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ABSTRACT

Senaite has space group R3 or RB with o:10.42 A and c:20.86 A Analysis of the

implication function 1r(rl'0) together with chemical analyses shows that it has the probable

formula Pb(Ti, Fe, Mn, Mg)*Or* wit]n Z:3 for the hexagonal cell. The structureis based

on oxygen closest-packing with, by analogy to the magnetoplumbite structure, Pb in the

anion fiamework. Davidite, which has a unit cell of the same dimensions as that of senaite,

has the probable primitive unit cell contents (Ti, Fe, . . .)zrOar'

INrnooucrroN

An investigation of the mineral senaite has been undeltaken as a part

of a general .tnay of the nature of polytypism in complex oxides' Of

particular interest are the relationships among senaite, the chemically

i i- i lur species davidite, magnetoplumbite, plumboferrite, and the syn-

thetic hexagonal f errites.
senaite was first described by Hussak and Prior (1898) as a black sub-

metallic mineral occurring as grains and rough crystals in the diamond-

bearing sands at Dattas, Curralinho, and other localit ies near Diaman-

tina, Minas Gerais, Brazil. Chemical analysis indicated that it had the

formula (Fe,Pb)O'2(Ti,Mn)Or' suggesting an analogy to-the i lmenite

group. The crystal symmetry was found to be that of class 3, while inter-

iaciJ ungles are similar to those of mohsite, a variety of ilmenite' Twin-

ning on U 120l , as determined from morphological data, was f ound to be

.o-*o.r. The crystals had a tabular or acute rhombohedral habit, the

Iatter being unusual for i lmenite.
Hussak and Reitinger (1903) published additional information on the

morphology and composition of large rough crystals. Chemical analyses

on fiesh crystals indicated the formula to be (Fe,Mn,Pb,Mg)O 'TiOz and

senaite was therefore assumed to be isomorphous with ilmenite. A com-

plete correspondence was found with the morphology of crichtonite, a

,upposed ,rariety of i lmenite. Bannister, Claringbull, and Hey (1954)

have described crichtonite as an independent rhombohedral species with

cell parameters o-37 A and c-21 L. Freise (i930) published a chemical

analysis of senaite from a diamond-bearing conglomerate near Diaman-

tina.

1 Contribution No. 279, The Mineralogical Laboratory, Department of Geology and

Mineralogy, The University of Michigan'
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rn the course of our investigation of polytypic relations among some
complex oxides, we noted a correspondence in chemistry between senaite
and the related closet-packed hexagonal mineral magnetoplumbite. since
magnetoplumbite is not isostructural with i lmenite, and since the data
suggesting that senaite is isostructural with i lmenite were inconclusive,
we suspected that senaite should be an independent species unrelated to
ilmenite. we therefore undertook an investigation of senaite in order to
define its relations with respect to chemically related phases.

UNrr CBrr. aNo SpacB Gnoup

the unit cell indexed on hexagonal axes are a:10.42 +0.05 A and c:
20.86 + 0.1 A. For the rhombohedral cell a,:9.19 A and a:69"02,.
similar results were obtained from a crystal from Santa euiteria, Brazil
(Swedish Museum of Natural History #511095).

ANroN PacrrNc RBrerrons

The cell parameter o equals 5.S8 A for the hexagonal, chemically re_
lated mineral magnetoplumbite. Mangetoplumtite lennerzOrg) has a
structure based on oxygen closest-packing with the value of o corre-
sponding to twice the oxygen separation within a closest-packed layer.
Since the value of o of senaite is nearly twice the value of o for magneto-
plumbite, it was initially assumed that this parameter corresponded to
four times the oxygen interatomic distance.

In the course of an investigation of the crystal structure relations of
senaite, the implication function I3(ry0) was obtained from the patterson
function P(uv\). This function for space groups RJ and R3 has peaks
directly corresponding to those of the electron density projection p(*,1)
(Buerger, 1959). Figure 1is a representation of this function with all
large peaks shown as circles with radii proportional to their heights, and
av a.'d @2 corr€sponding to the senaite cell edges. Evidently the.e is a
pronounced hexagonal subcell with parameters Ar: jz:2.gg A. f]te
complete transformation is:
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Frc. 1. Representation of the implication function 1s(ry0) with circle radii.approxi-

mately proporiional to peak heights. ;1 and a2 are the senaite cell translations while ,4 r and

r4 e are closest-packing subcell translations.

A r : 4 / I 3 a t l l / I 3 a z

A z :  - l / l 3 a t l 3 / l 3 a z

C : l c

(1 )

If the space group is R3 and

the c-axis, the transformation

/ t -

A -^ 2 -

the crystal is viewed from the other end of

i s :

3/ l3ar  -  I / l3az

l / l 3a r f  4 / l 3az  Q)

l c

If the space group is R3, the two transformations apply to the two en-

antiomorphs, respectively. In both cases subcell and supercell dimensions

are related by a: AJ1'3.
The value of the substructure translation in senaite corresponds closely

to the oxygen separation of magnetoplumbite' Therefore, senaite is

shown to have a structure based, on closest-packing, but with an unusual

cell translation with respect to it. The substructure is also evident in the

zero Ievel c-axis precession photograph which is reproduced in Figure 2'

CHnurcer- CouposrrroN

Table 1 contains four chemical analyses of senaite' Analysis 1 by

Hussak and Prior (1398) was determined on material having a specific

gravity of 4.78. It shows both ferrous and ferric iron, but Hussak and



872 ROLAND C. ROUSE AND DONALD R. PEACOR

Teer,e 1. Cnnlrlcer, Ar.rer,vsos ol Srnarrn

TiOz
Fe:Oe
FeO

Pbo
MnO
Meo
SnOz
ZrO,

Total
Sp Gr.

57 2r
20.22
4 . t 4

1 0 . 5 1
7 .00
0 . 4 9
0 . 1 1

99.68
4 . 7 8

5 2 . t |

26 97
10 .86
10.42
o . 3 2

100 68
5.204

50.32

21 .99
9 . 6 2

1 7 . 5 8

0 . 8 4

100 3s
5 . 2 0 4

49.9r

25 .44
12.01
1 1  8 8

0 6 8

*-:,

' Sp Gr 5.204 assumed
1. Dattas, Brazil Hussak and prior (1898).
2. Dattas, Brazil. Average of two analyses. Hussak and Reitinger (1903).
3. curralinho, Brazil. Average of two analyses. Hussak and Reitinger (1903).
4. Diamantina, Braztl. Freise (1930).

Reitinger (1903) suggest that this results from contamination of the
sample by alteration products, especially l imonite. Analyses 2 and 3 were
performed on fresh crystals of specific gravity 5.204 and show the pres-
ence of only ferrous iron.

rn Table 2 are l isted the calculated primitive unit cell contents for each
of the above analyses. The number of oxygen atoms is evidently 3g or 39.
The implication function of Figure l, Ir(ry}), shows that there are 13
ions in one Iayer of the closest-packed atom framework. since the value of
c (20.86 A) corresponds to 9 times the interlayer separation of closest-

tout" 2."*rrttttr 
"*orr"

Ti
Fe3

Fe2

Pb
Mn
Mg
Sn
Zr

13 .48
4 . 7 6
1 .08
0.  89
1 . 8 6
0 . 2 3
0 . 0 1

I J . J /

7 .69
1 .00
3  . 0 1
0 .  1 6

t 2 . 9 0

6 . 2 7
0.  88
5 .08

0 .  1 4

1 2 . 8 0

7  . 2 6
1 . 1 0
3 . 4 3

0 .  1 1

)cations
)cations-Pb
>o

Z Z . J L

21 .42
3 8 . 1 8

25 .23
24 .23
38 .60

25 .27
24.39
38  .31

2 4 . 7 0
23 60
3 7  . 6 1
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packed oxygen ions (-2.3 A;, the.e must be 9 X 13 atoms in the frame-

work per hexagonal cell, or 39 per primitive cell'

In magnetoplumbite (PbFe'zOrJ the Pb atom is included in the clos-

est-packed framework. The Iarge size of the Pb atom precludes the possi-

biliiy of it occupying a void in the closest-packed framework without

significant distortion. Since no distortion is indicated by the cell param-

eters and symmetry, all evidence indicates that Pb must occupy the

framework in senaite. The calculated unit cell contents indicate the

presence of about 24 iron, titanium, manganese' etc', aloms' The sug-

gested formula of senaite is therefore Pb(Ti,Fe,Mn,Mg)22O33, with Z:I

in the primitive cell.

PnocnBss oN ANALYSTs oF TIIE Cnvsrar' SrnucrunB

The structure of senaite has been shown to be based upon a closest-

packed. anion framework with cations occupying octahedrally a,ndf or

ietrahedrally coordinated interstices, except that Pb occupies the frame-

work. The only stacking sequence consistent with a rhombohedral lattice

and a 3-layer repeat u.rit is (2) (1); this fixes the p_ositions of all anion sites

relative to one another. If the space group is R3, the anion coordinates

may be readily derived, since the symmetry elements of the anion frame-

work have a unique seti ing with respect to the symmetry elements of R3.

The three Pb atoms per hexagonal cell can occupy equipoint 3o al (0'0'0)

or 3b at (0,0,1/2). Since the latter is an octahedral void, Pb can only l ie on

the anion site at the origin.
At the beginning of the structure analysis the space group was as-

sumed to be R3, since the closest-packed anion framework is at least

pseudo-centrosymmetric and a test for pyroelectricity was 
,negative'

Three-dimensional intensity data were gathered on the single crystal

diffractometer and converted to I Flr,tr. These were used to compute the

Patterson function P(uaw) and electron density syntheses p(ryz)' Mini-

mum functions M2Qcyz), derived ftom P(uaw), and difference Fouriers

were also calculated.. InterpretatiQn of these functions failed to produce

an entirely satisfactory model of the structure, however. The best model

gave an R factor oI 2t.6 percent, after least squares refinement of atomic

f,arameters. In view of this result, it seems probable that the structure is

noncentrosymmetric. Even if this is true, however, it is still quite possible

that the structure is nearly centrosymmetric and that the trial model is

essentially correct.

RornrroNsnrP ol SENATTE To DAvrDrrE

Pabst (1961) showed that davidite has space group R3 or R3 with o:

10.3? A and c':20.87 f\. These values of o and t are equal to those of
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senaite within experimental error. In addition, pabst published a zero
level precession photograph of a twinned, reconstituted metamict crystal.
with the exception of reflections due to twinning, this photograph is
nearly identical to the corresponding one of senaite, reproduced in Figure
2. As wil l be shown later, the powder patterns of these two phases are also
similar. Thus, these two phases must be closely related structurally.

Table 3 contains a calculation of the primitive unit cell contents of
davidite after Pabst. A compositional similarity between senaite and
davidite is immediately evident. The principal differences of davidite cell

Frc. 2. zero level, c-axis, MoKo precession photograph of senaite from Dattas, Brazil.

contents from those of senaite are: (1) theabsence of lead, (2) thepres_
ence of uranium and rare earths and (3) the presence of iron in both
oxidation states. The formula suggested by pabst is yoZrsOso.

The totals of framework atoms and cations in the davidite formula are
both three less than in those of senaite, for equivalent structural units.
By analogy to senaite, davidite must have either 39 anions per primitive
cell (formula YoZrsOas?) or have a closest-packed structure with arrion
vacancies. Although apparently not isostructural, senaite and davidite
are at least structurally closely related and based on the same closest-
packed sequence.

.  . }Lr t  
repor ted david i te  twinning on {5270},  wi th [5270] ,  {1341},  and

1j132l} sets of reciprocal lattice points common to all twin members. and



SENAITE, MAGNETO-PLUMBITE AND DAVIDITE 875

the strongest on each level. He noted that, "The simplest indices that can

be  ass igned  to  t hese  se ts  o f  po in t s  a re  {1120 } ,  { 1011 }  and  f0112 } ,  co r re -

sponding to an hexagonal cell with o:2.878 and c:20.87 A." The latter

cell is the subcell previously defined for senaite. Although twinning

seemingly occurs on the high index plane (5270), it occurs on the low in-

dex equivalent subcell plane (1120) (by transformation (2)) and thus on a

pseudosymmetry element of the substructure. The single-crystal photo-

graphs of senaite from Dattas showed no indication of twinning. Photo-

graphs of the Santa Quiteria material did have weak extra reflections as a

result of twinning on (2570), however. By transformation (1) this is

TAsr,B 3. Cnr-r, CoNraNrs ol Devrorrn ltou Prue CouNrv, AnrzoN.l. Pelst (1961)

A1
Si

0 .  1 3

T i  1 1 . 9 5
v  0 . 0 6

Mg
0.09 Ca

Mn
Fe2

0 .33

0 .05
1 . 8 0
0 .0s

0 .08
0 .99
0.03
0 .24
0 . 0 1
0 .03

3 . 6 1
20.32
35.M

" Rare earths treated as Ce:Or.

equivalent to (1120), further substantiating the relationship with david-

ite.
The crystal chemical relationships of davidite have been further in-

vestigated by Contag and Strunz (1961) and Contag (1962). They de-

scribe oriented intergrowths of rutile and davidite in whicL [100] of

rutile parallels [0001] of davidite and [001] of rutile parallels [4130] (sub-

cell [1000]) of davidite. The formula Lao.b(U,Ce)r.o(Fe+2,Fe+')n.r(Ti,
Fe+3)rrOso is derived. The structure is recognized as being based on

oxygen closest-packing with three (U,Ce) atoms situated on anion sites in

the framework. It is evident that these Iarge cations play the same role

that lead does in the senaite structure. A close structural relationship

among davidite, crichtonite, mohsite, and senaite is suggested on the

basis of their chemical and morphological similarities.

C r  O . 2 l  S r
Fe8 4 .27  Pb

Zr
Ce"
Th
U
Na
K

>,,

0
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RorerroNsnrp ol SnNarrn ro Orurn Crososr-Pecrno MrNpner,s

Berry (1951) has determined the unit cell parameters of magneto-
plumbite as a:5.88 and c:23.02 A. It has the idealized formula
PbFerzOrs with Z:2 and space group Pfuf mmc. Beny reported the unit
cell contents Pbu(FersMnTAlTi)O38 for magnetoplumbite from the type
locality. Hibonite (Ca, Y . . .) (Al, Ti, Si, Mg),rOrn (Currien et al.,1956)
is isostructural with magnetoplumbite as are several synthetic com-
pounds such as BaFe12O1e. Plumboferrite has been assigned the formula
PbFe+Oz (Johansson, 1928). It is certainly closely related chemically to
magnetoplumbite, but its exact formula and crystal structure are uncer-
tain. A crystal chemical study of this mineral is now in progress.

It is clear that magnetoplumbite, senaite, plumboferrite, and davidite
form a related group of phases. All are complex multiple oxides of iron
andfor titanium with a small number of large metal cations. All are
based on oxygen closest-packing with the large cations occupying anion
sites in the framework. Thus, senaite provides the structural l ink between
the davidite and magnetoplumbite groups.

Several other minerals which are chemically unrelated to senaite but
which have similar unit cell geometry have recently been described.
Benstonite (Lippmann, 1962a) has the formula CazBao(COa)rs. It has a
superstructure-substructure relationship to calcite which is exactly
analogous to that of senaite to an oxygen closest-packed framework. AI-
though the anion configuration of benstonite is not closest-packed, each
cation layer consists of a closest-packed array of 13 atoms. The super-
structure is caused by cation ordering within cation layers. Benstonite
has space group R3 or R3 and supercell dimensions a:18.28 and c:8.67
A. These are related to the subcell (calcite cell) dimensions ,4 and C by
a:  At /13 and c:C/2.

The relationship between benstonite and klockmannite has been de-
scribed by Lippmann (t962b) and Takeda and Donnay (1965). Klock-
mannite (CuSe) has the probable space group P6s/m and cell parameters
a:14.26 c:17.25 A. Itr structure is a derivative of the structure of
covell ite (cuS). rt has a substructure-superstructure relation identical to
that described for senaite and benstonite. Taylor and Underwood (1960)
suggest that the mineral is twinned on (1120), which is the substructure
twin plane of senaite and davidite.

This relationship between substructure and superstructure can be
interpreted as one of the simpler compound tessellations, as pointed out
by Takeda and Donnay (1965). The particular tessellation is of the type
13 ,6 |  [ n  {3 ,6 } ]  w i t h  (u ,  u ) : ( 1 ,4 )  and  n :13 ;n :u2 -ua lu2  and  i s  t he
multiplicity of the supercell with respect to the subcell. Ranganathan
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Tanr,r 4. Poworn PlrtnnNs or Snmerrr ,q.Nn D,lvtotru'

Davidite (Pabst 1961)

Ithil d..atc

10T1 8 .28

1232 3.2+
2M5 3.06\
3030 3.01J
1126 2.892

3033 2 .7 6r
1235 2 641

3145 2 .146

0445 1.984

1347 |.9t7

0  1  T . 1 1  1 . 3 5 6 \
235s 1.sssi
3148 1.806

4156 | .7 r+
1 . r . q . 1 1 1

\  r  < < ?
I  r - w J |

JUD) )

1 . 3 . 4 . 1 0 \  1  6 f i )
1s62 ) 

- ---

3366 1.ss4

6 .96  6  .86  18
5 . 1 8  5  2 1  1 5
4 . 1 6  4 .  1 8  2 4
3 . 7 9  3 . 8 1  7
3 . 4 0  3 . 4 2  7 2
3 . 3 5  3 . 3 6  8
3 2 2 8  3 2 r  2 0
3 057 3 065 50
2.99+ 3 000 4c
2.889 2 .895 100
2 .845 2 .850 60
2  7 4 8  2 . 7 5 5  2 2
2.633 2 .640 33
2.593 2 .595 18
2.473 2 .480 38
2.429 2 429 25

2 248 2.248
2.139 2 .139
2 068 2.072
2.033 2 .O29
1 . 9 7 7  t . 9 8 2
t .916 1 .9r9

1 .893 1 .897

| .847 1 .849
1 . 8 0 1  1 . 8 0 3
1 . 7 7 8  1 . 7 8 0
t . 7 3 9  1 . 7 4 r
| . 7 0 7  1 . 7 0 8

1 . 6 4 9  1 . 6 5 2
1 . 6 0 0  1 . 5 0 1

r . 5 7 2  1 . 5 7 2
1 . 5 4 8  1 . 5 4 8
1.509 1 .509

1.466 1 .467

1.438 r .439

3 . r . 4 . r 1
1565
3 . O . 8 . r 2

8 . 2 7

4 . t 7
3 . 7 8
3 . 4 3

3 . 2 5

3 . 0 4

2.894

z . l o 5

2.644

2.468

2.265

2.146

1 981

1.914

1.852

1.804

t . 7 1 3

1 . 6 5 6

1 .603

1  . 5 5 1

1 .508

000.3
Ir20
1123
0115
0224
2r3r
t232
2025
3030
1126
2r34
3033
1235
2240
134r
2243

r344
3145
r2B8
1 . 0 . 1 ' 1 0
0445
J ZD+

0 . 2 . 2 . r 0

2355
3148
2 . r . 3 . r o
000.12
4156

1 . t . 2 . 1 2
t . 3 . 4 - | C

4265
3366
3 . t . 4 - r r

3 . 2 - 5 . r O

5270

rt23
01 15
0224

A  1 1

3 . 7 9
3 . 4 1

25
20
90

5

20

100

1341
2243
3036
2028

r . s 1 1 l
1 . s 1 1 f
r . sOsJ

25
20

5

40

40

5

75

50
40
5
5

t2
25

10
38
l2

< 5
22

t2
40

< 5
10
15

u CuKe radiation, Ni filter. Camera diameter 114'59 mm.
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Ttern &-(continued)

Senaite Davidite (Pabst 1961)

hkil dcatc dot'e hhir d,."t" d"n=

2 . 2 . 4 . 1 2
s270
5273 \
2 . 0 . 2 . r 4 1
6066

t . r . 2 . 1 5

1 446\_ ' _ _ - t  
1  i A ,

1.1451

1 . 4 1 5  1 . 4 1 5

1 . 3 8 0  1 . 3 8 0

r . 3 M  r . s M
1 .305

1.248
1.2 t8
1  . 1 8 9
1  . 1 5 4
t . r27
1 . 1 0 4

1.4t9 8

1 .376  10
1 .360  5
r .346 8
| .302 6
| . 275  <5
t .246 5

10

10

2
L

2
2
2
2

10
10

(1966) treats such relationships for a cubic lattice using the concept of
coincidence-site lattices. Although the above minerals differ widely in
chemistry and crystal structure, they are all based on variations of the
same underlying theme of closest-packing.

SoNarrB Pownpn Perrnnx

Table 4 gives indexed powder data for senaite from Dattas and for
davidite (Pabst, 1961). Material for the senaite pattern was carefully
hand sorted from the specimen used as a source for single crystal ma-
terial. Interplanar spacings for senaite were calculated using an fBM
7090 program. All observed powder lines are accounted for by calculated
values. A comparison of the patterns of senaite and davidite shows that
there is nearly complete correspondence of observed interplanar spacings.
Although a rough correlation exists between the intensities, there are
marked differences for some reflections. This is not unexpected in view of
the chemical differences between the two minerals. Each spacing may be
represented by two indices corresponding to the different orientations of
the cell. To facilitate comparison with the pattern of davidite, the indices
chosen are those given by Pabst for corresponding spacings in davidite.
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