
American Mineralogist, Volume 61, pages l2-14, 1976

Additional data on the crystal structure of montgomeryite
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Abstract

An independent structural study on montgomeryite confirms the general features previously
r€ported by Moore and Araki (1974). However the presence of several weak ft 0 / reflections
with / odd shows that the symmetry of the mineral is actually lower than C2/c. An attempt to
explain the disorder around the partially occupied Mg2+ site by degrading the local symmetry
leads to a completely ordered atomic arrangement in the C2 space group and affords a reason-
able improvement in the coordination around this ion.

Introduction

Our work on the crystal structure of montgo-
meryite was just completed and the manuscript
ready for publication, when we learned of the re-
sults of the structure determination by Moore and
Araki (1974) (hereafter MA). The chemical formula
of the mineral proposed by Gonyer (in Larsen, 1940),
Ca,Alu(POn). (OH)r . l lH2O, was rev ised by MA to
CanAlnMg(POn).(OH)o.l2H2O. When our present
study was completed, a laser microprobe analysis of a
small crystal in our sample also revealed the presence
of magnesium. Our determination confirms the gen-
eral features of the structure as reported, but some
minor differences as well as the independence of the
two determinations warrant publication of a con-
densation of our results.

Experimental, structure
determination and refinement

A well formed lath-shaped crystal of montgo-
meryite from Fairfield, Utah, obtained through the
courtesy of Arthur Montgomery, was mounted on
the goniometer head of a Phil ips PW 1100 auto-
matic diffractometer equipped with graphite mono-
chromator and molybdenum tube. The instrumental
lattice constants, determined by the least squares
method applied to the values of us, y and @ arcs
for reflections with 20 of about 34", are:.

a : 10.004, b : 24.083, c = 6.235 4., A : 9f36'.

The comparison of intensities of related reflections
and systematic extinctions with h+k = 2n*l in-
dicated monoclinic symmetry and C-centered lattice,
but the previous assignment to the space group C2/c

remained in doubt because of the presence of some
very weak h)l refleclions with / odd. These re-
flections were present on Weissenberg photographs
previously taken with CuKa radiation, and were also
exhib i ted by a second crysta l  tested on the
diffractometer. These facts suggest a lower symmetry
than C2/c. However, since the "forbidden" reflec-
tions with an intensity above the background are very
few (only 33 out of 65 hol reflections with / odd
measured) and their intensities are very low, they
were at first ignored and the apparent C2/c symmetry
was assumed to be correct at the beginning of the
structural determination.

2195 independent reflections in the range 6" < 20
( 60o were measured with the a/20 scan technique.
Of these l7l were ignored since their intensities were
within background error.

The strucure was solved by the symbolic addition
procedure for centrosymmetric space groups, using
the program Lslu (Germain, Main, and Woolfson,
1971),  appl ied to the 287 E's  > 1.5.  A Four ier  map
computed with 284 .E's from the set of signs with the
highest f igures of merit revealed all non-oxygen
atoms in the asymmetric unit. The structure was re-
fined by successive Fourier syntheses to an R value of
0 . 1 8 .

At this stage we had ascribed a residual electronic
density on the two-fold axes in approximate octahe-
dral coordination by oxygens to the presence of X
ions in the asymmetric unit. Since Gonyer's analysis
revealed no cations except Al and Ca, these X ions
were assumed to be Al. The resulting total cell con-
tent was Ca.Alrz(POn)rr(OH)'.. l6HrO. This trial
structure was refined in the C2/c space group by the
least-squares method. In three cycles using isotropic
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individual thermal parameters, the R index dropped
to 0.1 l. At this stage it appeared clear that the alumi-
num ion labelled as Al(3) on the two fold axis at the
X site, having a high thermal parameter, exhibited
only partial occupancy. A cycle of refinement was
then performed allowing the occupancy of Al(3) to
vary: the resulting occupancy converged to 0.50,
while the B parameter assumed a quite acceptable
value.

Anisotropic thermal parameters were then as-
signed and refined for all atoms but OW (3) and Al(3)
(whose occupancy was fixed as 50 percent). Ignoring
the "forbidden" ft 0 / reflections, in two cycles the R
index dropped to 0.061 for 1991 observed reflections.

A Fourier difference map computed at this stage
revealed that the strongest maxima lie in the zone
around Al(3) and that OW(3), which exhibits a high
isotropic thermal parameter, revealed a strong ani-
sotropy. This fact and the large AI(3)-OW(3) dis-
tance (2.278A) suggests that the apparent thermal
anisotropy is probably due to a splitt ing of OW(3) in
two positions OW(3a) and OW(3b), alternately occu-
pied when Al(3) is present or absent. When Al(3) is
present, OW(3) would occupy the positions nearer to
the cat ion,  normal iz ing the Al -O d is tances in  the
octahedron. An attempt was then made to refine the
structure, splitt ing OW(3) in these two positions,
each one with an occupancy of 50 percent. This cycle
lowered the R index to 0.056; the split OW(3) mole-
cule afforded a more acceptable thermal parameter
and Al(3)-O distances were improved. The results of
the refinement are fairly satisfactory, but the "aver-
age" structure, obtained by equally distributing Al(3)
on two positions related by the c glide symmetry
operation and by splitt ing OW(3) from a statistical
point of view, fails to explain the presence of the
weak hJl reflections with / odd.

At this stage, in order to justify the weak ft 0 /
reflections with / odd, an attempt was made to refine
the structure assuming an ordered model in the space
group C2; this group is the most symmetrical sub-
group of C2/c that is consistent with the observed
extinctions. High correlations between positional and
thermal parameters of related atoms revealed that a
refinement of all parameters in space group C2 was
impossible. Therefore in the next attempt we fixed the
structural parameters, with the exception of the Al(3)
coordination octahedron, and destroyed the c-glide
symmetry with respect to Al(3) by assuming that this
octahedron is present only in one of the two positions
related by the glide-plane. The refinement was re-
stricted to Al(3) and to the two non-equivalent atoms
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corresponding to OW(3) in the centric space group.

The final R index for 2024 observed reflections is
0.053. Notwithstanding the impossibil i ty of testing
the two hypotheses on the basis of statistical consid-
erations derived from equivalent refinements per-
formed in two different space groups, the ordered
model in the C2 space group has to be considered a
better model for the actual structure of the mineral.
Very small deviations from C2/c symmetry must in-
volve all the atoms in the structure but only the
region around Al(3) accounts for the lower symmetry
described herein.

The ordered atomic arrangement of montgo-

meryite is featured in Figure l. For sake of com-

parison, the origin is sti l l  coincident with that chosen

by MA in the C2/c space group.

Atomic coordinates and thermal parameters, re-

sulting from both refinements, are l isted in Table l. ln

this table the X position is indicated as Mg rather

than Al(3). Indeed the chemical analysis of MA with

a Mg content corresponding to two ions per unit cell

as well as the interatomic distances suggest that Mg'z+

ions are preferentially located in the X position.

However, the substitution of Al3+ for Mg2+ in the

structure analysis does not vit iate the results of the

refinement, because both ions have similar scattering

curves.

Results and discussion

Our structure for montgomeryite closely resembles

that of MA: thus further discussion seems un-

necessary. The major difference lies in our inter-

pretation of the atomic arrangement around the Mg

ion according to an ordered model in the C2 space
group. This model accounts for the weak h 0 / reflec-

t ions wi th /  odd and wi th the magnesium content  in

the cell. It also yields a significant decrease in the

o s i n B
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FIc. I  Montgomeryite structure projected along the c axts.
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OW(3a) molecules at2.186 A and two OW(3b) mole-
cules at 2.1l8 A. These water molecules are involved
in some relatively strong hydrogen bonds: OW(3a)
. . .  0 (6 )  :  2 . s4  A  and  ow(3b )  . . .  o (4 )  : 2 .6s  A .
Two other interactions can be ascribed to hydrogen
bonds: OW(3 b )-OW (2), 2.80 A, and OW(3a)-OW(2 ),
2.97 A. In th is  model  Mg octahedra are not  l inked
together; the lack of edge-sharing Mg chains is a
relevant feature in view of the classification of the
mineral .

Acknowledgments

We are grateful to Dr. A Montgomery for supplying us with the
specimen of montgomeryite and polishing the English text, and to
Dr.  P.  M Moore for  useful  d iscussions and revis ions.

References

GptuatN, G ,  P MnrN, lNo M. M. WoolrsoN (1971) The appt i -
cat ion of  phase re lat ionships to complex structures.  I I I .  The
optimum use of phase relationships Acta Crystallogr. A27,
368-376.

Hentlron, W C (1959) On the isotropic temperature factor
equivalent to a given anisotropic temperature factot. Acta
C rystallogr. 12, 609-610.

LensnN, E.  S.  3no (1940) Over i te and montgomeryi te:  rwo new
minerals from Fairfield, Utah Am. Mineral 25, 315-326

Moonn, P.  B. ,  nNo T.  Anexr (1974) Montgomeryi te,  Ca.Mg
(H,O)1,[Al4(OHL(PO,)"]: Its crystal structure and relation to
vauxire, FeB+(H,OL[AL(OH)1(H'O).(pO4)4] 4H'O Am. Mineral.
59,  843-850.

Manuscript receiued, January 23, 1975;
accepted lor publication, September 26, 1975.

c  . 0 6 1 3 2 ( 6 )
c  . ) ) a 8 2 1 5  )

1 / 4  1 / t "
c  . 1 ? 1 ? ? ( ?  )

1 / 2  . 2 9 9 t  9 \ 6 )
. 2 5 8 5 1 ( r c )  . 1 1 5 ) e ( 4 )

. 6 1 1 L c ( 2 1  )  . z 6 a 3 L ( 1 ) )

. 4 1 c a 1 ( 2 9 )  . 3 ) 6 t B ( 1 ) )

. ) a 9 3 3 ( l a  )  . 1 ? 5 z B ( 1 2 )

. 3 1 4 8 ) + ( 3 1 )  . o e 7 6 a ( 1 3 )

. 1 ] 6 9 8 ( 2 9  )  . 1  1 7 7 4 (  1 3  )

. 2 1 e 5 A ( ) 6 )  . O 8 6 2 8 ( 1 5 )

. ) 7 a 6 2 ( 2 8 )  . 2 ' 1 1 6 9 ( 1 2 )

. 1 6 2 2 2 ( 3 ' l )  . 3 2 9 4 1 ( 1 8 )

. 1 1 2 6 ) ( i 2 )  . o 2 5 8 c ( 1 4 )

c  . 9 ' l

o  . 4 8
c  , + 6

a , 4 6
4 . 5 9

c  . 8 8

o . 8 4

a  . 9 7

1 . 2 6

1 . 1 6 x
i . . ' ! l \ a

M g  c  . r 2 8 6 ' 7 t , 1 ' l  )
c w ( l ) ( a )  . t 1 6 i : 1 ( 1 i )  . t + t 3 8 a ' 1 O 1 )
o w ( i  j ( b )  , i 2 1 , . a ( ' t t  I  . t r t t r t ( j o )

- 1  / 4
. ( 1 3 1 5 1 1  t 6 )

, a 2 6 1 i 1 1 1 2 )

b )  C 2  s y m e t r y ;  e q u i v a l e n t  p o s i t i o n s :  x r v r z ;  - x r y , . L - z ;

/ + x , j 5 + y , 2 1  ! - x , i + y , | - 2 .

M g o
o w ( l ) ( a )  . 1 1 6 1 j
o w ( l  )  ( b )  . 1 2 1 2 8

. 5 2 8 9 C

. 4 6 7 2 9
, 5  1 9  1 A

- 1 / t r

. 6 A a A 2
, a \ 4 ?  2

1 . ? 6 x
t . l o *

T h  _ e  a t  r s  i l - r -  c e r  i n - d  i s o t r  o i ^ d  l  l  / .

( Standard DeDiotions in Parenlheses)

distortion of the Mg coordination octahedra and re-
sults in a slightly different arrangement of the hydro-
gen bonds.

Accepting this ordered model, each magnesium ion
coordinates to two O(4) atoms at 1.996 A, two


