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aBstRact 
Crystal structures of four aragonite-group carbonates—aragonite (Ca0.997Sr0.003CO3), calcian stronti-

anite (Ca0.147Sr0.853CO3), cerussite (Ca0.001Pb0.999CO3), and witherite (Sr0.019Ba0.981CO3)—have been refined 
at ambient conditions, and thermal expansion has been measured over a range of temperatures from 
143 to 586 K by single-crystal X-ray diffraction. Average linear thermal expansion coefficients α0(V) 
are 58(2), 58.3(7), 64(2), and 57(2) (× 10−6 K−1) for aragonite, strontianite, cerussite, and witherite, 
respectively, throughout the experimental temperature range. Aragonite, strontianite, and witherite 
have very similar α0(V) values, whereas that of cerussite is significant larger, primarily due to the c-
axis thermal expansion for cerussite being much larger than those of the other carbonates. There are 
no significant differences for α0(a) values among the four carbonates, whereas α0(b) values decrease 
in the order of aragonite > strontianite > cerussite ≈ witherite, and α0(c) values increase in the order 
of aragonite < strontianite < witherite < cerussite. Crystal structures were refined for aragonite (184 to 
527 K). <Ca-O> vs. T (K) is fitted linearly quite well, with a slope of 5.8(8) × 10−6 (Å/K). Corrected 
for assumed rigid body motion, the CO3 groups showed no significant change in C-O distances over 
the temperature range.
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intRoduction

Aragonite (CaCO3), the most common orthorhombic carbon-
ate, crystallizes in space group Pmcn, and consists of layers of 
9-coordinated Ca2+ cations in approximate hexagonal closest 
packing, alternating with layers of planar CO3 groups stacked 
perpendicular to the c-axis, (Bragg 1924; Wyckoff 1925). Al-
though orthorhombic, the structure approaches trigonal symme-
try, and crystals commonly show pseudo-hexagonal morphology. 
Strontianite (SrCO3), cerussite (PbCO3), and witherite (BaCO3) 
also have the aragonite structure, and as the M2+ cation (Ca2+ < 
Sr2+ < Pb2+ < Ba2+) size increases, the trigonal crystal structure 
becomes less and less distorted so that the structure of witherite 
is closest to ideal (Speer 1983). Recent studies of aragonite-group 
structures have been carried out at various temperature and pres-
sure conditions (Pannhorst and Löhn 1970; De Villiers 1971; Dal 
Negro and Ungaretti 1971; Dickens and Bowen 1971; Jarosch 
and Heger 1986, 1988; Chevrier et al. 1992, Pilati et al. 1998; 
Holl et al. 2000; Bevan et al. 2002; Caspi et al. 2005; Pokroy et 
al. 2007; Antao and Hassan 2009).

High-temperature studies of phase transformations in car-
bonates of the aragonite group have been reported by Lander 
(1949), Baker (1962), Weinbruch et al. (1992), Lin and Liu (1996 
and 1997), and Antao and Hassan (2007, 2010). In the current 
study, the unit-cell parameters for aragonite, strontianite, cerus-
site, and witherite are measured at low and high temperatures 
to investigate the effect of M2+ cation size on the volume and 

anisotropy of thermal expansion, by single-crystal diffraction. 
Since the single crystals break down at high temperatures before 
any phase change occurs, no phase transformation was observed 
in this study. Results for thermal expansion are compared with 
coherent compressibility studies by Martinez et al. (1996), Holl 
et al. (2000), and Liu et al. (2005). In addition, atom positions 
of aragonite have been refined from single-crystal intensity mea-
surements collected at low and high temperatures to investigate 
its crystal structure dependence on temperature.

expeRimental methods and Results
The carbonate group samples for the current study are all from natural sources. 

The aragonite was a purchased specimen, no locality was available. The calcian 
strontianite (CU collection Number 4270) is from Dreisteinfurt, Westphalia, Ger-
many; the cerussite (CU collection Number 4552) is from Tsumeb, Namibia; and 
the witherite (CU collection Number 5914) is from Hexham, Northumberland, 
England (Holl et al. 2000). A single crystal about 300–400 µm for each sample was 
selected for chemical analysis by electron microprobe. Each sample was mounted 
in epoxy and polished on the surface. Mineral compositions were determined using 
a JEOL 8600 SuperProbe, operating at a 15 kV accelerating voltage and 20 nA 
beam current, with a 5 µm beam size to reduce volatility of CO2. Certified mineral 
standards were used (galena for Pb, barite for Ba, wollastonite for Ca, strontianite 
for Sr, olivine for Mg, and garnet for Fe and Mn) for quantification using ZAF 
wavelength-dispersive corrections. On each sample, ~6–7 points were chosen for 
measuring the weight percentages of oxides, and the average values with standard 
deviations are listed in Table 1. The formulas of the carbonate samples are summa-
rized as: aragonite Ca0.997Sr0.003CO3; calcian strontianite Ca0.147Sr0.853CO3; cerussite 
Ca0.001Pb0.999CO3; witherite Sr0.019Ba0.981CO3.

Crystals of aragonite (120 × 76 × 70 µm), calcian strontianite (110 × 100 × 84 
µm), cerussite (105 × 75 × 68 µm), and witherite (153 × 90 × 62 µm), without visible 
inclusions or defects, were chosen for the refinements of unit-cell parameters and 
crystal structures at ambient conditions. Measurements for unit-cell refinements 
were conducted on a Bruker P4 four-circle diffractometer with a dual scintillation * E-mail: yey@colorado.edu


