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Abstract

Crichtonite, from the Dauphin6 region of France, crystal l izes in the rhombohedral space
group R3 with latt ice parameters a : 9.148(2) A;a = 69.078(6). t ts formula, determined from

microprobe analysis, is Sro.tr(RE, Pb)o.r"Tirso.Feu.rrMnour(V, Cr)o17Osr. The structure was

solved using 505 symmetry-independent ref lect ions col lected on a Phil ips PW 1100 dif frac-

tometer with MoKa radiat ion and ref ined to an R value (for al l  measured data and using

isotropic thermal parameters) of 0.040. Crichtonite is isostructural with senaite, with a

structure based on a nine-layer (hhc---) close-packed anion lattice in which Sr (and Pb + RE)
atoms are ordered in one-thirteenth of the anion sites in the cubic layers. The remaining
metals are ordered into one-half of the octahedral si tes and one thirty-ninth of the tetrahedral

sites, and the polyhedra art iculate by edge and corner-sharing only. Both senaite and crichto-

nite are described by the general formula (Pb, Sr)t-,MzrOss, ?nd i t  is proposed that the

mineral names apply to the lead- and strontium-dominant composit ions, respectively. Senaite

containing only divalent iron has the reported composit ion PbMr4OsB, and a structural model
has been proposed, based on the senaite/crichtonite structure in R3, with the three extra metal

atoms occupying face-shared octahedral si tes, forming segments of i lmenite structure.

Introduction
Although the mineral crichtonite was discovered

nearly 190 years ago by J. L. de Bournon, very l itt le
information is available on its chemical composition
and structure. The only reported quantitative analy-
sis is by Hey et al. (1969) who analyzed for ferrous
and ferric iron and titanium. The oxides of these
elements accounted for 95 weight percent of the
sample, and the remainder was considered to be
quartz. The analytical data were consistent with a
formula Fe?u+ Fein+ Ti.. 0'6r. Their single-crystal X-
ray studies showed that crichtonite has a prominent
rhombohedral pseudo-cell with ct,,e* : 2.880 A and
che* 20.759 A. ttrey suggested that the true
rhombohedral cell had 45"* : 37.44 A, but were
unable to completely index their patterns, even

with this cell. Rouse and Peacor (1968) reported

(from A. Pabst, private communication) that the

3'l .44 A axis for crichtonite may be given as

10.38 JIT, corresponding to the pseudo-a of

twinned davidite, i.e. implying that the true cell for

untwinned crichtonite is rhombohedral with cthe' :

10.38 A, cnex : 20.759 A' For comparison, the min-

eral davidite has a : 10.37 A, c = 20.87 A llaUst,
1961 ) ,  and  sena i t e  has  c  :  10 .393  A ,  c  : 20 .811  A

(Grey and L loyd,  1976).  Strunz (1970,  p.  187)  has

grouped these three minerals together on the basis of

their similar compositions and morphologies. We

have reported the results of a structure determination

on senaite which has the general composition Pb'-'
(Mn,Fd+,Fd+,Ti )21Oa8 (Grey and L loyd,  1976). ln  a

continuing study on the structural relations between
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senaite, davidite, and crichtonite, we studied a
crichtonite sample from Dauphind, France. Micro-
probe analyses on the samples were consistent with a
chemical formula similar to the one given above for
senaite, except that the lead was largely replaced by
strontium. We report here a single crystal structure
determination for crichtonite and describe the struc-
tural and compositional relationships between senaite
and crichtonite.

Experimental

A sample of crichtonite from the Smithsonian In-
st i tu t ion col lect ion (U.S.N.M. B18195) was suppl ied
by John S. White, Jr. The specimen, from the
Dauphine region of France, was a large double-crys-
tal implanted on quartz. The results of microprobe

analysis are given in Table la. The results for the major
elements are very similar to those for senaite (Grey

and Lloyd, 1976). The main differences are a greatly
reduced lead content for crichtonite and a con-

comitant increase in the strontium content, com-
pared with the senaite values, which are included
in Table l . '  The der ived chemical  formula,  cor-
rected to 38 oxygens,  is  Sro"(RE,Pb)0."  T i , r r rFe.r ,
Mno.n(V,Cr)o ,rOrr. The ferrous,/ferric iron ratio was
calculated indirectly from the microprobe data using
the criteria from the structure solution that the small
cations fully occupied 2l sites in the unit cell and that
38 ol the available 39 anion sites were occupied by
oxygen,  i .e .  (F€+ *  Fe3+ + Ti  + Mn *  minor  smal l
cat ions) /O :  2 l /38.

For the init ial X-ray diffraction examination a sec-
tion was cut from one crystal of the double crystal.
The crystal was examined using conventional Weis-
senberg and precession techniques, and our observa-
tions were identical with those reported by Hey et al.
(1969), i.e. a rhombohedral cell with e,,e* : 37.4 A,

cn"* : 20.7 A. A precession photograph of the (rkrO)

section was the same as that published for twinned
david i te by Pabst  (1961).

The "twinned" crichtonite crystal was then frag-
mented,  and a resul t ing th in s l iver ,  0 .25 mm long by
0.075 mm average diameter, was mounted on the
precession camera. The fragment was found to be
free of twinning and had a unit cell and space group
similar to that for senaite (Grey and Lloyd, 1976) and
david i te (Pabst ,  196l ) ,  i .e .  t r igonal  R3 or  R3,  wi th
hexagonal dimensions an * 10.37 A and cn.*20.74 A.

1 Our previous analysis for  senai te (Grey and Lloyd,  1976) cov-
ered t r tanium, i ron,  manganese, and lead only.  The more compre-

hensive analysis g iven in Table l (a)  has been performed on the

same sample

TABLE la.  Microprobe analyses (weight  percent)

Ti02

Fe203*

Fe0*

Mn0

Sr0

Pb0

v^0_

La^0-

Hf02

Crza3

ZrOz

Ca0

A1^o-

froz

N d ^ 0 -

Mgo

Ni.0

si02

T o t a l

Crictrtonite

50 . )+9

21 . r)+

8 . r8

2 , 7 8

)+ , IT

0 "78

o ,  51

o .29

o . 2 7

0 .21

0 . 1 0

o .  06

0 .02

0 .  0 r

0 . 0 2

Senaite

<R AA

L5 .2o

A  s ?

l + . 0 8

0  . 2 0

9 . 2 r

0 . 7 0

o . 0 6

0.0 ' l

u . f i

o .  8 5

u .  a o

0 . 0 9

0 .  r 0

0 . 0 t

0  . 1 2

0 . 0 1

0  . 0 2

o . 0 8

99,r1 99 ,3 '

*See text for nethod of calculatlng ferrous and
ferric iron. The fomulae calculated fron the
above data aod nomallzed Eo 38 oxygens are:

c r i c h r o n l t e :  S r o . r r ( R E , P b ) g . t 9 T i t : , 4 3 F " 6 , 7 t

I tnO.  an  
(v ,  c r )  

9 .  17o3g

s e n a t t e :  P b o , 7 7  ( R E ' S r ) O . Z 3 T i t l . 6 9 F u 6 . O O

un,  
.  o ,  

(v ,  c r  )  q .  24039

TrsLr I b. Unit-cell parameters for crichtonite,

t r igonal  R3

*rh

rn

-rh

9 . r ) + 8 ( 2 )  A

69.078(6) '

I

d  =  r o . : Z I r ( f )
nex

c -  =  z o . t \ 6 ( 6 )
hex

nex

d  -  =  4 . > 4
ca lc

For the intensity data collection, the crystal was

remounted along its long dimension (= c1'*) on a

Phil ips PW I100 4-circle automatic diffractometer.

Twelve high-angle reflections provided the 2f values

used to calculate the lattice parameters reported in



Table l. Intensities were collected with graphite-mon-
ochromated MoKa radiation with a tower angle of
12.18 ' .  A 0-U scan,  3-22" ,  was used wi th a var iable
scan width g iven by Ad :  (1.0 + 0.3 tan d)  and a
speed of 0.05o sec-1. Two background measure-
ments, each for half the scan time, were made for
each scan, one of the lower and one at the upper
limit. The intensities were processed using a program
written for the PW 1100 diffractometer by Hornstra
and Stubbe (1972). Because of the small size (pR :

0.39) and complex shape of the crystal, an absorption
correction was not applied. However, a partial com-
pensation was achieved by averaging the intensities of
equivalent reflections, + (hkl, klh, lhk), in the rhom-
bohedral cell. This gave an averaged unique set of 505
reflections.

Scattering factor curves for Sr, Mn, Fe, Pb, Ti, La,
and O were taken from Internationql Tables for X-ray
Crystallography III (1962, p.201 ff.). The curves for
La, Pb. and Sr were corrected for anomalous dis-
persion. All computing was performed on the Mon-
ash University CDC3200 and the CSIRO CDC7600
computers.

Solution and refinement of the structure

The atom coordinates obtained for senaite in the
centrosymmetric space group R3 (Grey and Lloyd,
1976) were used as a starting model for crichtonite. A
composite La-Pb-Sr scattering curve, consistent with
the microprobe analysis, was used for the origin atom
and an averaged metal scattering curve used for the
other metal atom sites. Three cycles of full matrix
least-squares refinement led to a conventional R
value of 0.11. Both the refined isotropic temperature
factors and the metal-oxygen bond lengths calculated
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at this stage were consistent with an ordering of t ita-
n ium, i ron,  and manganese atoms s imi lar  to  that
determined for senaite. The ordering scheme used,
which is consistent with the chemical analysis, is
given in Table 2. Using the corresponding separate
scattering curves for each metal atom site, a further
series of refinement cycles was carried out, resulting
in a final R factor of 0.040 for all 505 observed data.2
The final parameters are given in Table 2. Calculated
bond lengths and angles are given in Table 3. Ob-
served and calculated structure factors are l isted in
Table 4.

Description of the structure

Crichtonite is isostructural with senaite. Its atomic
arrangement is based on a close-packed anion frame-
work with a nine-layer stacking sequence (hhc---) in
which Sr ,  RE, and Pb atoms occupy one of  the anion
sites in the cubic layers. The other metal atoms are
ordered into both tetrahedral and octahedral inter-
stices between the anion layers. Two types of metal-
atom polyhedral arrangements occur, between pairs
of hexagonally-stacked anion layers, and between
hexagonal and cubic anion layers , h-M-h and h-M-c
respectively. These are i l lustrated in Figures I and 2.
Between hexagonally stacked anion layers, two types
of metal atoms, M(1) and, M(3) (Table 2), occupy
octahedraf sites only. The M(3)Ou octahedra articu-
late by edge-sharing to form interconnected l2-mem-
bered hexagonal rings, with an isolated M(l)O" oc-
tahedron at the center of each ring (Fig. l). The

'z  In construct ing the scat ter ing curves,  the data for  La were used
to approximate the RE contr ibut ion and the minor e lements V.  Cr.
Zr (0 l7 atoms) were grouped wi th Ti

CRICHTONITE

T,cslr  2.  Cr ichtoni te:  f inal  atomic coordinates and isotropic temDerature factors

. 0 2 .
B  ( A - )

M ( o )  o . T  s r  +  0 . 2  ( P b  +  R x )
M ( 1 )  0 , 7 l , l n  +  0 . 3  F e
M ( 2 )  2 . O O  F e
M(3 )  l + . )+  t r ' e  +  1 .5  T i
M ( ) + )  6 . o o  r i
M ( 5 )  5 . o o  r i

o ( r )  5 . o o  o
o ( a )  6 . 0 0  o
0 ( 3 )  5 . 0 0  o
o ( l + )  5 . o o  o
o ( 5 )  5 . 0 0  0
o ( 6 )  6 . o o  o
o ( 7 )  2 . o o  o

0 .  0000
. 5 0 0 0
. 3roo2 (  15 )
. 3\B2r ( r-B )
.30861 (  2 t  )
. \7 337 (20)

. :o:oo ( zt )

. 1 5 0 2 9 f i 6 )

. 9 r B j z ( 7 3 )

. r \ \ 7 5 ( 7 5 )

. 39or)+ ( T3 )

. T 0 8 5 3 3 2 )

.  e t l+oe( :o  )

0 . 0 0 0 0
. 5 0 0 0
.31002  (15  )
.  01995 (  rB )
.  rSorB (  21 )
.  6 !o rL  (  2 r  )

.3782\(77 )

. % 7 n ( 7 5 )

. 3 o u o ( ? 2 )

.98866 ( t t+ )

.  r : \ \5  1  75  I

.07r52(7\)

.zr\oz(io)

o .  oooo  .6zz ( \ )
. 5ooo  .o8 t (5 )
. 3 1 0 0 2 ( 1 5 )  . 3 0 5 ( 5 )
. 1 2 5 1 + 0 ( 1 8 )  . 3 0 3 ( l + )
. T 1 B o 2 ( 2 r )  . t 8 B ( l + )
. o 8 3 ? o ( 2 0 )  . 3 3 4 ( ] + )

.52878(7 ' l )  r .oo  ( r )

. n 6 5 ) + { 7 5 )  .  B B  ( 1 )

. t r j 9 r 6 ( 7 3 )  . 5 3  ( 1 )

. :r :r+t+ ( Zt+ ) .7 j  1)

. 48515 (T\ ) .  5)+ ( 1)

.z t+zr6(73)  .6 r  ( r )

.z l ]+oz( jo )  . t r  (e )
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h-M-c metal-atom layers, two per unit cell, contain
metals in both octahedral and tetrahedral sites. The
octahedrally-coordinated atoms, M(4) and M(5),
join by edge-sharing into six-membered hexagonal
rings which are interl inked via corner-sharing with
the basal oxygens of the M(2)Oo tetrahedra (Fig. 2).

The cubic-stacked anion layers have strontium/lead
cations ordered into one of the available l3 anion
sites per unit cell, and this is shown as a fi l led circle in
Figure 2.

The linking of polyhedra between layers is i l lus-

trated in Figures 3 and 4.In Figure 3 the arrangement

Tesr-B 3. Crichtonite-interatomic distances (A) and angles (degrees)

Distance O-M-O angle Distance O-M-O angle

t 3 l  r . 966
r  o a  I

t3  I  3 .27  r r2 .27

t 3 l  3 . 1 7  1 0 6 . s I

1 . 8 7 3

t . 9 3 7

| . 9 4 9

1 . 9 8 2

2 . O 2 3

2 . 0 5 0

2 . 5 9  8 0 . 8 5

2 . 5 9  8 1 . 2 1

2 . 6 1  8 1 . 3 3

2 . 7 2  8 6 . 5 5

2 . 7 3  8 8 .  l 0

2 . 8 4  9 3 . 7 6

2 . 8 4  8 9 . 6 8

2 , 8 5  9 6 . 9 9

2 . 8 8  9 7 . 7 7

2 . 8 5  9 5 . 3 1

2 . 8 8  9 4 . 3 9

2 . 9 6  9 3 . 2 2

Distance O-11-O angle

M( 1) octahedron

M ( 1 )  -  o ( 1 )  t 6 l

o ( 1 )  -  o ( 1 ) 1  t 6 l
-  o ( 1 )  1 1  

t 6 l

M(3 )

2 . 2 0 5 *

3 . 0 7  8 8 , l l x

3 . r 7  9 1 . 8 9

M(2)  -  o (5)
-  o ( 7 )

o ( s )  -  o ( s ) l
-  0 ( 7 )

M(4) octahedron

M ( 4 )  -  0 ( 2 )

-  o ( i )

-  o (2 )
_  o (6 )
-  o ( 5 )
-  0 ( 6 ) I

o ( l )  -  o ( 6 )

0 ( 5 )  -  0 ( 3 )
_  0 (6 )
-  o ( r )

o (2 )  -  o (6 )

o ( 1 )  -  o ( 3 )

0 ( 6 )  -  0 ( 6 ) 1

o ( 2 )  -  o ( 1 )
-  o (3 )
-  0 ( 6 )

o (o )  I -  o ( : )
-  0 ( s )

M(2 )  -  M (s )
-  M (4 )
_  M(3 )

M(4 )  -  M (s )
-  M ( 5 ) l

u(a) r- l l (s)

M ( 2 )  t e t r a h e d r o n

c

c

c

e

e

e

Sr Si te

s r  -  0 (2 )
_  o (6 )

o ( 2 ) -  o ( 5 )

o ( 2 ) -  o ( 2 )

o ( 5 ) -  o ( 6 )

o ( 2 ) -  o ( 5 )  1

s r  -  M (4 )

M(5 )  -  M (5 )

t 5  I  2 . 7 5 3

t 5  I  2 . 8 3  r

t 6 l  2 . 7 3

t 6 l  2 , 7 7

t 6 l  2 . 8 4

t 6 l  2 . 8 s

) 6 . ) Z

60 .41

60.29

6 1  . 3 5

M(3) octahedron

M(3 )  -  o (4 )  1 .940
-  o ( 3 )  r . 9 7 6
-  0 (2 )  1 .999
-  o ( 4 )  I  z . o t .
-  o (7 )  2 ,019
-  o ( 2 ) r  2 . 0 8 6

o ( 4 )  -  o ( 4 ) l  2 . 6 9
-  o ( 2 )  2 . 7 3

o ( 7 )  -  o ( 2 )  2 . 7 2
-  o ( 2 ) l  2 . 7 2

o ( 2 )  -  o ( 4 ) l  2 . 7 7

o ( 4 )  -  o ( 7 )  2 . 8 r
-  o ( 3 )  2 . 8 2
-  o ( 2 )  1  2 . 8 s

o ( 4 )  -  o ( 3 )  2 . 8 6

o ( 3 )  -  o ( 7 )  2 . 8 9
-  o ( 2 )  3 . O 2

o ( + ) 1 -  o ( z ) 1  3 . o 2

-  M(5 )
-  M (4 )

-  u (3 )  I

-  M ( 3 ) r 1
-  M(s )
-  M (4 )
-  M ( 5 ) I
-  M ( 4 ) r
-  l4(s)  11

-  M ( 4 )  1 1

3 . 6 2 7

3 . 7 7 3

2 .904

3 . 0 1 1

3 . 3 6 1

3 . 5 3 0

3 . 4 7 8

3 .594

3 . 6 2 2

3 .  7 1 8

8 5 . 5 9

8 3 . 5 7

82.92

8 5 . 1 4

85  . 36

8 8 . 1 2

92 .32

9 r . 3 9

9 r . 67

92 .87

9 8 . 9 5

t00 .  r  1

M ( 5 )  o c t a h e d r o n

M(s )  -  o ( r )
-  o ( /+ )
-  0 ( 3 )
_  0 (5 )
-  0 ( 6 )
-  o ( s )  I

o ( s )  -  o ( s ) I
-  o ( 3 )

0 ( 6 )  -  o ( r )
_  o ( 5 )

o ( r )  -  0 ( 5 )

o (4 )  -  0 (6 )

o ( 3 )  -  o ( 5 ) I
-  o (4 )

o ( 1 )  -  o ( 4 )
-  o (3 )

o ( s ) I -  o ( 4 )
_  o (6 )

r  . 850

r  . 864

r . 9 3 0

2 .000

2 . 0 1 3

2 .136

2 . 5 6  7 6 . 3 5

2 .59  78 .82

2 .59  83 .72

2 . 6 1  8 1 .  1 4

2 . 8  I  8 9 . 0 9

2 . 7 8  9 1 . 6 7

2 . 8 1  9 1 . 3 1

2 . 8 4  9 7 . 0 r

2 .83  98 .79

2 . 9 2  I 0 r . 3 3

2 . 8 9  9 6 . 7 3

2 .98  9 r . 73

3 .  398

3 . 2 5 2

Metal-Metal  dis lances **

M ( 1 ) 3 .  3 8 9

3 . 4 8 7

3 . 4 8 3

2 . 9 4 6

3 . 0 4 I

3  . 0 6 6

*Stmdnrd d.eutatLons fo" M-M, M-O dnd O-O are 0.003, 0.00? ori 0.010 fl ,""pn"ti lelA dnd fox mgle O-M-O 0.3 degrees.

*xe and. e refex to corner- and edge-shted Linkages.
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units. The tetrahedra-to-octahedra linkages between
layers are shown in Figure 4. The basal oxygens of
the M(2)On tetrahedron form the corner-shared link-
ages of M(2) to atoms M(3) and M(4) in the 6-
membered rings and the apical oxygen corner-links
M(2) to the three M( I ) atoms in each trigonal triplet,
which is the basic building unit in the h-M-h layers.

Tlsle 4. Observed and calculated structure factors for crichtonite

H K L F o F c H K L F o F c H K L F o F c
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Frc l .  Polyhedral  representat ion of  the metal  atom M(l) ,  M(3)

arrangement between pairs of  hexagonal  stacked anion layers,

v iewed approximately a long (001 )h" ' .

Interatomic distances

Polyhedral bond lengths and angles for crichtonite

are given in Table 3, and in Table 5 the mean bond

lengths are compared with the corresponding values

for the isostructural mineral senaite.
The strontium-rich site in the cubic-stacked anion

layers is bonded to six oxygens within the layer at a

separat ion of  2.83 A and to three oxygens in both

adjacent layers at the somewhat shorter distance of

2.':-5 A, resulting in twelve-coordination. The average

of these two,2.79 A, is close to the value calculated

from the ionic  radi i ,  [Sro.r ' (RE,Pb)o,n] -O 
= 2.78 A

(Shannon and Prewitt, 1969). Crichtonite shows the

same ordering of metal ions as does senaite, i.e' tet-

FIc 2. Polyhedral representation of the the metal atom M(2)'

M(4),  M(5) arrangement between hexagonal-  and cubic-stacked

anion layers,  v iewed along (001)h".  The f i l led c i rc les represent

strontr  um

Ftc 3.  Polyhedral  representat ion of  sect ions correspondlng to

three consecut ive metal  atom layers,  showing inter layer ar t icula-

t ion of  octahedra.  Tetrahedra not  shown.

ravalent t itanium ions are ordered into octahedral

sites M(4) and M(5) in the h-M-c layers, with the

remaining small cations, Ti4+ and Fe3+, going into

the M(3) octahedra forming the l2-membered rings

in the h-M-ft layers. The mean M(3)-, M(4)-, and

M(s)-O distances for senaite and crichtonite are

identical within experimental error. The two struc-

tures differ only in the nature of the larger cations,

M(l) and M(2), which l ie along the trigonal axes.

These ions are colinear with the large divalent ions,

RE3+,  Pb2+,  Sr2+,  in  the anion f ramework,  and thei r

ordering appears to be dependent on the size of the

latter. Thus in crichtonite, which has mainly the

smaller Sr2+ ion in the anion framework, the mean

M(l)-O and M(2)-O distances are shorter than the

corresponding values for senaite, with larger Pb'+

ions in the cubic-stacked anion layers. Whereas in

senaite the isolated octahedral site M( 1) in the h-M-h

layer is fully occupied by manganese, the crichtonite

unit cell composition contains only 0.7 atom of man-

ganese, which orders into this site. The observed re-

duction in the M(l)-O bond length from senaite to

crichtonite is consistent with the remainder of this

site being occupied by Fe2+. Also, whereas in senaite

the tetrahedral site M(2)is fully occupied by Fd+, in

crichtonite the reduced M(2)-O bond length may be

explained by the introduction of some ferric iron into
this site, (Fe31.Fe3lr)-O : 1.97 A lShannon and Prew-

itt, 1969). An interesting feature of the crichtonite
structure is the extremes shown in the polyhedral

distortions between polyhedra located on the trigonal

axes and those around it. Thus, whereas the M(l)O.
octahedron is almost perfect, with equal M-O bond

lengths and O-M-O angles deviating by less than 2

degrees from ideal values, the M(5)-O. octahedron is
greatf y distorted with AM(|)-O 0.28 and

LO-M-O : 25". M(3)-O6 and M(4)-O6 octahedra
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are somewhat less distorted than M(5)-Ou, and the
relative distortions may be qualitatively explained in
terms of the varying amounts of edge- and corner-
sharing between polyhedra. Thus, the polyhedra
about rl l( l) and M(2) centered on the trigonal axes
have only corner-shared linkages, whereas M(3)O"
and M(4)O" octahedra each share edges with three
other octahedra, and M(s)-Os has distortions result-
ing from cation-cation repulsions acrossfour octahe-
dral edges.

The composition of crichtonite and related minerals

Sr, Pb, and RE occupy only one of the available 39
anion sites in the unit cell, leaving 38 oxygen sites,
and so the unit cell formula is normalized to 38 O.
Expressed in this way the formula is Sro 7, (RE,Pb)0.,n
Tit, orFe. r,Mno ur(V,Cf )o ,rOrr. By comparison the
formula for senaite is pbo z, (RE,Sr)o rrTi,r.rrFe..oo
Mn,.ot(V,Cr)o.rnOr.. Both of these minerals may be
considered as members of a general solid solution
series involving replacement of lead by strontium,
i .e .  (RE,Pb,Sr)r - ,MrrOrr ,  when M is  largely T ia+,
Mn'*, Fe3+, Fe2+, and the variable x indicates that full
occupation of the anion site by large cations is not
always achieved. In view of the interchangeabil ity
of Pb2+ and Sr'+ we suggest that the mineral names
se naite and crichtonite be assigned to the end-
member phases containing either dominant lead or
dominant strontium respectively.

Apart from the present work the only reported
quantitative analysis for crichtonite is that by Hey et
al. (1969), who analyzed for ferric oxide, ferrous
oxide, and titanium oxide and obtained a total of
94.84 percent. On the basis that the deficit is made up
by strontium oxide, their calculated composition nor-
malized to 38 oxygens is Sro EzTil4.4bFeilaFe3lnOr.,
i.e. it conforms closely to the general formula Srr_,

Frc 4.  Arrangement of  octahedra and
tetrahedra along the t r igonal  axis for
cr ichtoni te.  The c i rc le represents stron-
t ium The anion layer stacking sequence is
shown .

M1Or. (actually Srr- ,M2r.r2Orr), with a value of x,
0.13,  qui te c lose to our  values for  both cr ichtoni te
and senaite. The calculated density based on this
formation is 4.49 g cm-3, which agrees with the ob-
served value 4.46t0.04 (Hey et al., 1969).
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M ( 1  )

M (  ) \

M ( 3 )

M( )+ )

M ( 5 )

CRICHTONIlE

Site Occunancv

0 . 7 1  S r  +  0 . 1 9  ( P b  +  R E )

0 , 7  M n  +  0 , 3  F e 2 +

. 2 + l r
1 . !  F e -  +  0 . 6  F e ' '

4 . 4  F e -  +  1 . 5  T i

5 r i

6 r i

SENAITE

Site occuDancy Mem M-0 (A)

0 .83  pB  2 .81?  (17 )

r . [n 2.227 (L7)

9 +
2  Fe -  1 .996  ( r 8 )

? r  ) ' rj r . 3 r e '  +  1 . 7  T i - '  1 . 9 9 8  ( 1 8 )

6  r i  1 . 9 7 6  ( 1 8 )

Mean M-O (A)

2 , 7 9 2  ( 7 )

z . z o 5  ( 7 )

L . 9 7 2  ( 7 )

2 . 0 0 6  ( T )

r . 9 6 9  0 )

r . 9 6 7  ( 7 \ o a 1 r . 951+  (18 )
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The first reported analysis for senaite, by Hussak

and Pr ior  (  1898 ) ,  g ives a composi t ion Pbo 
"

Tir. nrFe?leFell.Mn?+*Mgo.zsOae ', which when nor-

malized to 38 oxygens approximates the general

formula given above, although the number of

metals, M, is somewhat greater than 2l at Pb *
Mrr.rrO"", x : 0.12. Subsequent analyses were re-

ported by Hussak and Reitinger (1903) and Freise
(1930) on material in which all the iron was reported

in the ferrous state. The unit cell contents have been

calculated for each of these analyses by Rouse and

Peacor (1968). The results are all very similar and

give an average formula Pbo.rrTir3.o2Ffi+orMnr.rnZto.o,
Mgo.ouOrr.r, which is normalized to Pb Mrr.Oar, i.e.
the pure ferrous senaite contains three more metal
atoms per unit cell than found from our structure
analyses for senaite with predominantly ferric iron

and for crichtonite. A very reasonable model for

senaite (Fe'*) may be constructed in the noncentric

space group R3 by incorporation of the extra metals

into the three-fold site 3(b) in the h-M-h layers. This

is discussed in the next section.
The mineral davidite is almost certainly isostruc-

tural with senaite and crichtonite. Although a struc-
ture analysis has not been reported, it has a very

similar powder pattern to that for senaite (Rouse and
Peacor, 1968), and single-crystal patterns display the
same symmetry, space-group requirements and lat-
tice parameters (Pabst, 1961). The natural mineral is
metamict but may be recrystall ized by heating in air
at temperatures above 700"C (Pabst, 1961). The pub-
lished crystallographic data for davidite thus would

apply to material in which all iron was in the ferric
state. Pabst (1961) has reported full chemical analy-
ses for davidites from three different countries. The
averaged unit-cell formula obtained from these data
is  (RE,U)r .ur(T i ,V,Cr,Mg,Fe,Al) ' ' . ru  O* oo,  wi th i ron

in both ferrous and ferric states. For the recon-
stituted mineral containing only ferric iron, the
formula becomes (RE,U)r.51(Ti,V,Cr,Mg,Fe,Al)rr.ru
Oy uu, or expressed in terms of 38 oxygens

(Pb,RE,U)1 urM,n urOrr. This differs from the general

formula for senaite and crichtonite in having more

than one atom per unit cell of large cations, in this

case predominantly rare earths and uranium, and at

the same time less rhan 2l small-cation sites' Rare

earths and uranium are considerably smaller than

Pb2+ and Sr'+, and it is l ikely that the extra 0.5 atoms

per unit cell occupy octahedral sites, particularly site

M(l). We are presently carrying out a single-crystal

structure analysis on a recrystall ized davidite which

should throw some light on these interesting features.

Structural relationships to other close-packed minerals

Crichtonite, senaite, and davidite are all found in

intimate intergrowth or otherwise close association
with i lmenite, and several researchers (Hussak and

Rei t inger ,  1903;  Shawe, 1953;  Pabst ,  1961) consid-

ered them to have structures closely related to that of

the latter. However, our structure analyses for both

senaite (Grey and Lloyd, 1976) and crichtonite show
no obvious structural relationships with i lmenite. In

ilmenite the oxygens form a hexagonal close-packed
array, and two-thirds of the available octahedral sites

between pairs of close-packed anion layers are alter-

nately occupied by all t i tanium or all iron atoms

respectively (Barth and Posnjak, 1934). Across the

anion layers iron-titanium octahedra share faces, and

within layers the metal octahedra articulate by edge-
sharing into the honeycomb pattern shown in Figure

5(a). By contrast, in crichtonite and senaite there is

no face-sharing of octahedra across close-packed lay-

ers and the articulation of octahedra within layers is
quite different from that in i lmenite. However, as

discussed above, reported analyses for senaite con-

taining only ferrous iron are consistent with a formu-

lation PbMraO36, cofltaining three more metal atoms

than found for senaite (Fe'*) and crichtonite. A very

reasonable structural model may be postulated for
senaite (Fd+) which does in this instance contain
elements of the i lmenite structure. The proposed

structure is shown in Figure 5(b). It is basically the
same as found for crichtonite, but has the three extra

metal atoms ordered into the h-M-h layer. This

structure is necessarily noncentric, space group R3.

The resulting honeycomb network of octahedra in
the h-M-h layer, and the sharing of octahedral faces

across the hexagonal anion layers is the same as in

i lmeni te [compare Fig.5(a) ] .  A lso,  as t i tan ium atoms

have been found to order into the c-M-h layers, and

the extra metals (Fe'+ and Mn'*) must order into

the h-M-h layers, then the face-sharing will be
between Fe/Mn and Ti pairs, as in i lmenite
(FeTiO3)-pyrophanite (MnTiOa) (Posnjak and Barth,

1934). It is tempting to suggest that the struc-
ture shown in Figure 5(b) is the original basic struc-
ture for senaite and related minerals, containing only
ferrous iron, AMzoO.r, and that the AMrrOrr struc-
tures are ordered intermediates derived from natural
oxidation and leaching of iron (and manganese), i.e.
analogous to the formation of the ordered inter-
mediate phase pseudoruti le, Fe|+Ti.O', in the natural
alteration of i lmenite, Fd+TiOs (Grey and Reid,

197  5  ) .
Rouse and Peacor (1968) predicted a close rela-



t ionship between the structures of senaite and magne-
toplumbi te,  PbFe,rO, ,  (Berry,  l95 l ) .  Cer ta in ly  the
latter mineral has the common feature of large
cations occupying anion sites in a close-packed anion
framework. However, the stacking sequence in mag-
netoplumbite is quite different (cchhh.. . .), and the
polyhedral articulations have no obvious relationship
to those in senaite and crichtonite. In particular, the
cubic close-packed layers in magnetoplumbite have
the spinel structure, while, between cubic and hex-
agonal layers, octahedra share faces. Also, the lead
atoms occupy sites in hexagonally stacked anion lay-
ers in magnetoplumbite.

Although the crichtonite, senaite, davidite minerals
appear to have no obvious gross structural relation-

o(: ; . ,c,o, . ' loo
Ooi - rOo( . :o

CRICHTONITE

Ftc.  6.  (a)  Basic structure bui ld ing uni t ,  for  (b)
(h-M-h layers)  and (c)  norbergi te

ships with other close-packed mineral structures, they
do have structural elements in common. In particu-
lar, the essential building unit in the h-M-h layers, a
pair of trigonal triads of edge-shared octahedra, is
also the essential structural element in the hex-
agonally close-packed humite mineral, norbergite
(Gibbs and Ribbe, 1969). In both cases the 6-octa-
hedra units l ink into infinite chains by further edge-
sharing, although the shared edges are different, as
shown in Figure 6. Whereas in norbergite the chains
are cross-linked by tetrahedra, in crichtonite the
chains l ink together by edge-sharing as shown in
Figure l .  A lso,  in  common wi th a large number of
close-packed sil icate and oxide minerals such as oli-
vines, pyroxenes, spinels and humites, the oxygen at
the intersection of the three shared octahedral edges
of each trigonal triad forms the vertex of an occupied
tetrahedral site (Fig. 4).

Across a hexagonal anion layer in crichtonite the
occupied octahedral sites are mutually exclusive, i.e.
the double layer of octahedra has stoichiom etry MO2
and forms the basis for yet another interesting hex-
agonal close-packed two-layer structure type, typical
examples of which are olivines (Birle el al., 1968) and
humites (Gibbs and Ribbe, 1969). In this hypothet-
ical structure, the anion site occupied by Sr in
crichtonite would contain oxygen, which would form
the vertex of a second occupied tetrahedral site per
unit cell, giving a formula M13rMt"rO26. In further
work on these structures we hope to synthesize such a
compound, and also are working on the structure
solution for davidite.
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