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THE CRYSTAL STRUCTURE OF GRAFTONITE

C. Cervo, McMasler University, Harnilton, Ontario, Conad.a.

Aesrnlcr

The crystal structure of the mineral graftonite has been determined by single crystal
X-ray diftraction methods. Thelattice parameters for thecrystal examined areo:8.91(1) A,
b:11.58(1) L,  c:6.239(8) A,  p:Sg.S(t) '  and Z:4.  The space group is  P2r/c.The anions
are sljghtly irregular POr3- tetrahedra with individually averaged PO bond lengths of
1.55 A for both anion groups. Three cation polyhedra are found, and in two the cations
have five-fold coordination whiie for the third the coordinationnumber is seven. The Car+
is found to be preferentially dissolved in the latter site. The structure is composed of chains
of trigonal bipyramidal cation polyhedra running parallel to the c axis formed through
edge-sharing. The seven coordinated cations occur in edge-shaped pairs which are corner-
shared with similar groups to form sheets in the b-c plane while the remaining cation
polyhedra join these sheets with thechains. This sitehas four-fold coordination in CdZn:-
(POn)z which otherwise has esssentially the same structure as graftonite. The major
cationic species in graftonite are Fez+ and Mn2+ whose orthophosphates can be crystallized
rn'ith the graftonite structure.

INrnonucrroN

Graftonite is a phosphate mineral of wide occurrence whose composi-
tion can be expressed as (Fe, Mn, Ca, Mg)3 (POa), (Lindberg, 1950). The
cations have been ordered according to their relative abundance with the
Ca and particularly the Mg as minor constituents. This structure type is
also one which occurs in divalent orthophosphate mixed systems (Calvo
and Stephens, 1968). Graftonite has been found naturally intergrown
with sarcopside by Peacor and Garske (1964) and Hurlbut (1967) and
these authors cdncluded that these structures resulted from precipitation
from a common phase. Hurlbut reported the details of the crystallo-
graphic coherence in the intergrowth of the mixed system which in some
cases shows lamellae alternation of each phase. Thus these structures ap-
pear to grow from supersaturated conditions with the growth direction
parallel to the plane of the lamellae. Further, both investigations showed
extensive preferred solubility of Ca in graftonite and that Fe had a some-
what greater preference for the sarcopside phase and Mn the graftonite
phase.

The resolution of these characteristics of the system will probably re-
quire the resolution of the structures of the two precipitated phases and
the parent phase. Mrose and Appleman (1961) reported that structure of
sarcopside is closely related to that of lithiophilite, LiMnPO+, with the
cations in the former occupying the same position as they do in the latter
crystal. Since the cation to POas- ratio is 2:1in l ithiophil ite and 1.5:1in
sarcopside, there apparently is some cationic disorder. Unfortunately, a
full report of this work is not available.
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The results presented below will indicate that the large cation, Ca2+ in
this case, preferentially dissolves in the cation site having the highest
coordination number. Further, since Mq(POa), (Stephens 1967) and
Fe3(POa)2 both can be produced synthetically with the graftonite struc-
ture, it is apparent that the major stabilization of this structure results
from this site preference of Ca2+ and not the relative amounts of Mn2+
and Fez+.

Exprnrunurs

A crystal of graftonite was selected from a sample, said to be inter-
grown with triphylite, which originated from Grafton, New Hampshire
and was obtained through Ward's Nature Science Establishement. A
crystal with dimensions 0.08 mm X0.08 mm X0.15 mm was mounted
parallel to the long direction which coincided with the c axis of the unit
cell. Photographs containing reflections of the type hkl, hkl, and hk2
were taken with a Weissenberg camera using MoK" radiation. Precession
photographs of the { 2011, .100} and {010} zones were obtained using the
same radiation. Accurate-parameters were determined from films cali-
brated with reflections from a TiOz single crystal whose lattice param-
eters were taken to be o:4.5929(5)  A and r :2.9591(3)  A icro-et
and Herrington, 1955) and the B angle was taken from direct measure-
ments ol an h\l photograph. These parameters are Iisted in Table 1 along
with other pertinent crystal data. The reported space group, P2yfc,
(Lindberg, 1950) was confirmed.

The intensity of the reflections was estimated by visual comparison
and the results corrected for the effects of absorption in addition to
Lorentz and polarization factors. Trial parameters were obtained from
the structure resolution of a crystal having composition CdZnz(POq)z
whose powder pattern and lattice parameters closely resemble those of

Tenrn 1. Cnysr.q.r, Dern lon GrerroNrrr
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a:8 .91( t )  A
b : 1 1 . s 8 ( 1 )  A
c:6.239(8) A
F: e8.e(1)"
systematic extinctions, h\tr,tr-odd and 040, *:odd
space group P21/c
p meas.:3.775 (gm/cm)'p cal. :3.66 gm/cmS
adsorption coefi. 76 cm-l

number of observed reflections
number of reflections used

o J /
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" Value of Lindberg (1950).
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the mineral. Init ially, all the cations were assumed to be Fe2+. This trial

structure was refined by least-squares methods using a program written

by J. S. Stephens for an IBM 7040 computer. The effects of vibrational

disorders were accounted for by using individual isotropic thermal param-

eters, By. A large discrepancy was noted between the Bl values of the

three cations which indicated a preferred ordering of the cations among

the available sites. These available cation sites are: site I, showing seven-

fold coordination, site II and site III showing five-fold coordination. In

CdZnz(PO+)2, where site II shows four-fold coordination, Cd2+ has been
found to preferentially dissolve into site I (Calvo and Stephens, 1967)'

Since Ca2+ has the largest radii among the cations found in graf tonite, it

was assumed that it preferentially dissolved into site I. The composition
of the crystal graftonite was taken to be Fer sMno.sCal +PrOz which

corresponded to the results found by Hurlbut (1965) if one assumes the

small amount of Mgz+ to be Ca2+. These changes lead to a more uniform

Debye-Waller factor for the cations in addition to better agreement with

the measured data as determined by the lowered reliability index

R,:  [> l r , l  -  l r , l ] /> l r ' ,1 .
The atomic scattering factors for Fe2+, Ca'+, P and O- were obtained

from Vol. III of the International Tables.
The final stages of refinement were pursued with weights for the re-

flections assigned as zr 1:1.0+0.5 Fo*0.006F02. The coeffcients in this

function were determined so that 1uLF2 ) should be independent of the

magnitude of Fo. Unobserved reflections were given zero weight if their

calculated structure factor was less than the minimum observable value.

The final atomic parameters are l isted in Table 2 and the calculated and

observed structure factors are shown in Table 3.1 An anisotropic model

for the atomic motion was not considered since only a l imited amount of

data was taken up the c axis. This, together with the uncertainty concern-

ing the composition, would probably result in parameters devoid of di-
rect physical meaning. The final R value for all data is 0.115 and

>r l l  Fo l ' -  |
2 w l  F o l 2

is  0 .145.

I Deposited as Document No 9821 with the American Documentation Institute,

Library of congress. copies may be secured by citing the Document number, and remitting

$1.25 for photoprints or microfilm, in advance to the Chief. Photoduplication Service,

Library of Congress, Washington, D. C. 20540.
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Tl.I.tn 2. Arourc P,luuntnxs ron GnertoNtrr
(esd's are enclosed in parentheses)

/ 4 J

M ( 1 )
M(2)
M(3)
P(1)
o(1)
o(3)
o(s)
o(7)
P(2)
o(2)
o(4)
o(6)
o(8)

0.9472(4)
0 .7 144(4)
0 .3619(3)
0.09s9(s)
0.0826(16)
0.9390(16)
0 216s(1)
0.14s1(14)
0.601 1 (s)
0 .470s(1 7)
0.6888(1s)
0.7242(18)
0.  s3s7(1s)

0 1208(3)
0.07e0(3)
0 191s(2)
0. 1338(4)
0.0702(11)
0 .1915 (12 )
0.229e(r3)
0.0586(1 1)
0.0891(4)
0.r742(12)
0 . r27 r (11 )
0.090s(13)

-0.0368(12)

0 83ss(10) 1.00(7)
0.32ss(e) | .44(7)
o.r2es(7) 0. s8(6)
0.3es6(13) 0.22(7)
0.1787(3e)  0.98(26)
o .4237 (s8) 1 .02(,26)
0 .388e(3.5) | .32(28)
0.5961(34) 0.47(.23)
o 8024(12) 0.21(8)
0.824r(37)  1.10(26)
o.62ss(s5) o.63(23)
0.0070(3e) r.32(28)
0.7623(33) o.72(23)

O(R) are generated irom O(n) by inversion and O(n ) by the c glide plane operation.

DrscnrprroN oF STRUCTURE

The structure of graftonite consists of three different cation polyhedra
bonded through edge and corner sharing of oxygen atoms contributed by
the two PO+8- tetrahedral groups. These latter groups have average PO
bond lengths of 1.549 A for P(1) and for P(2) individually. The range of
these d is tances is  1.529 A to t .SS+ A around P(1)  and L524 h to 1.576 A
around P(2) and since the esd's on these distances are about 0.02 A,
these differences are probably not significant. The distribution of the
angles O-P-O about the P atoms range from 106o to 115o to 1030 and 112"
in the two tetrahedra but with the magnitude of the errors the deviation
of the tetrahedra from ideality is not significant. These angles and dis-
tances are recorded in Table 4.

The three cation sites, depicted in Figure 1, each show individual
polyhedral geometries. Site I shows seven-fold coordination with O(3')
and O(1) acting as the axial oxygen atoms of an irregular pentagonal
bipyramid. These axial bonds nearly parallel the b axis. The remaining
oxygen atoms, O( 1), O(3), O(4), O(6) and O(7) l ie roughly in a plane and in
a distorted pentagonal arrangement. The average bond distance of these
equitorial bond distances is 2.50 A and all these are significantly longer
than the ax ia l  bond lengths of  2.25 A and 2.23 A.  Rt t  t t re  Ca2+ has been
assumed to repose in this site.

The oxygen atom arrangement about cation sites II are nearly ar-
ranged in a square pyramid. The axial cation oxygen bond length involv-
ing O(7) is 2.04 A whereas the equitorial bonds range from 1.99 A to
n9 j\ with a mean of 2.16 f\. The base of the pyramid is in fact of dia-
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Tesr-r 4. Boxn DrsrlNcns nxo Axcr,ns rn Gr.trtoNrtr
(esd's are enclosed in parentheses)

Cation Groups
M(1) -O(1)

o(3)
o(4)
o(6)
o(?)
o(3")
o (1 ' )

M(2)-O(7)
-o(3)
o(4)
o(6)
o(8)

M(3)-O(s")
o(2")
o(8 ' )
o(s)
o(2)

Anion Groups
P(r)-O(1)

o(3)
o(s)
o(7)

p(2)-O(2)
o(4)
o(6)
o(8)

2.363(2D A
2.68? (24)
2 .47 3(r2)
2 .425 (2r)
2.  s84(9)
2 246(rs)
2.228(r3)

O(3) -M( t ) -O13" )
-o(1)
-o(1)
-o(7)
-o(4)
-o(6)

(o3) -M(1) -O(1)
-o(1)
-o(?)
_o(4)
-o(6)

o(8)-M(2)-o(7)
-o(6)
-o(4)

o(7)-M(2)-O(6)
-o(4)

o(s)-M(3)-o(2)
-o(s')
-o(8)
-ot2')

o(2)-M(3)-O(s)

o(1)_P(1)_o(3)
-o(s)
-o(7)

o(2)-P(2)-o(4)
-o(6)
_o(8)

2.040(13)
2 .388(14)
r.987 (22)
2.OO7 (2s)
2.264(14)

2 039(19)
2 113(12)
2 07s(14)
2.276(19)
2.268\t9)

1 .  s29(23) A
1 .  sE4(1s) A
I  ss3(14) A
1 .  s31 (1e) A
1 .  s48(1s) A
r.s24(21) A
1 .  s4e(2 1)  A
1  s76 ( r s )  A

86.7(7) '  O(1)-M(1)-O(1) 80.3(7) '
1s1.2(s)  -o(7)  e9.0(6)
106.2(7)  -o(4)  143.6(7)
s6.8(s)  -0(6)  84.4(7)
66.0(6)  o(1)-M(1)-O(7) 77.8(6)

124.3(6)  -o(4)  8s.0(s)
e2.8(7)  -0(6)  76.9(6)

164.2(8)  0(7)-M(1)-o(4)  111.2(6)
117.s(6)  -0(6)  1s3 4(s)
e2.2(s)  o(4)-M(1)-O(6) s8 7(7)
88.4(6)

1 1 s . 8 ( s ) '
8 8 . 1 ( 8 )
9 2  1 ( 7 )
99 .  8 (8)
e8 .6(7)

168.  1  (6 ) "
94 .O(7)

1 0 2 . 0 ( 7 )
7 3 . 0 ( 7 )
7  4 . 1 ( 7 )

1 1 1 . 0 ( 1 . 0 ) "
1 1 1  6 ( 1 . 1 )
1 0 9 . 7 ( . 8 )

O(4) -P(2) -O(6)  102.e(1 .0) '
- O ( 8 )  1 1 3 . 7 t 1 . 0 )

o(6) -P(2) -O(8)  10e.8(o .e)

o(6)-M(2)-o(4) 1se s(6)"
o(3)-M(2)-o(8)  1se.2(s)

-o(7)  84.6(s)
-0(6)  e3.1(7)
-o(4) 7e.6(7)

o(2)-M(3)-o(8) '  E8.s(7)"
-o(2') roe.2(7)

o(s,) -M(3)-o(8)  14s.3(7)
-o(2') 106. 1(6)

o(8)-M(3)-O(2',) 108.0(7)

110 6(1 0) '  o(3)-P(1)-O(s)  10e.1r0.8) '
106 .3 (1  r )  - o (7 )  107 .2 (1 .1 )
r1s 0(0.e)  o(s)-P(1)-o(7)  108 s (  e)

S T T E  I srTE I

S ITE I [

Frc. 1. Coordination of the cation sites in graftonite" The circles represent oxygen atoms,
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mond shape with the O(3)-O(8) length the longer diagonal while the
0(6)-O(4) length the shorter one. These lengths also mirror the cation
oxygen bond distances in that those to O(3) and O(8) are 239 A and
2.26 Along respectively and those to 0(6) and O(4) are 2.01 A and 1.99 A
long.

Site III has a trigonal bipyramidal environment of oxygen atoms. The
oxygen atoms in the plane O(5'), O(2') and O(8), average 2.0S A in their
cation oxygen bond. distance while the axial bond lengths are 2.27 A ior
O(5)  and 2.28 A for  O(2) .

The cations in site I edge share in pairs across a center of symmetry.
This edge is indicated by "u" in Figure 2 where a portion of the structure
is shown in projection down the D axis. Only one group in each pair is
shown however. These groups then corner-shared through O(3) with each
of four similar pairs that are related to the first pair by the c glide plane
operation. Sheets parallel to the b-c plane are generated from this group-
ing by the translational symmetry of the crystal. The cations in site III
share nonequitorial edges, called "c" in Figure 2, with neighbors related
by the c glide plane and thus result in chains of trigonal bypyramids
running parallel to the c axis. These chains do not share any oxygen

l / z . o

Frc. 2. Part of the structure of graftonite is shown projected onto the r, y plane. The

corners of the polyhedra represent oxygen atoms which surround the cations. The phos-

phorus atoms are represented by circles.

A
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atoms with cations of type I but share O(8) with cations of type II. These
in turn share the O(3)-O(4) edge with one of edge shared site I pair and
O(7) with the similar group but removed by one unit cell translation
along the c axis. The shared edge is designated by "b" in Figure 2. Fur-
ther bonding between these cation polyhedra is provided through the
POas- groups. The positions of the phosphorus atoms are shown as circles
in Figure 2.

DrscussroN

The most interesting features of this structure are the preferred solubil-
ity of cations with large radii in site 1 and the variable coordination
number of site 2. In each of the graftonite structures studied to date the
cation with the largest radii, Cd2+ in CdZn2(POE)2, and Ca2+ here, is
found in this site.

Teeln 5. Llrrrcr Paneurrnrs ol CoupouNos wrrn THE Gnerror,lrrr Srnucrune

o (i) b (A) , (A)

CdZnz(POr)z
Q,d2Zn(POe)z
graftonite

Mne(POr):
Fe3(POr,

s es2(6) e8.8(2)
6.1e0(8) 100.1(2)
6.2se(6) e8.e(1)
6.2s(s) e8.3(2)
6 . 2 5  9 9

e.0s2(4)
e .0s6(8)
8 .e1(1)
8 .80(1)
8 . 8

rr .4r7 (s)
11 .86 (1 )
11 .s81 (10 )
rr.4s(2)
1 1 . 5

The graftonite structure also seems to be found for the two pure end
members Mq(POa), and Fe3(POa)r. In Table 5 are l isted the lattice param-
eters for those systems showing the graftonite structure. The lattice
parameters of Mq(PO+)z w€r€ determined from a crystal prepared by
Stephens (1967) and those of Fea(PO+)z were derived from the powder
pattern reported by Korinth and Royen (1961). The latter pattern is
compared to that of Lindberg (1950) in Table 6. Single crystal photo-
graphs of the graftonite polymorph of Mq(PO+)z are very similar to those
of the mineral and thus its structure should be nearly the same. Un-
fortunately without detailed intensity measurements it can not be ascer-
tained whether site 2 has five-fold coordination as in the mineral and
CdZnz(PO+)z or four-fold coordination as in CdZn2(POa)2 or whether some
of the longer bonds found in the mineral about site 1 might be lost in
forming Mnr(PO+)r.

The results of the detailed crystal structure investigation of the two
Zn, Cd orthophosphate phases and the mineral make it appear that the
coordination number of site II can be changed homogeneously from four
to five by altering the chemical composition. In CdZnr(POr)z the coordi-
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Teele 6. A Colrplnrsoll or rnn Pownen Pa.rrenNs or GterroNrte aNl Fer(POr)z

Graf tonitea Fe3(POr)zb

1 A

6

90

2
1
o

1
1
1
4
1
2
10
1
7

4 . 3 r
3  . 6 1
3 .50
3 .36
J . I '

3 .08
3 . 0 2
2 . 9 5 6
2.902
2.860
2 .810
2 . 7 1 5

2 . 5 1 0
2.412
2 . 3 7 7
2 . 3 1 1

t4
6
46
6
J O

100
26
oo

10
24
6
t4
40
t4
18

4 277
3 .640
3.420

3  . 1 6 8
3 .070
3 . 0 1 8
2.947
2.g t0
2 838
2 . 7 8 9
2 727
2 . 7 0 5
2 654
2 . 6 2 7
2.512
2 . 4 1 9
2.346
2.295

1

2
I

'Data ol  L indberg (1950).
b Data of Korinth and Royen (1961).

nation number is 4 with the M(2)-O(3) distance in excess of 2.9 L whereas

in Cd2Zn(pOa)2 this distance is 2.6 A. Although this length is significantly

Iarger than the other bonds to this cation its change must be regarded as

significant. It should be noted that Zn2+ occupies this site in this phase

and further that there is a misibility gap between these two compositions'

In the mineral the fifth bond (M(2)-O(S)) is further shortened to 2.39 ir

which is now just barely significantly longer than the next longest bond.

Since the two major components of graftonite, Mq(PO+)z and Fea-

(POn)r, crystallize with this structure, the fact that the sarcopside struc-

ture forms at all is curious. Either Mn2+ or Fe3+ in the seven-fold coor-

dinated site would. be expected to be somewhat unstable so that the free

energy of this phase would be lowered by the addition of an ion of large

radii to this site. In lieu of this some other structure such as sarcopside

could be expected to be stable. If this were the case at some intermediate

composition it would be expected to hold a forti for pure Fe3(PO+)z' The

fact that it is not true suggests that perhaps Mg'* i* playing a crucial role

in the stabilization of the sarcopside structure. Since the detailed cation
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distribution in this structure is not known we can not speculate further on
this point.
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