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The crystal structures of four samples of anhydrite, CaSO4, were obtained by Rietveld refinements

using synchrotron high-resolution powder X-ray diffraction (HRPXRD) data and space group

Amma. As an example, for one sample of anhydrite from Hants County, Nova Scotia, the unit-cell

parameters are a¼ 7.00032(2), b¼ 6.99234(1), c¼ 6.24097(1) Å, and V¼ 305.487(1) Å3 with

a> b. The eight-coordinated Ca atom has an average <Ca-O> distance of 2.4667(4) Å. The tetra-

hedral SO4 group has two independent S-O distances of 1.484(1) to O1 and 1.478(1) Å to O2 and

an average <S-O> distance of 1.4810(5) Å. The three independent O-S-O angles [108.99(8)� 1,

110.38(3)� 4, 106.34(9)� � 1; average <O-S-O> [6]¼ 109.47(2)�] and S-O distances indicate

that the geometry of the SO4 group is quite distorted in anhydrite. The four anhydrite samples

have structural trends where the a, b, and c unit-cell parameters increase linearly with increasing

unit-cell volume, V, and their average <Ca-O> and <S-O> distances are nearly constant. The

grand mean <Ca-O>¼ 2.4660(2) Å, and grand mean <S-O>¼ 1.4848(3) Å, the latter is longer

than 1.480(1) Å in celestite, SrSO4, as expected. VC 2011 International Centre for Diffraction
Data. [DOI: 10.1154/1.3659285]
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I. INTRODUCTION

The crystal structure of anhydrite was investigated by

Wasastjerna (1925) and by Dickinson and Binks (1926).

Later works by Höhne (1961, 1962) and Cheng and Zussman

(1963) confirmed the structure proposed by Wasastjerna

(1925). Single-crystal X-ray diffraction studies were reported

by Morikawa et al. (1975), Hawthorne and Ferguson (1975),

and Kirfel and Will (1980). Swanson et al. (1955) reported

unit-cell parameters of a¼ 6.991, b¼ 6.996, and c¼ 6.238 Å

for anhydrite; the a and b parameters are slightly different

from each other. Höhne (1962) and Cheng and Zussman

(1963) assigned the space group Amma and adopted the unit-

cell values of Swanson et al. (1955). Morikawa et al. (1975)

pointed out that their labelling of a and b should be inter-

changed for space group Amma, so that a> b, whereas for

space group Bmmb, b> a. Hartman (1989) also observed

contradictions in unit-cell dimensions for anhydrite; the pow-

der data of the JCPDS card 6-226 and the unit-cell data of

Hawthorne and Ferguson (1975) gave contradictory results.

The relevant data are given in Table I. Based on data avail-

able in the literature, Hartman (1989) calculated an average

structure for anhydrite. On the basis of the contradictory

unit-cell parameters, further work on anhydrite is necessary.

Hartman (1989) chose space group Bmmb because the

slice (200) has a zircon-like arrangement of Ca and SO4 that

also occurs in the (200) slice of monoclinic monazite, with a

slight deformation. In addition, the Ca and S atoms are

nearly linearly arranged in [100] and [001] directions, giving

the (020) slice a NaCl-like appearance, which also holds

with larger deformation for the (020) slice of monazite.

Hawthorne and Ferguson (1975) and Kirfel and Will (1980)

used the Amma setting and showed the relation between

anhydrite and gypsum, CaSO4�2H2O, which also accounted

for the orientated nature of the high-temperature dehydration

of gypsum to anhydrite (Atoji, 1959). Structural data in

space group Amma can be transformed to Bmmb.

Jacobsen et al. (1998) refined the structures for the iso-

structural minerals celestite (SrSO4), anglesite (PbSO4), and

barite (BaSO4). They concluded that the average <M-O>
distance increases linearly with unit-cell volume, but SO4

behaves as rigid group with an average <S-O> distance of

1.476 Å, which is constant across the series. Miyake et al.
(1978) indicated a possible systemic variation in the SO4 tet-

rahedron with field strength of the M2þ cation across the

isostructural series, but their SO4 geometry was statistically

identical, as pointed out by Jacobsen et al. (1998). The CO3

and SiO4 groups are often considered as rigid groups, but

Antao et al. (2008) and Antao and Hassan (2009) have

shown that their geometries do vary in a systematic way.

Therefore, systematic variation in the geometry of the SO4

group is expected as the M2þ cation changes.

This study examines trends in the unit-cell parameters

and the geometry of the SO4 group in anhydrite. The Riet-

veld structure refinements were carried out in space group

Amma and data from the literature in space group Bmmb
were transformed to Amma for comparison (Table I).

II. EXPERIMENTAL

A. Sample characterization

The four anhydrite samples used in this study are from:

(1) Hants County, Nova Scotia (UC8215); (2) Naica,

Mexico; samples (3) and (4) are from the Baldonnel sedi-

mentary formation in west-central Alberta. These two sam-

ples are from two different drill cores and the crystals occur

at depths of 1190 (Baldonnel-1) and 1135 (Baldonnel-2)

meters below sea level.a)Electronic mail: antao@ucalgary.ca
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The samples were analyzed using a JEOL JXA-8200

electron microprobe and the standard JEOL operating pro-

gram on a Solaris platform. The wavelength-dispersive oper-

ating conditions were 15-kV accelerating voltage, 10-nA

beam current, a beam diameter of 5 lm, and using various

standards. The chemical compositions of the samples are

given (Table II). The samples are homogeneous based on

optical observations and microprobe analyses of at least

eight spots. Based on the chemical analyses, the four sam-

ples are chemically similar, and the pure CaSO4 formula

was used in the structure refinements.

B. HRPXRD

The anhydrite samples at 23 �C were studied by high-

resolution synchrotron powder X-ray diffraction (HRPXRD)

experiments performed at Beam-line 11-BM, Advanced

Photon Source (APS), and Argonne National Laboratory

(ANL). The samples were crushed to fine powders using an

agate mortar and pestle. The samples were loaded into Kap-

ton capillaries and rotated during the experiment at a rate of

90 rotations per second. The data were collected to a maxi-

mum 2h of about 43� with a step size of 0.001� and a step

time of 0.1 s per step. The HRPXRD traces were collected

with twelve silicon (111) crystal analyzers that increase de-

tector efficiency, reduce the angular range to be scanned,

and allow for rapid acquisition of data. A silicon and alu-

mina NIST standard (ratio of 1=3 Si : 2=3 Al2O3) was used to

calibrate the instrument and to determine and refine the

monochromatic wavelength [e.g., k1=4 0.41220(2) Å] used in

the experiment (Table III). Additional details of the

TABLE I. Unit-cell parameters (Å) and average bond distances (Å) for anhydrite in space group Amma.

Source a b c V <Ca-O> <S-O>

JCPDS # 6-226 6.991 6.996 6.238 305.09

Chen and Zussman (1963) 6.991 6.996 6.238 305.09
aMorikawa et al. (1975) 6.999(1) 6.992(1) 6.240(1) 305.37 2.468 1.475

Hawthorne and Ferguson (1975) 6.993(2) 6.995(2) 6.245(2) 305.48 2.470 1.473

Kirfel and Will (1980) 7.006(1) 6.998(1) 6.245(1) 306.2(1) 2.470 1.4745(7)
aHartman (1989) 6.998 6.992 6.238 305.23 2.468 1.473

This workb 7.00032(2) 6.99234(1) 6.24097(1) 305.487(1) 2.4667(4) 1.4810(5)

adata were transformed from Bmmb to Amma. Values for a and b given in italic have a< b, which are incorrect for space group Amma.
bSample from Nova Scotia.

TABLE II. Electron microprobe analysis (EMPA) of four anhydrite

samples.

Nova Scotia Mexico Baldonnel 1 Baldonnel 2

Wt. % Oxide

CaO 40.17 41.44 41.27 41.40

MgO 0.03 0.01 0.01 0.02

FeO 0.00 0.05 0.00 0.05

MnO 0.02 0.00 0.02 0.00

SrO 0.00 0.00 0.33 0.18

SO3 56.20 57.60 58.80 57.86

Total 96.42 99.10 100.43 99.51
aapfu

Ca 1.009 1.013 0.998 1.002

Mg 0.001 0.000 0.000 0.000

Fe 0.000 0.001 0.000 0.000

Mn 0.000 0.000 0.000 0.001

Sr 0.000 0.000 0.004 0.000

S 0.989 0.986 0.996 0.995

aAtoms per formula unit.

TABLE III. Unit-cell parameters and Rietveld refinement statistics for

anhydrite in space group Amma.

Sample Nova Scotia Mexico Baldonnel 1 Baldonnel 2

a (Å) 7.00032(2) 7.00071(3) 7.00121(2) 7.00136(3)

b (Å) 6.99234(1) 6.99274(4) 6.99323(2) 6.99339(3)

c (Å) 6.24097(1) 6.24125(2) 6.24160(2) 6.24171(2)

V (Å3) 305.487(1) 305.535(2) 305.595(2) 305.615(2)

k (Å) 0.41220(2) 0.41399(2) 0.41400(2) 0.41400(2)
aRF

2 0.0661 0.0630 0.0599 0.0543

Rp 0.1049 0.0974 0.0927 0.0897

Rwp 0.1346 0.1291 0.1224 0.1174

Nobs 521 548 548 556

aRF
2¼R-structure factor based on observed and calculated structure

amplitudes¼ [
P

(Fo
2 – Fc

2)=
P

(Fo
2)]1=2. Nobs¼ number of observed reflec-

tions. The number of data points for each trace is 39499 and the 2h data range

was 3.5 to 43�.

Figure 1. The HRPXRD trace for anhydrite from Nova Scotia together with

the calculated (continuous line) and observed (crosses) profiles. The differ-

ence curve (Iobs – Icalc) is shown at the bottom and has the same scale as

that for intensity. The short vertical lines indicate allowed reflection posi-

tions. The intensities and difference curve beyond 20� 2h are scaled by a

factor of�30.
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experimental set-up are given elsewhere (Antao et al.,
2008b; Lee et al., 2008; Wang et al., 2008).

C. Rietveld structure refinements

The HRPXRD data were analyzed by the Rietveld

method (Rietveld, 1969), as implemented in the GSAS pro-

gram (Larson and Von Dreele, 2000), and using the

EXPGUI interface (Toby, 2001). Scattering curves for neu-

tral atoms were used. Initial atom coordinates and unit-cell

parameters were taken from Kirfel and Will (1980) for

space group Amma. The background was modeled using a

Chebyschev polynomial (12 terms). Each reflection-peak

profile was fitted using a type-3 profile in the GSAS pro-

gram. Full-matrix least-squares refinements were carried

out by varying the parameters in the following sequence:

scale factor, unit-cell parameters, atom coordinates, and

isotropic displacement parameters. Toward the end of the

refinement, all the parameters were allowed to vary simul-

taneously, and the refinement proceeded to convergence. A

HRPXRD pattern for the anhydrite sample from Nova Sco-

tia is shown in Figure 1.

The unit-cell parameters and the Rietveld refinement

statistics are listed in Table III. Atom positions and isotropic

displacement parameters are given in Table IV. Bond distan-

ces and angles are given in Table V.

III. RESULTS AND DISCUSSION

In the anhydrite structure, parallel to the c direction,

alternating CaO8 dodecahedra and SO4 tetrahedra share

TABLE IV. Atom positions and isotropic displacement parameters (�100

Å2) for anhydrite in space group Amma.

Atom Nova Scotia Mexico Baldonnel-1 Baldonnel-2

Ca x 3=4 3=4 3=4 3=4

y 0 0 0 0

z 0.34673(8) 0.34637(9) 0.34657(8) 0.34631(9)

U 0.62(1) 0.81(1) 0.82(1) 0.81(1)

S x 1=4 1=4 1=4 1=4

y 0 0 0 0

z 0.1557(1) 0.1554(1) 0.1557(1) 0.1551(1)

U 0.71(1) 0.71(2) 0.71(1) 0.75(2)

O1 x 1=4 1=4 1=4 1=4

y 0.1728(1) 0.1733(2) 0.1730(1) 0.1721(1)

z 0.0176(1) 0.0164(2) 0.0165(1) 0.0159(1)

U 0.81(2) 0.79(3) 0.97(3) 0.88(3)

O2 x 0.0811(2) 0.0797(2) 0.0796(2) 0.0798(2)

y 0 0 0 0

z 0.2976(2) 0.2967(2) 0.2966(2) 0.2976(2)

U 1.08(2) 0.77(2) 1.01(2) 0.91(2)

Figure 2. (Color online) Projection of the structure of anhydrite down: (a)

close to the b axis showing edge-sharing between CaO8 dodecahedra and

SO4 tetrahedra, and (b) close to the a axis showing the Ca dodecahedra and

S tetrahedra sharing corners.

TABLE V. Selected bond distancesa (Å) and angles (8) for anhydrite in

space group Amma.

Bonds Nova Scotia Mexico Baldonnel 1 Baldonnel 2

Ca-O1 � 2 2.5748(10) 2.5678(10) 2.5690(10) 2.5616(10)

Ca-O1 � 2 2.4395(10) 2.4399(10) 2.4414(10) 2.4487(10)

Ca-O2 � 2 2.3377(10) 2.3289(11) 2.3289(10) 2.3289(10)

Ca-O2 � 2 2.5149(11) 2.5264(11) 2.5264(10) 2.5219(10)

<Ca-O> [8] 2.4667(4) 2.4658(4) 2.4664(4) 2.4653(4)

S-O1 � 2 1.4844(10) 1.4905(10) 1.4890(10) 1.4847(10)

S-O2 � 2 1.4775(10) 1.4831(10) 1.4820(10) 1.4870(10)

<S-O> [4] 1.4810(5) 1.4868(5) 1.4855(5) 1.4859(5)

O1-S-O1 � 1 108.99(8) 108.79(9) 108.65(8) 108.36(9)

O1-S-O2 � 4 110.38(3) 110.26(3) 110.25(2) 110.49(2)

O2-S-O2 � 1 106.34(9) 107.00(9) 107.18(9) 106.54(9)

<O-S-O> [6] 109.47(2) 109.47(2) 109.47(2) 109.47(2)

aFor the four samples, the grand mean for <Ca-O> and <S-O> are

2.4660(2) and 1.4848(3) Å, respectively.
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edges and form a chain (Figure 2). In the a direction, the

chains are connected by edge-shared CaO8 dodecahedra

[Figure 2(a)], and in the b direction by corner-shared CaO8

dodecahedra and SO4 tetrahedra [Figure 2(b)]. The anhy-

drite structure is related to the structures of gypsum, zircon,

monazite, and halite (Atoji, 1959; Robinson et al., 1971;

Wyckoff, 1965; Hartman, 1989).

The unit-cell parameters for anhydrite are in the

sequence indicated by Morikawa et al. (1975) and Hartman

(1989): a> b for space group Amma (Tables I and III).

HRPXRD data have a large 2h range and a large number of

data points, which enables unit-cell parameters to be deter-

mined reliably. The precision and internal consistency of the

structural data can be seen from the errors reported (Table I).

Values of the a, b, and c unit-cell parameters increase

linearly with increasing unit-cell volume, V [Figures 3(a)

and 3(b)]. Such linear relations were not previously

observed. These linear trend lines are derived from the four

samples that have quite similar chemical composition and

nearly identical structural parameters. The large and small

unit-cell data from Kirfer and Will (1980) and Morikawa

et al. (1975), respectively, fall close to the extension of the

linear least-squares lines that represent the data from this

study [Figures 3(a) and 3(b)]. The trend lines representing

the variations of the a and b parameters are parallel to each

other and indicate that a and b parameters differ by about

0.008 Å in anhydrite [Figure 3(a)]. The unit-cell data from

Hawthorne and Ferguson (1975) do not fall on the observed

trend lines because their data are incorrect, as pointed out by

Hartman (1989). The anhydrite sample studied by Kirfel and

Will (1980) is quite interesting, as it has the largest unit-cell

parameters [Figures 3(a) and 3(b)]. Unfortunately, a modern

chemical analysis is not available for this sample, so the rea-

son for their large unit-cell parameters is not known. The

reason for the linear relations may be related to the trace ele-

ment contents in anhydrite, such as Mg and Sr replacing Ca

atoms to some extent.

For eight-coordinated Ca, the grand mean <Ca-O>
distance is 2.4660(2) Å for the four anhydrite samples [Fig-

ure 3(b); Table V], which is comparable with 2.470 Å

obtained by Hawthorne and Ferguson (1975) and Kirfel

and Will (1980), and 2.468 Å reported by Morikawa et al.
(1975) and Hartman (1989) [Table I]. Based on ionic radii

(Ca2 þ [8]¼ 1.12 Å and O2-[3]¼ 1.36 Å; Shannon, 1976),

Ca-O¼ 2.48 Å. In gypsum, CaSO4�2H2O, the average

<Ca-O>[8] is 2.458 Å (Cole and Lancucki, 1974), which

is similar to the grand mean <Ca-O>¼ 2.4660(2) Å in

anhydrite. The average <Ca-O> distances are closer to the

data of Morikawa et al. (1975), but do not match those of

Hawthorne and Ferguson (1975) or Kirfel and Will (1980;

Figure 3(c)).

The anhydrite sample from Nova Scotia has tetrahedral

SO4 group with two independent S-O distances of 1.484(1)

to O1 and 1.478(1) Å to O2 (Table V). These distances are

different from each other, and their average <S-O> dis-

tance is 1.4810(5) Å, which is slightly different from values

previously reported in the literature that are typically about

1.475 Å (Table I). The three independent O-S-O angles

Figure 3. Structural variations in

anhydrite (space group Amma). The

a and b unit-cell parameters in (a)

and c parameter in (b) increase line-

arly with increasing V. Data from the

literature are included for compari-

son, but are not fitted to the trend

lines. Errors in (a) and (b) are

smaller than the symbols. The aver-

age <Ca-O> distances and their

grand mean (horizontal line) are

shown in (c), whereas the average

<S-O> distances and their grand

mean (horizontal line) are shown in

(d).
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[108.99(8)� 1, 110.38(3)� 4, 106.34(9)� � 1] and the S-O

distances indicate that the geometry of the SO4 group is

quite distorted in CaSO4. In gypsum, CaSO4
.2H2O, the S-O

distances are 1.457 and 1.461 Å, and the average <S-O>
distance of 1.459 Å is shorter than the present values for

anhydrite (Cole and Lancucki, 1974). For the isostructural

minerals celestite (SrSO4), anglesite (PbSO4), and barite

(BaSO4), the SO4 behaves as a rigid group with an average

<S-O> distance of 1.476 Å, which is constant across

the series (Jacobsen et al., 1998). The four anhydrite sam-

ples in this study have a grand mean <S-O> distance of

1.4848(3) Å, which is larger than those in the isostructural

series because the eight-coordinated Ca has a smaller size

than the other twelve-coordinated M2þ (= Sr, Pb, and Ba)

cations. The Ca atom satisfies the charge on the O atoms

more effectively, thereby allowing the S-O distance to be

larger in anhydrite. The <S-O> distance in anhydrite can

be compared with an average <S-O> distance of 1.49 Å in

other inorganic structures (International Tables of X-Ray
Crystallography, 1962).

The geometry of the SO4 group should vary in a regular

manner as the M2þ (= Ca, Sr, Pb and Ba) cation changes, as

proposed by Miyake et al. (1978). That is, the <S-O> dis-

tance is longest in CaSO4 and shortest in BaSO4; it should

change in the following sequence: CaSO4> SrSO4>
PbSO4>BaSO4 because as the M2þ cation radius increases,

the effective charge decreases (Antao, 2012).
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Höhne, E. (1962). “The crystal structure of anhydrite, CaSO4,” Monatsber.

Dept. Akad. Wiss. Berlin 4, 72–77.

International Tables of X-Ray Crystallography (1962). (Kynoch, Birming-

ham), Vol. III, pp. 204–205 and p. 272.

Jacobsen, S. D., Smyth, J. R., Swope, R. J., and Downs, R. T. (1998).

“Rigid-body character of the SO4 groups in celestine, anglesite and

barite,” Can. Mineral. 36, 1053–1060.

Kirfel, A. and Will, G. (1980). “Charge density in anhydrite, CaSO4, from

X-ray and neutron diffraction measurements,” Acta Cryst. B36,

2881–2890.

Larson, A. C. and Von Dreele, R. B. (2000). “General Structure Analysis

System (GSAS),” Report No. LAUR 86-748, Los Alamos National Lab-

oratory, Los Alamos, NM.

Lee, P. L., Shu, D., Ramanathan, M., Preissner, C., Wang, J., Beno, M.

A., Von Dreele, R. B., Ribaud, L., Kurtz, C., Antao, S. M., Jiao, X.,

and Toby, B. H. (2008). “A twelve-analyzer detector system for

high-resolution powder diffraction,” J. Synchrotron. Radiat. 15,

427–432.

Miyake, M., Minato, I., Morikawa, H., and Iwai, S.-I. (1978). “Crystal

structures and sulphate force constants of barite, celestite, and

anglesite,” Am. Mineral. 63, 506–510.

Morikawa, H., Minato, I., Tomita, T., and Iwai, S. (1975). “Anhydrite: A

refinement,” Acta Cryst. B31, 2164–2165.

Rietveld, H. M. (1969). “A profile refinement method for nuclear and mag-

netic structures,” J. Appl. Crystallogr. 2, 65–71.

Robinson, K., Gibbs, G. V., and Ribbe, P. H. (1971). “The structure of zir-

con: A comparison with garnet,” Am. Mineral. 56, 782–790.

Shannon, R. D. (1976). “Revised effective ionic radii and systematic studies

of interatomic distances in halides and chalcogenides,” Acta Cryst. A32,

751–767.

Swanson, H. E., Fuyat, R. K., and Ugrinic, G. M. (1955). Natl. Bur. Stand.

(US) Circ. 539, 65–67.

Toby, B. H. (2001). “EXPGUI, a graphical user interface for GSAS,” J.

Appl. Crystallogr. 34, 210–213.

Wang, J., Toby, B. H., Lee, P. L., Ribaud, L., Antao, S. M., Kurtz, C.,

Ramanathan, M., Von Dreele, R. B., and Beno, M. A. (2008). “A

dedicated powder diffraction beamline at the advanced photon source:

commissioning and early operational results,” Rev. Sci. Instrum. 79,

085105.

Wasastjerna, J. A. (1925). “Structure of anhydrite. Structure of the sulphate

group,” Soc. Sci. Fenn. Commentat. Phys. Math. 2, 26.

Wyckoff, R. W. G. (1965). Crystal Structures, 2nd ed. (Interscience Pub-

lishers, New York), Vol. 3.

330 Powder Diffr., Vol. 26, No. 4, December 2011 Sytle Antao 330

https://doi.org/10.1154/1.3659285 Published online by Cambridge University Press

http://dx.doi.org/10.3749/canmin.47.5.1245
http://dx.doi.org/10.3749/canmin.46.5.1501
http://dx.doi.org/10.1063/1.1729927
http://dx.doi.org/10.1107/S0365110X63001997
http://dx.doi.org/10.1107/S0567740874004055
http://dx.doi.org/10.1107/S0567740880010461
http://dx.doi.org/10.1107/S0909049508018438
http://dx.doi.org/10.1107/S0567740875007145
http://dx.doi.org/10.1107/S0021889869006558
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0021889801002242
http://dx.doi.org/10.1107/S0021889801002242
http://dx.doi.org/10.1063/1.2969260
https://doi.org/10.1154/1.3659285

	s1
	s2
	s2A
	cor1
	s2B
	T1
	t1n1
	t1n2
	T2
	t2n1
	T3
	t3n1
	F1
	s2C
	s3
	T4
	F2
	T5
	t5n1
	F3
	l
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25

