms such as Pb (including problems 
from absorption). For this reason, neutron-diffraction 
experiments were performed on aragonite, strontianite, 
and cerussite (Chevrier et al. 1992, Jarosch & Heger 
1986, 1988), but not on witherite. The apparent lack of 
linear trends to date seems to arise from an inappropriate 
choice of a structural parameter against which to plot 
suitable structural variables.

Although the structure of aragonite is well estab-
lished and has been accepted for a long time, the find-
ings of Bevan et al. (2002) on a sample that contains a 
small amount of Sr atom was unexpected. They refined 
the structure of a twinned crystal of aragonite from an 
unknown locality in space group P1, and cast some 
doubt about the structures of aragonite that were refined 
in space group Pmcn. The present structure of aragonite 
was refined in order to resolve some of this controversy. 
Refinement data for two aragonite samples from locali-
ties different than those sampled by other investigators 
were also obtained.

The purpose of this study is to examine the struc-
tural trends in the orthorhombic carbonates CaCO3, 
SrCO3, PbCO3, and BaCO3 using Rietveld structure 
refinements and synchrotron high-resolution powder 
X-ray-diffraction (HRPXRD) data. We also studied by 
neutron diffraction the structure of BaCO3. In addition, 
we refined the structure of one aragonite sample using 
a single-crystal approach. The results from the present 
study gave linear structural trends across the series.

Background Information

Aragonite, the most common orthorhombic 
carbonate, occurs as the inorganic constituent of many 
invertebrate skeletons and sediments derived from 
them. It also occurs as a primary phase in high-pressure 
metamorphic rocks. The crystal structure of aragonite 
was determined by Bragg (1924) and Wyckoff (1925). 
Subsequently, several refinements were carried out (Dal 
Negro & Ungaretti 1971, De Villiers 1971, Dickens & 
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The other materials (PbCO3, BaCO3 and SrCO3) 
were obtained as high-purity (99.999%) reagent-grade 
powders and were assumed to be pure. The formula 
MCO3 was used in the structure refinements below.

Single-crystal X-ray-diffraction study  
of aragonite from Tuscany, Italy

A single-crystal fragment from the Italian sample 
was selected under a binocular microscope for structure 
refinement using a Bruker P4 automated four-circle 
single-crystal X-ray diffractometer with a SMART–
CCD detector and graphite-monochromatized MoKa 
radiation generated at 50 kV and 30 mA. We recorded 
our data with an exposure time of 30 s per frame, 
with a detector distance of 5.016 cm. Five sections of 
frames were collected with a step width of 0.30° in w. 
All data were integrated using Saint (Bruker 2000), 
and empirical absorption corrections were performed 
using Sadabs (Sheldrick 2001). The data were also 
corrected for Lorentz, polarization, and background 

effects. The unit-cell parameters were calculated and 
refined from all the intensities with I > 15s(I). However, 
the cell parameters used in the single-crystal structure 
refinement were those obtained from Rietveld refine-
ment using synchrotron HRPXRD data because this 
approach provides more accurate cell parameters (see 
below). The structure refinement was done using the 
Shelxtl97 suite of programs (Sheldrick 1997). The 
refinements were carried out by varying the param-
eters in the following sequence: scale, atom positions, 
isotropic, and anisotropic displacement parameters. 
The cell parameters and other information regarding 
data collection, criteria for observed reflections, and 
refinement are given in Tables 2a and 2b. The space 
group Pmcn was used in this study, and no reflections 
were observed that violate this space group. Finally, all 
variables were refined simultaneously to an R factor of 
0.0277. The atom positions and isotropic displacement 
parameters are given in Table 3a. Anisotropic displace-
ment parameters are given in Table 3b. Selected bond 
distances and angles are given in Table 4. Table 5 
contains observed and calculated structure-factors; it is 
available from the Depository of Unpublished Data on 
the MAC website [document Aragonite CM47_1245].

Synchrotron high-resolution powder X-ray  
diffraction (HRPXRD)

Five samples (synthetic SrCO3, PbCO3, BaCO3 and 
the two natural aragonite samples) were studied by 
HRPXRD. The experiments were performed at beam-
line 11–BM, Advanced Photon Source (APS), Argonne 
National Laboratory (ANL). Each sample was crushed 
(for about 5 minutes) to a fine powder using an agate 
mortar and pestle. The samples were loaded into kapton 
capillaries and rotated during the experiment at a rate 
of 90 rotations per second. The data were collected 
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to a maximum 2u of about 40° with a step size of 
0.0005° and a step time of 0.2 s per step. The HRPXRD 
traces were collected with twelve silicon (111) crystal 
analyzers that increase detector efficiency, reduce the 
angular range to be scanned, and allow rapid acquisition 
of data. A silicon and alumina NIST standard (ratio of 
1/3 Si : 2/3 Al2O3) was used to calibrate the instrument 
and to determine and refine the wavelength used in 
the experiment. Additional details of the experimental 
set-up are given elsewhere (Antao et al. 2008b, Lee et 
al. 2008, Wang et al. 2008).

Neutron powder-diffraction refinement of BaCO3

Time-of-flight neutron-diffraction measurements on 
BaCO3 were performed using the Special Environment 
Powder Diffractometer (SEPD) of the Intense Pulsed 
Neutron Source (IPNS) at ANL. About 8 g of sample 

was packed into a vanadium can; data were collected at 
ambient conditions over a period of three hours.

Rietveld structure refinements

To extract structural parameters, the measured 
HRPXRD and neutron profiles were analyzed by the 
Rietveld method (Rietveld 1969), as implemented in 
the GSAS program (Larson & Von Dreele 2000), and 
using the EXPGUI interface (Toby 2001). Scattering 
curves for neutral atoms were used in all refinements. 
The starting coordinates of all atoms, the cell param-
eters, and the space group, Pmcn, were taken from De 
Villiers (1971). The background was modeled using a 
Chebyschev polynomial. The reflection-peak profiles 
were fitted using type-3 profile in the GSAS program. 
Full-matrix least-squares refinements were carried out 
by varying the parameters in the following sequence: 
a scale factor, cell parameters, atom coordinates, and 
isotropic displacement parameters. Toward the end 
of the refinement, all the parameters were allowed to 
vary simultaneously, and the refinement proceeded 
to convergence. The HRPXRD traces are shown in 
Figures 1 and 2. No reflections violating space group 
Pmcn were observed in this study, which is in contrast 
to the work on a different sample of aragonite (Bevan 
et al. 2002). The neutron diffraction pattern for BaCO3 
is shown in Figure 3.

The cell parameters and the Rietveld refinement 
statistics are listed in Table 2a. Atom positions and 
isotropic displacement parameters are given in Table 
3a. Bond distances and angles are given in Table 4.
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Results and Discussion

Structure of orthorhombic  
CaCO3, SrCO3, PbCO3, and BaCO3

The phases CaCO3, SrCO3, PbCO3, and BaCO3 are 
isostructural, and have the aragonite-type structure (Fig. 
4). Layers of nine-coordinated M2+ (M: Ca, Sr, Pb, or 
Ba) cations are parallel to (001), and the atoms occur 
approximately in the positions of hexagonal close-
packing. This is in contrast with the deformed cubic 
close-packed arrangement of Ca2+ cations in calcite, and 
gives rise to the pseudo-hexagonal symmetry in these 
orthorhombic compounds. Successive CO3

2– groups 
along c point alternately to the +b and –b directions 
(Fig. 4). Although the M2+ cations are nearly in a 
hexagonal array, the arrangement of the CO3

2– groups 
lowers the symmetry to orthorhombic, and the CO3

2– 
groups are slightly aplanar (Table 4).

Linear structural trends

The unit-cell parameters for the isostructural carbon-
ates are in excellent agreement with those obtained 
previously (e.g., De Villiers 1971, Jarosch & Heger 

1986, 1988, Lucas et al. 1999, Holl et al. 2000). 
However, cell parameters obtained in this study are 
significantly more accurate, as they were obtained from 
HRPXRD data (Table 2a). In general, the high quality 
of the HRPXRD trace (including both statistics and 
angular resolution) allows the unit-cell parameters to 
be determined accurately and reliably.

Using a HRPXRD technique similar to that used in 
the present study, the structure of an aragonite sample 
from Sefrou, Morocco was obtained by Caspi et al. 
(2005). Their cell parameters (see footnote to Table 2) 
are in excellent agreement (within 2 3 10–4 Å) with 
those for our sample from Spain, and deviate slightly 
from those for the sample from Italy (within 1 3 10–3 
Å). These small differences in cell parameters among 
aragonite samples arise from different contents of trace 
elements, in particular Sr; the larger cell volume is 
associated with larger amounts of Sr. The amount of 
Sr (apfu) in the sample from Spain is about three times 
more than that from Italy (Table 1). Other studies have 
also shown that Sr is important in aragonite (Caspi et 
al. 2005, Finch & Allison 2007).

Strontium and Mg atoms in calcite and aragonite 
are used as proxies of temperature in paleoenviron-
mental reconstructions. Finch & Allison (2007) used 
X-ray absorption fine structure (XAFS) to show that 
Sr substitutes for Ca in aragonite and causes a small 
(2%) dilation, whereas Sr substitution for Ca in calcite 
causes a 6.5% dilation.

Although Bevan et al. (2002) used P1 and merohe-
dral twinning to produce a structural model for arago-
nite, their results cannot be generalized to all samples 
of aragonite. In particular, their sample of unknown 
origin contains a small amount of Sr (about 1 atom %), 
whereas our samples contain minor impurities, as is the 
case for most samples of aragonite, and give rise to the 
ideal formula CaCO3 (see Deer et al. 1992). Caspi et al. 
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(2005) did not observe any reflections violating Pmcn 
symmetry, as in our results for both single-crystal and 
powder samples. In powder X-ray diffraction, twin-
ning effects can be eliminated. The lack of any split or 
unindexed reflection peaks in our data indicates that a 
symmetry lower than Pmcn is unlikely for end-member 
aragonite. This is also supported by the single-crystal 
data for our aragonite sample from Italy.

The radii of the nine-coordinated M2+ cations 
(Shannon 1976) and the a, b, c unit-cell parameters are 
plotted against the volume, V (Fig. 5). Data from the 
literature are also included in the graphs (see caption to 

Fig. 1.  Comparison of the HRPXRD traces for aragonite, CaCO3, from (a) Tuscany, Italy, 
and (b) Cuenca, Spain, together with the calculated (continuous line) and observed 
(crosses) profiles. The difference curve (Iobs – Icalc) is shown at the bottom. The short 
vertical lines indicate the positions of allowed reflections. In both cases, the intensities 
beyond 20° 2u are scaled by a factor of 20. The FWHM in (a) is more than that in (b).

Fig. 2.  Comparison of the HRPXRD traces for SrCO3, 
PbCO3, and BaCO3, together with the calculated (continu-
ous line) and observed (crosses) profiles. The difference 
curve (Iobs – Icalc) is shown at the bottom. The short verti-
cal lines indicate the positions of allowed reflections. Note 
the change in intensity scale at high 2u, and the factors are 
given as 15, etc. The FWHM of SrCO3 is the lowest, 
whereas that of PbCO3 is the highest.
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Fig. 3.  The neutron diffraction trace for BaCO3, together with the calculated (continuous 
line) and observed (crosses) profiles. The difference curve (Iobs – Icalc) is shown at the 
bottom. The short vertical lines indicate the positions of allowed reflections.

Fig. 4.  Projection of the orthorhombic CaCO3 structure showing the approximate hexago-
nal close-packing of the O atoms and the coordination of a Ca atom to nine O atoms of 
six different CO3 groups. The O2 atoms are unlabeled.



	 orthorhombic structure of caco3, srco3, pbco3 and baco3	 1253

Fig. 5). Linear trends are observed with a R2 value of 
1, its ideal value for an excellent fit (inserts in Fig. 5).

The average <M–O> distances are also plotted 
against V (Fig. 6). With all the data included, a linear 
trend is observed. The present data also show that the 
M–O polyhedra become less distorted with increase 
in the size of M2+ cations, as indicated by De Villiers 
(1971). That is, the individual M–O distances are closer 
to the mean <M–O> distance in BaCO3 than in CaCO3 
(Table 4).

The excellent linear fits of the above structural 
parameters show that reliable cell and <M–O> distances 
can easily be obtained with either X-ray diffraction 
or neutron diffraction, using either single-crystal or 
powder samples (Figs. 5, 6). This is not the case for 
the geometry of the CO3 group because of the light C 
atom in the presence of heavy atoms in the aragonite-
type structure.

The geometrical features of the CO3 group are 
plotted against V (Figs. 7a, b, c). Only the data from 
neutron refinements are shown. If other data were 
plotted (not shown), there would be considerable scatter, 
indicating that the C atom position is not located accu-
rately with X-ray diffraction. The structural parameters 
of the CO3 group in PbCO3 are shown (as x symbols in 
graphs), but they do not fall on the trend lines. Those 
points were not included in the computation of the 
linear trend lines. It should be noted that the <Pb–O> 

distance does fall on the expected trend line (Fig. 6), 
so it appears that the C position may not have been 
accurately determined in PbCO3.

Fig. 5.  The radii of the nine-coordinated M2+ cations and the a, b, c unit-cell parameters 
versus volume, V. They increase linearly. Data are taken from this study and from the 
literature (Caspi et al. 2005, Chevrier et al. 1992, Dal Negro & Ungaretti 1971, De 
Villiers 1971, Jarosch & Heger 1986, 1988, Pokroy et al. 2007).

Fig. 6.  Linear increase in average <M–O> distance with 
volume, V. Data are taken from this study and the litera-
ture (see caption to Fig. 5). The equation of the straight 
line and the goodness-of-fit (R2) are given as inserts in 
Figures 6 and 7.
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The average <C–O> distance and <O–C–O> angle 
increase linearly with V, whereas the aplanarity of the 
CO3 group decreases (Fig. 7). The aplanarity of the 
CO3 group is defined by the distance of the C atom 
from the plane formed by the three O atoms. This CO3 
group thus becomes more symmetrical (C–O distances 
nearly equal) and less aplanar in going from aragonite 
to witherite. Therefore, in this isostructural series of 
materials, the aragonite structure is the most distorted, 

whereas the witherite structure is the least distorted in 
terms of the geometry of the CO3 group and the [MO9] 
polyhedron. The structural parameters of this series of 
phases are influenced and correlated with size of the 
M cations.
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