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ABSTRACT

The crystal structure of whewellite [Ca(C,04)-H,O] and the dehydration mechanism of caoxite
[Ca(C,04):3H,0] have been studied by means of differential thermal analysis, X-ray diffraction
(powder and single-crystal) analysis and infrared analysis. The first and second analyses confirmed the
direct transformation of caoxite into whewellite without an intermediate weddellite [Ca(C,04)-2H,0]
stage. Infrared spectra obtained from caoxite, weddellite and whewellite emphasize the similarity of the
O—H-stretching band and O—C—O-stretching band in whewellite and caoxite and the unique bands of
weddellite. The structure refinement at low temperature (123 K) reveals that all the hydrogen atoms of
whewellite form hydrogen bonds and the two water molecules prop up the crystal structure by the
hydrogen bonds that cause a strong anisotropy of the displacement parameter.

Comparing the structural features of whewellite with those of weddellite and caoxite suggests that
caoxite and whewellite have a sheet structure consisting of Ca®" ions and oxalate ions although
weddellite does not. It is additionally confirmed that the sheets of caoxite are corrugated by hydrogen
bonds but whewellite has flat sheets. The corrugated sheets of caoxite would be flattened by
dehydration so the direct transformation of caoxite into whewellite would not occur via weddellite.
Essential for this transformation is the dehydration of interlayered water molecules in caoxite leading to
the building of the crystal structure of whewellite on its intralayered water molecules. The difference in
conformation of water molecules between those two crystal structures may explain the more common
occurrence of whewellite than of caoxite in nature.

Kevworbps: whewellite, caoxite, weddellite, dehydration mechanism, crystal structure, X-ray diffraction,
infrared analysis, differential thermal analysis.

accepted to represent calcium oxalate hydrate
minerals (Gaines et al., 1997; Basso et al., 1997).

Introduction

WHEWELLITE [Ca(C,04)-H,0] is a calcium oxalate
monohydrate mineral found naturally in plant
tissues, in sediments (as a mineral of organic
origin) and in urinary stones (Gaines et al., 1997).
Weddellite [Ca(C,04):2H,0] and caoxite
[Ca(C,04)-:3H,0] have also been generally

These crystal structures are characterized by
edge-shared CaOg polyhedra that constitute the
linkage between oxalate ions [(C,04)* ] (Basso et
al., 1997). On the basis of the polyhedron model,
caoxite, weddellite and whewellite are composed
of dimers, chains and sheets, respectively (Basso
et al., 1997). There has been growing speculation
and some evidence that caoxite could be a
precursor in weddellite and whewellite formation
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actual dehydration process of synthetic caoxite
was characterized by the direct transformation
into whewellite at 116.5°C without an inter-
mediate weddellite stage (Morishige et al.,
1999). Hence, speculation about transformation
of caoxite into weddellite is inconsistent with the
experimental result.

Many structure analyses of calcium oxalate
hydrate minerals have been reported (whewellite:
Hoffman, 1961, Cocco, 1961; Cocco and Sabelli,
1962; Arnott et al., 1965; Leavens, 1968; Tazzoli
and Domeneghetti, 1980; Deganello and Piro,
1981; weddellite: Stering, 1965; Tazzoli and
Domeneghetti, 1980; and caoxite: Deganello et
al., 1981; Basso et al., 1997). Though all
hydrogen atoms of the water molecules of both
weddellite and caoxite were reasonably located,
the positions of one in four hydrogen atoms in
whewellite were not established (Tazzoli and

Domeneghetti, 1980). Considering the conforma-
tion of the water molecules, it may be
topologically impossible for mere condensation
of CaOg polyhedra to explain the transformation
of one structure into the next (Deganello et al.,
1981). Thus, it is necessary to determine the
hydrogen atom position in order to understand the
dehydration mechanism of those three minerals.
X-ray data collection at low temperature may
reduce thermal vibration of the water molecules
and lead to accurate determination of the
hydrogen position. Furthermore, IR spectra of
the calcium oxalate minerals could provide useful
information for understanding the geometry and
orientation of the cation (Ca®")—anion [(C,04)*"]
bonds as well as hydrogen bonds.

The purpose of this paper is to refine the
crystal structure of whewellite at low temp-
erature (123 K), to interpret the role of water

TABLE 1. Summarized crystal data and details of refinement parameters.

Chemical formula
Formula weight
Crystal dimensions
Diffractometer
Radiation
Monochromator
Voltage, current
2emax

Structure refinement
Temperature

Lattice parameters

ONTO &

calc

Space group

F000

w(Mo-Kao)

Measured reflections
Independent refractions, Rj,,
R1, wR2 (all data)

Observed refractions [/,>26(1,)]
Parameters used in the refinement
Reflection/parameter ratio

RI [1,20(L,)]

wR2 [[,>20(1,)]

Goodness of fit indicator

Max. peak in final diff. map
Min. peak in final diff. map

Ca(C204)‘H20

146.11

0.50 x 0.40 x 0.30 mm
Rigaku RAXIS-RAPID
Mo-Ka. (A = 0.71069 A)
graphite

50 kV, 40 mA

55°

Full-matrix least-squares on F~
123(1) K

6.250(1) A_
14.471(2) A
10.114(2) A
109.978(5) °
859.7(3) A®
8

2.258 g/em’®
P2,/c (#14)
592

13.68 cm™!
5454

1908, 0.050
0.054, 0.091
1688

161

10.48

0.041

0.038
L2
0.77 e/A*
—1.51 ¢/A®
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molecules in the crystal structure, and to
understand the mechanism of the dehydration
of caoxite.

Experimental method

Samples of whewellite and weddellite were
selected from specimens from Bilina, in the
Czech Republic and from human urinary calculus,
respectively. The samples and their purity were
verified by X-ray diffraction (XRD) (powder and
single-crystal) analysis. Caoxite was synthesized
according to the method suggested by Morishige
et al. (1999): dimethyl oxalate (C4HsO4) and
anhydrous calcium chloride (CaCl,) were used as
starting compounds. The caoxite crystals were
synthesized at room temperature (23°C) by
reaction of aqueous solution of dimethyl oxalate
with an aqueous solution of anhydrous calcium
chloride in a stoichiometric proportion. The
reaction was induced in a glass cup for 72 h and
the products deposited in the bottom of the cup
were colourless single crystals up to 1 mm long
with optical quality. The precipitates were washed
with distilled water, filtered and dried. They were
found to consist of caoxite alone by powder XRD
analysis.

Thermal analysis of synthetic caoxite was
carried out with a thermogravimetric analyser
(Rigaku Thermo plus TG8120) in air to attempt to
unravel the process of dehydration and identify
the dehydrated phase. Approximately 15 mg of
the pulverized caoxite were heated in an open
platinum crucible at the rate of 2.0°C/min up to
1000°C, then four weight-loss steps were
confirmed (85.1, 166.9, 424.7 and 724.9°C).
Subsequently, the same amount of the powdered

caoxite as in the initial sample was heated up to
120, 280, 550 and 1000°C under the same
condition as the initial one, then each product
was identified by powder XRD.

A single crystal of whewellite was chosen for
XRD at 123 K measured with an imaging-plate
diffractometer system (Rigaku RAXIS-RAPID,
Mo-Ko radiation, graphite monochromator)
connected to a liquid nitrogen cryostat (Enraf-
Nonius FR558NH). The sample was carefully
immersed in liquid nitrogen for 6 days, and it was
taken out and remounted immediately onto the
diffractometer maintained at 123 K. After cooling
at 123 K for 1 h, data collection was performed
(Table 1). Intensity data were corrected for
Lorentz, absorption and polarization effects.

Starting positional parameters were taken from
Tazzoli and Domeneghetti (1980) and the
unknown position of H(12) was determined on a
three-dimensional difference-Fourier map
(DIRDIF-99: Beurskens et al., 1999). Structure
refinement was carried out using full-matrix least-
squares analyses on F> (CRYSTALS: Watkin et
al., 1996) with anisotropic displacement para-
meters for non-hydrogen atoms and isotropic ones
for hydrogen atoms. The locations of hydrogen
positions were determined around the associated
oxygen under the restrictions on O—H bond
distances (0.96+0.01 A) and H-O—H angles
(104.540.5°).

The Fourier transform infrared (FTIR) studies
were carried out using a Janssen-type micro-FTIR
spectrometer (JASCO corp.) which is capable of
working in the region from 4600 to 650 cm .
Single crystals of whewellite, weddellite and
caoxite ~20 um thick were chosen under a
stereomicroscope and placed on a KBr plate.

424.7C
0.00 - 50.00
10,00~ |\ StepI:-19.2% - 40.00
= 30,00
-20.00~ _
g Step I1: -10.1% 42000 =
T -30.00- 3
S 1000 2
B DT Step III: -15.6% pes
= -40.00 0.00 é\;
-50.00~ -10.00
6000k StepIV:-24.5% | 5000
-70.00~ 1-30.00
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FiG. 1. Thermogravimetric analysis of synthetic caoxite.
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TABLE 2. Atomic coordinates and displacement parameters (Az) for whewellite at 123 K.

Atom X y z Beq U] 1

Uss Uss Ui, Uis Uss

C(l)  0.97702) 0.32008(9) 0.2439(1) 0.49(2) 0.0039(6)
C(2)  0.9983(2) 0.42690(9) 0.2505(1) 0.51(2) 0.0048(6)
C(3)  0.5147(2) 0.12697(9) 0.1804(1) 0.53(2) 0.0083(6)
C(4)  04426(2) 0.11592(9) 03132(1) 0.62(2) 0.0073(6)
O(1)  0.96652) 0.28174(7) 0.1303(1) 0.652) 0.0102(5)
0(2)  0.9898(2) 0.46552(7) 0.1375(1) 0.66(2) 0.0107(5)
0(3)  09707(2) 0.28100(7) 0.3537(1) 0.65(2) 0.0105(5)
0(4)  0.9898(2) 0.46559(7) 0.3600(1) 0.61(2) 0.0101(5)
0O(5)  03573(2) 0.14503(8) 0.0684(1) 0.86(2) 0.0063(4)
0(6)  0.7378(2) 0.12132(7) 0.2051(1) 0.61(2) 0.0056(4)
O(7)  02793(2) 0.12102(7) 0.3031(1) 0.56(2) 0.0053(4)
0(8)  0.6025(2) 0.10490(8) 0.4269(1) 0.90(2) 0.0065(4)
Ca(l) 0.96197(4) 0.12372(2) 0.05344(3) 0.393(5) 0.0049(1)
Ca2) 0.99212(4) 0.12283(2) 0.43515(3) 0.384(5) 0.0048(1)
W(l)  03873(2) 0.34435(8) 0.1009(1) 0.92(2) 0.0096(5)
W(2) 0.58502) 0.3926(1) 0.3890(1) 1.74(2) 0.0076(5)
H(I1) 0479(4)  0367(1)  0.049Q2)  3.5(6)

H(12) 0388(3)  02792(7) 0.0912) 1.5(4)

HQ1) 04733) 0378(2) 0.431Q2)  6.6(9)

H(22) 05133)  0378(2) 0.291(1)  3.6(6)

0.0075(7) 0.0072(6)  0.0005(5) 0.0021(5) 0.0010(5)
0.0073(7) 0.0074(6)  0.0011(5) 0.0021(5) —0.0000(5)
0.0037(6) 0.0086(6)  0.0005(5) 0.0034(5) 0.0010(5)
0.0078(6) 0.0096(6)  0.0013(5) 0.0042(5) 0.0001(5)
0.0086(5) 0.0061(4)  0.0014(4) 0.0033(4) 0.0012(4)
0.0092(5) 0.0056(4) —0.0005(4) 0.0035(4) —0.0005(4)
0.0084(5) 0.0058(4)  0.0004(4) 0.0028(4) —0.0004(4)
0.0078(5) 0.0057(4)  0.0005(4) 0.0034(4) 0.0004(4)
0.0186(5) 0.0073(5) —0.0019(4) 0.0016(4) —0.0022(4)
0.0116(5) 0.0059(4)  0.0001(4) 0.0019(4) —0.0002(4)
0.0100(5) 0.0062(4)  0.0001(4) 0.0022(4) 0.0001(4)
0.0206(6) 0.0069(4) —0.0004(4)  0.0020(4) —0.0014(4)
0.0063(1) 0.0038(1) —0.00007(9) 0.00163(9)—0.00003(9)
0.0061(1) 0.0038(1) —0.00014(9) 0.00157(9)—0.00004(9)
0.0163(6) 0.0094(5)  0.0008(4) 0.0037(4) 0.0027(4)
0.0491(8) 0.0082(5) —0.0011(5)  0.0012(4) —0.0010(5)

Each spectrum was measured in the region of
4000 to 650 cm™!, with 1 em™! resolution and
1000 scans were taken at room temperature.

Results and discussion

Thermogravimetry of synthetic caoxite up to
1000°C is shown in Fig. 1. Four weight loss
steps observed at 85.1, 166.9, 424.7 and 724.9°C
are 19.2%, 10.1%, 15.6% and 24.5% respectively,
though Morishige et al. (1999) reported these
steps at 116.5, 178.1, 471.4 and 729.0°C. Such
differences between these two thermal analyses
may be attributed to the conditions under which

the experiments were performed: heating rate,
sample weight, and the nature and flow rate of the
sweeping gas (Simons and Newkirk, 1964). The
product at each weight-loss step was identified as
whewellite [Ca(C,04)-H,O] at 25 to 120°C,
whewellite [Ca(C,04)-H,0] at 120 to 280°C,
calcite [CaCO3;] at 280 to 550°C and lime [CaO]
at >550°C, respectively, by powder XRD analysis.

On the basis of the present thermal decomposi-
tion of caoxite (Fig. 1), the explanation has been
proposed that four weight loss steps are involved
(see below):

Except for Ca(C,0,) of Step 11, the products of
the proposed process were the same as those in

Step I. Ca(C,04)-3H,0 — Ca(C,04)-H,0 + 2H,0 7: stage between 25 and 120°C
100% 80.22% 19.78%

caoxite whewellite

Step II. Ca(C,04)H,O0 — Ca(C,04) + H,0 1: stage between 120 and 280°C

80.22% 70.33%  9.89%

whewellite  anhydrous calcium oxalate

Step III. Ca(C,04) - CaCO; + CO 7: stage between 280 and 550°C
70.33% 54.95% 15.38%
anhydrous calcium oxalate calcite

Step IV. CaCO; — CaO + CO; 1: stage between 550 and 1000°C

54.95% 30.79%  24.16%
calcite lime
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TaBLE 3. Bond lengths (A) and angles (°).

Oxalate group Calcium polyhedra

C(1)—C(2) 1.553(2) Ca(1)—0(1) 2.412(1)

C(3)—C4) 1.555(2) Ca(1)-0(3)* 2.462(1)

Mean 1.554 Ca(l)—O(4)b 2.428(1)
Ca(1)-0(4)* 2.426(1)

C(1)—0(1) 1.257(2) Ca(1)-0(5)° 2.443(1)

C(1)—0(3) 1.259(2) Ca(1)—0(6) 2.424(1)

C(2)-0(2) 1.258(2) Ca(1)—0O(7)° 2.461(1)

C(2)—0(4) 1.258(2) Ca(1)-W(2)* 2.386(1)

C(3)—0(5) 1.248(2) Mean 2.430

C(3)—0(6) 1.243(2)

C(4)—0(7) 1.248(2) Ca(Z)fO(l)d 2.458(1)

C(4)—0(8) 1.242(2) Cal(2)—0(2)b 2.397(1)

Mean 1.252 Ca(2)—0(2)d 2.404(1)
Ca(2)—0(3) 2.421(1)

O(1)—C(1)-0(3) 126.9(1) Ca(2)—0(6) 2.427(1)

0(2)—C(2)—-04) 127.0(1) Ca(2)—0O(7)° 2.421(1)

0O(5)—C(3)—0(6) 126.6(1) Ca(2)—0(8) 2.422(1)

O(7)—C(4)—0(8) 126.8(1) Ca(2)—W(1)* 2.512(1)

Mean 126.8 Mean 2.433

03)—-C(1)—C(2) 116.61(12)

O(1)—C(1)—C(2) 116.50(12)

0(2)—C(2)—C(1) 116.63(12)

0(4)—C(2)—C(1) 116.41(12)

0(6)—C(3)—C4) 117.3(1)

0O(5)—C(3)—C4) 116.1(1)

O(7)—C(4)—C(3) 116.6(1)

0O(8)—C(4)—C(3) 116.6(1)

Mean 116.6

Notes: Symmetry codes: (a) x, —y+1/2, z—1/2 (b) —x+2, y—1/2, —z+1/2 (c) xt1, y, z
(d) x, —y+1/2, z+1/2 (e) x+1, —y+1/2, z+1/2

the present experiments. The real product of Step
II was identified as whewellite produced from the
rapid absorption of water at room temperature.
This result suggests that anhydrous calcium
oxalate is prevented from occurring naturally by
the strong absorption of water. In addition, it is

evident from the present experiment that caoxite
transforms into whewellite, not via weddellite, but
by dehydration (Step I). This observation is in
accordance with the mechanism proposed by
Morishige et al. (1999). The present process of
pyrolysis of whewellite that corresponds with

TABLE 4. Hydrogen bonds.

D—H (A) H---A (A) DA (A) D-H-A ()
W(1)—H(11)---O(8)* 0.95(3) 1.7(1) 2.902(2) 167.8(1)
W(1)—H(12)---0(5) 0.948(9) 2.02) 2.658(1) 174.1(1)
W(2)—H(21)---0(5)° 0.96(2) 1.81(5) 2.836(2) 158.0(2)
W(2)—H(22)--- (1) 0.96(1) 1.92) 2.716(2) 176.1(1)
Mean 0.95 1.85 2.778 169.0

Notes: Symmetry codes: (a) x, —y+1/2, z—1/2 (b) x, —y+1/2, z+1/2
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Steps II to IV matches with those previously
reported (Frost and Weier, 2003, 2004; Kloprogge
et al., 2004).

According to the present structure refinement,
the final discrepancy index was R = 0.041 for the
1675 observed reflections at 123 K (Table 1).
Atomic positional parameters and anisotropic
displacement factors are given in Table 2. The x
coordinates of H(21) and H(22) refined from the
low-temperature data are slightly different from
those reported by Tazzoli and Domeneghetti
(1980). This difference resulted from the
measurement at 123 K and our restriction on
O—H-bond distances (0.96+0.01 A) and H—-O—H
angles (104.5+0.5°). Selected bond distances and
angles are summarized in Table 3 and the
geometry of hydrogen bonds is listed in Table 4.
The crystal structure of whewellite at 123 K
coincides with that at room temperature reported
by Tazzoli and Domeneghetti (1980) except for
H(12). The present structure analysis at low
temperature reveals that all four hydrogen atoms
of the water molecules form hydrogen bonds in
the crystal structure (Table 4). Additionally, the
splitting-oxygen model proposed by Tazzoli and
Domeneghetti (1980) is found to be unrealistic for
the structural interpretation. The present determi-
nation that each water molecule completely
occupies the distinctive atom position is reason-
able for the next thermal vibration analysis.

The larger displacement parameter of W(2)
suggests the anomalous vibration behavior, and
W(1) also has a large thermal displacement
parameter as compared with other oxygen atoms
(Table 2). Considering the environmental
arrangement of (1) and W(2), W(1) is located
near the centre of the tetrahedron formed by
Ca(2), O(5), O(8) and W(2), including three
hydrogen bonds: H(11)---O(8), H(12)---O(5) and
H(22)---W(1) (Fig. 2a). On the other hand, W(2)
is located near the centre of the triangular plane
formed by Ca(1), O(5) and W(1), containing two
hydrogen bonds: H(21)---O(5) and H(22)---W(1)
(Fig. 2b). The two-dimensional bonds forming the
triangular plane impose restraints on the thermal
vibration of W(2), and the three-dimensional
bonds forming the tetrahedron above do likewise
for W(1). Consequently, it is reasonable to assume
that W(2) can easily vibrate perpendicular to the
triangular plane. This is verified by the observa-
tion that U,, of W(2) is especially large among the
anisotropic thermal parameters (Table 2).

In whewellite, oxalate groups alternate with the
Ca*" ions, and both form chains lying in the (010)

82

plane and running along a (Fig. 3a). Viewing
along a, adjacent chains are bound together by
independent oxalate ions lying in the (100) plane
to form the structure with chain-oxalate sheets
(Fig. 3b). In the (010) plane, the two intralayered
water molecules, H(11)-#(1)-H(12) and H(21)-
W(2)-H(22), are arranged along c. Consequently,
the hydrogen bond through H(22) between the
two intralayered water molecules exists (Tazzoli
and Domeneghetti, 1980) and contributes mean-
ingfully to the construction of the sheet structure
(Fig. 3a). Crystal structures of caoxite (Deganello

et al., 1980) and weddellite (Tazzoli and

a Cai(2)
O(8)
24
-él.?.a\
OH[]I:

LT H(2) ln
20A
0O(5) @ H(22)
y

FiG. 2. (a) ORTEP representations of the area around the
(a) W(1) site of whewellite at 123 K, and (b) the W(2)
site of whewellite at 123 K.



WHEWELLITE AND CAOXITE

a a oxalate ion

FIG. 3. (a) The structure of whewellite at 123 K, projected down (010). The shaded zigzag chain structure consists of

calcium and oxalate ions. These chains are linked by oxalate ions and hydrogen bonds of the intralayered water

molecules. The chains form chain-oxalate sheet structures parallel to (010) as a result, and (b) the structure of
whewellite at 123 K, projected down (100) shows chain-oxalate sheet structures shaded in the mineral.

83



T. ECHIGO ET AL.

oxalate ion

|
chain
xy T

FIG. 4. (a above) Crystal structure of caoxite (Deganello et al., 1981). The shaded zigzag chain structure consists of

calcium ions and oxalate ions. These chains are linked by oxalate ions to form corrugated sheet structures, and

(b facing page top) oxalate-chain sheet structures in caoxite. The sheets are corrugated by water molecules
intercalated into the sheets with hydrogen bonding.

running along ¢ (Fig. 4a). These adjacent chains
viewed along ¢, are bound together by indepen-
dent oxalate ions to form the structure of wrinkled

Domeneghetti, 1980), are shown in Figs 4—5. In
caoxite, similar chains in a gradual zigzag are
composed of oxalate groups and Ca®" ions
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WHEWELLITE AND CAOXITE

Fi6. 5. The channel structure in weddellite consists of calcium ions and oxalate ions, where “zeolitic” water is
preserved (Tazzoli and Domeneghetti, 1980).
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chain-oxalate sheets (Fig. 4b), flattening of which
is certainly common in whewellite. In addition,
the water molecules in caoxite appear to be
intercalated between the sheets to corrugate them
by hydrogen bonding (Fig. 4b). With increasing
temperature and dehydration, i.e. with decreasing
hydrogen bonding of the interlayered water
molecules, the sheets are flattened and the
oxalate ions combining the chains would form
bonds with calcium ions included in opposite
sheets, giving the whewellite structure as a result
(Fig. 3). Additionally, the interlayered-water
molecules in caoxite (Fig. 40) turn into the
intralayered-water molecules in whewellite that
prop up the crystal structure (Fig. 3b). The
difference between the first dehydration temp-
erature of caoxite (at 85.1°C) and whewellite (at
166.9°C) reveals that the latter rather than the
former remains stable in crystal structures against
temperature variations. The high dehydration
temperature may lead to the more common

100
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occurrence of whewellite than of caoxite in
nature. In contrast, such a sheet structure with
oxalate chains cannot be found in weddellite
(Fig. 5). Alternatively, oxalate groups and Ca®"
ions in weddellite constitute the channel structure,
where “zeolitic” water is preserved (Tazzoli and
Domeneghetti, 1980). This channel structure
holding water molecules is the most characteristic
feature of weddellite; thus the crystal structure of
weddellite is appreciably different from those of
whewellite and caoxite having the sheet structure.

The IR spectra for three calcium oxalate
hydrate minerals are shown in Fig. 6.
Throughout a range of IR spectra observed,
whewellite and caoxite bear a close similarity,
differing from weddellite substantially (Fig. 6). A
similarity in the O—C—O antisymmetric
stretching vibration around 1600 cm ™' and the
O—C—O symmetric stretching vibration around
1400 cm™" is a parallel between the structures of
whewellite and caoxite. This similarity indicates a
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FiG. 6. FTIR spectra of calcium oxalate hydrate minerals.
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common feature in the geometry and orientation
of the cation (Ca®")—anion [(C»04)*"] bonds
between them. It should be noted that the bonding
mode of oxalate ion in caoxite might be
maintained before and after the dehydration. The
O—H-stretching bands of whewellite and caoxite
occurred at 3476 cm~ ' and 3429 cm ™, respec-
tively, whereas that of weddellite was located at
3286 cm ™. It can be inferred that the similarity in
the O—H bands is directly related to that in
coordinated environments of water molecules
between the two crystal structures, though the
broader bands in caoxite may suggest a less-
ordered molecular arrangement than those in
whewellite.

Although the water content of weddellite is
closer to that of caoxite than of whewellite,
caoxite easily transforms into whewellite as a
result of dehydration, without an intermediate
weddellite stage. The sheet structures, which
consist of oxalate anions and Ca cations, are
common to caoxite and whewellite and not
resident in weddellite. This structural similarity
may provide special facilities for the direct
transformation of caoxite into whewellite. In
addition, the dehydration of the interlayered
water molecules in caoxite could lead to
conformation of the intralayered water molecules
in whewellite. The observation that the dehydra-
tion temperature of the former is lower than that
of the latter may provide an explanation for the
more common occurrence of the latter in nature.
In the present study, the difference in conforma-
tion of the water molecules in the crystal
structures may also be applicable in terms of the
thermal stability of other hydrous minerals
common in nature.
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