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CRYSTAL STRUCTURE OF A TRIOCTAHEDRAL N{ICA:
PHLOGOPITEl

Huco Srnrr.rFrNK,2 Shell Deaelopmenl Cornpany, Houston, Texas.

Assrnncr

The crystal structure of an iron-rich phlogopite has been refined by Fourier projections
and by a three-dimensional least-squares method. The structure is monoclinic, C2fm,
wi th uni t  cel l  d imensions a:5.36 i t ,  b:9.29 A,  c: l } .  l  A,  and B:19900. '  There are
two formula weights of composition (K6 eMn6 ) Mg:(SLFer)Oro(OH), in the unit cell. The
iron is located in the tetrahedral sites, and the tetrahedra are rotated 12o about a normal
to the base of the tetrahedron.'Ihe octahedral sites contain only magnesium, and the 120
rotation in the tetrahedral layer brings it into adjustment with the octahedral layer
above it.

INrnolucrroN

In addition to their occurrence in igneous and metamorphic rocks, the
members of the mica group of minerals are found widely disseminated in
sediments and are considered to be important precursors of clay min-
erals. The hydrothermal stabil ity range of the micas has been exten-
sively investigated by Yoder and Eugster (1954, 1955), and the poly-
morphism existing among these minerals has been the subject of re-
search by many investigators (Hendricks 1939; Levinson and Heinrich,
1954; Levinson, 1953; Smith and Yoder, 1956). The very extensive in-
vestigation on mica polymorphism by Smith and Yoder (1956) points
out the pressing need for accurate determinations of atomic coor-
dinates, " . . in order that the structural controls (responsible for the
polymorphism) can be more fully evaluated. From these determinations
it should be possible to determine why muscovite adopts the 2M struc-
ture, and phlogopite and biotite tend to adopt the 1M structure." Again
these authors point out that "detailed study of the ionic distribution in
the mica structures is needed in order that accurate estimates of the
structural forces can be made.tt

The recent determination of the crystal structure of muscovite
(Radoslovich, 1960) supplied data towards the solution of some of these
problems, and this investigation is similarly aimed towards a better
understanding of the trioctahedral mica crystall izations.

DnrnnlrlNetroN oF ruB SrnucrunB

The specimen selected for investigation was obtained through the
courtesy of Professor E. Wm. Heinrich of the University of }l l ichigan

I Publication No. 283, Shell Development Company, Exploration and Production Re-
search Division.

2 Department of Chemical Engineering, University of Texas, Austin, Texas.

886



PHLOGOPITE STRUCTURD 887

and was described by him in "studies in the Natural History of \{icas,"
(1953) under number 1076 in the chapter on phlogopite. It is identical
with a sample of manganophillite described by Jakob (1925), and his

chemical analysis of this specimen is shown in Table 1.
This specimen was chosen for this investigation because of the high

iron content, the absence of aluminum, and the presence of manganese
in order to determine whether these ions are located in the octahedral or
tetrahedral interstices of the sil icate layer or whether they are also partly

T,teln 1. Cnrurcl.l Arer,vsrs or No. 1076 Prrlocoptrr

SiOz
Tio:
AlzOs
F-esOa
FeO
MnzOr

39.3770
0
0

16.94
0
0

MnO
Mgo
CaO
NazO
KgO

HrO(+150'C.)
HrO(-150" C.)

4.5270
26 .79
0
0.49
8 .67
3 . 3 2
0

in exchangeable positions. The chemical formula calculated from the

analysis of Table 1 places the iron in the tetrahedral sites and requires

that some manganese be between the sil icate sheets together with potas-

sium. The analysis actually affords slightly more than 16 cations per 24

oxygen units so that some manganese must presumably be with the
Fe3+ in tetrahedral positions. Idealized a formula may be quoted as
(Ko.gMno.r) Mg:Sir(Fe, Mn)r Oro(OH)2. That the chemical analysis does
not simultaneously afford both 16 cations and 24 oxygen atoms per cell

indicates that some doubt exists as to the oxidation state of the man-
ganese, but the allocation of approximately one heavy scatterer to a

tetrahedral site cannot be questioned. If order on a unit cell scale exists

among the tetrahedral ions in this crystal, it is clearly subject to dem-

onstration by r-ray diffraction analysis. The reported density of 2.953
g/cc (Jakob, 1925) agrees with the value 2.95 g/cc obtained in this

laboratory, and the calculated formula weight of 453.5 checks well with

the weight of 448 calculated from the chemical analysis and based on

22 negative charges due to Oro(OH)2.
Three-dimensional r-ray diffraction data from a single crystal flake

shaped like a very flat cylinder of 0.2 mm radius and 0.03 mm height were

collected with both Weissenberg and precession cameras by using Cu Ka

and Mo Ka radiation, respectively. Of the 629 independent reflections

within the copper sphere, 392 were observed. No corrections for absorp-

tion were made on the data. The unit cell dimenions are o:5.36+0.01 A'

b :9 .29+0 .02  A ,  c :10 .41+0 .02  A ,  and  0 :100o0 ' *10 ' .  The re  a re  two
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formula weights of the ideal composition in the unit cell. The diffraction
symbol is 2/mC, so that the space groups C2, Cm, andC2/m had to be
considered in the solution of the structure.

The chemical analysis indicated that all of the iron was located in
the tetrahedral interstices, but in order to rule out iron in octahedral
sites 001 structure factors were computed with iron located in the
octahedral and tetrahedral positions, respectively. The discrepancy
coefficient

R : I i  I  r . l  - l  r" l  r
I l  r ' l

for the first case was 22 per cent and dropped to 16 per cent for the
second alternative. Thus, the diffraction intensities confirmed the place-
ment of the iron atoms indicated by the chemical analysis.

The space group of the single-layer structure of mica was given as
Cm by Hendricks and Jefierson (1939), and Pabst (1955) showed that
a very slight adjustment of the r parameters of some of the atoms, to-
gether with a new choice of origin, wil l bring all atomic parameters into a
centro-symmetric space group C2/ m. The correct choice of space group in
these silicate minerals is complicated by the pseudohexagonal character
of the structures, so that the statistical tests usually indicateonly a hyper-
symmetric intensity distribution (Rogers and Wilson, 1953). It was there-
fore decided to init iate the structural investigation by deliberately choos-
ing a noncentrosymmetric origin for the computationof phases andletting
the successive electron-density maps show whether a centrosymmetric
structure is justif ied. This mineral represents a particularly favorable
case in which ordering in tetrahedral sites should be detectable from the
structural analysis. In the case of aluminum substitution ordering mani-
fests itself only by the increase in bond distance over the usual value of
about 1.62A,if si l icon is the occupant. In this instance theheavyscatterer,
Fe3+, would show up unambiguously on the electron density maps.
Furthermore, ordering of this ion would preclude the possibil i ty of a
centro-symmetric space group.

The init ial (001) electron-density projections showed that the oxygen
atoms of the structure were moving towards locations in the r, I plane
which were related by a center of symmetry, although the positions were
slightly rotated from the ideal centric structure, and electron-density
difierence maps confirmed the correctness of these new positions. The
agreement between calculated and observed intensities showed a striking
improvement with the assumption of tn'e new centric coordinates; thus,
the space group C2/m was considered correct, and refinement of the
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structure was continued in that space group. The r and 1' parameters
were refined by the usual projection methods and difference maps, and the
z parameters were obtained from successive (100) projections. The final
(001) and (100) electron-density maps are shown in Figs. 1a and 1b.

Tnnnn-orlmNSroNAL LBesr-Seuanos Rruuol,tBNr

The coordinates obtained from the two-dimensional projections were
used as starting values in a least-squares program. The program used

evaluates first one temperature factor, A, parallel to the uniqueD-axis and
then another temperature factor, B, in the plane perpendicular to the
unique axis independent of the spatial coordinates of the atoms. Although
the assumption that the vibrational modes of an atom can be described by

M9 500
/  t l z

L
Frc. 1a. (001) Electron-density projection of

about 4e A-2 beginning at 8e A-2. The crosses mark

numbers indicate the z coordinates.

phlogopite. Contours in intervals of

the final location of the atoms, and the
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Frc. 1b. (100) Electron-density projection of phlogopite. Contours in intervals of

2e A-2 beginning at 6e A-2. The dashed contours are in 4e A-1 intervals. 
'fhe final coordi-

nates are marked by crosses.

7a$
g\.-'';,1i
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Tasln 2. Frnar, Coonlrnarns
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Atom
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.5000
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.1679
.1679
.2229
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0
0
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2 . 9 1
1 1 6
r 1 6
2 . 1 6
1 .84
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3 . 6 2
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K
Mgt
Mg,
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Feo ru
Or
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Oz
OH

0
0
0

. . ) / o o
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.6273

.4963

.1354

0
.5000
.5000
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.2261
.1692
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.1700
.3955

2 . 2 2
1 3 9
1 3 9
2 . 4 2
z  t J

2 . 7 9
2 . 7 9
2 7 9
2 7 9

.005

. 0 1 5

. 0 1 5

.o22

.022

.005

.015

.015

.023

.023

an ellipsoid of revolution which is oriented along a unique crystallographic
direction is forced, it is to be preferred over the assumption of an identical
isotropic temperature factor for all atoms of the structure. After three
iterations of the temperature Ieast-squares program, the anisotropic tem-
perature factors and the coordinates obtained from the electron-density
projections were used in a least-squares program for the correction of the
atomic coordinates. Four iterations were carried out, and when the cor-
rections became smaller than the standard deviations, the refinement was
terminated. TabIe 2lists the final coordinates, together with their stand-
ard deviations and temperature factors. The discrepancy coefficient R for
the 392 observed independent reflections was 0.131. Table 4 l ists the ob-
served and calculated structure factors.

Drscussrolr oF SrRUcruRE

The interatomic distances found in this structure are summarized in
'fable 3. The mean-value (Si,Fe)-O distance is 1.681 A with a standard
deviation of 0.02 A. S-it it (1954) has called attention to the lengthening
of the Si-O bond when AI substitutes for Si, and, if a lengthening of the
bond also occurs when Fe substitutes and it is assumed that the tetra-
hedral Fe-O distance is approximately 1.9 A, then a 1.68-A distance
would correspond to approximately a 27 -per cent Fe substitution, which
is in good agreement with the 25-per cent substitution found analytically.
The two crystallographically independent Si-O-Si angles in the Si-O net
shown in Figure 2 are 134o. The mean value of the O-O lengths of the
edges of  the tet rahedron is  2.745 A,  wi th a standard deviat ion of  0.03A.

The potassium ion has six near neighbors at a distance of 2.95 A. A
triad of oxygen ions from the Iower oxygen surface together with the

009

.005

.0r7

.016
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Tau.r 3. Inrrnetourc Drsr,tNcns
onO.02 A

(Si, Fe)-Or
(Si, Fe)-O1
(Si, Fe)-O:
/Si  I 'a)-O"

K O r
K-O,'
K-Oz
K-Oz'

.673

.676

.694

3 -1+r
2 . 9 5 4
2 929
3 . 4 7 5

Mg1-OH
Mgr-o:

Mgr-oH
Mgz-Or

t . 975
2 tlg

2 .W4
2.097

!

t

centrosymmetrically related triad of oxygens of the upper oxygen surface

form an octahedral configuration around the central K+. Six additional

oxygen ion-triads within the oxygen surfaces above and below the K+-

are at a distance of 3.45 A. Thut the potassium apPears to be in 6 fold

coordination and the bonding to the other six oxygen ions to complete

the 12 fold coordination is very weak. The situation in this specimen of

phlogopite is similar to that reported in muscovite (Radoslovich, 1960).

Figure 2 shows the projection on the *, y plar'e of a silicon ion sur-

rounded by its three basal oxygen atoms in the locations determined in

b ->-

Frc. 2. Si-O net showing the distorted oxygen hexagon (heavy lines) and the rotation

of the tetrahedra. The full circles are the locations of si, and the open circles are oxygens.
'fhe 

circles formed by the dashed lines show the oxygen locations of the "ideal" struc-

tures as given by Hendricks (1939) and as modified by Pabst (1955).
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Taer,r 4. Tsnra-DrupNstoxal Srnuctunn Fecrons
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this study and also in the positions given by Hendricks (1939) and as
modified by Pabst (1955), which can be designated as the "ideal" mica
structure. The sil icon has remained essentially in its "ideal" location, but
the tetrahedron has been rotated approximately 12o about an axis normal
to the plane of the basal oxygens, passing through the sil icon. The ob-
served (Si,Fe)-O distance of 1.68 A in the tetrahedral layer corresponds to
a calculated 6-axis of 9.5 A and the angle by which the tetrahedra must be
rotated to reduce 6 to the observed value of 9.29 his 12", in excellent
agreement with the angle of rotation observed in the structure. The rota-
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t ion of the SiOr tetrahedron found in the amesite structure (Steinfink and
Brunton, 1955) is approximately 1l|", the same as in this structure. Al-
though the two structures are different, one f.nds that in each a tetra-
hedral layer must articulate with an octahedral brucite type layer, and
this is achieved by the rotation of the SiOa tetrahedra.

The similar structural distortions observed in phlogopite and in musco-
vite indicate that the production of polytypes is not exclusively controlled
by the distortions existing within the tetrahedral layer. The suggestion
advanced by Bradley (1957) that ordering of Al and Si in tetrahedral sites
may be the determining factor in the crystallization of the dioctahedral
micas seems to be supported by the results of the investigations on musco-
vite and phlogopite. The randomness existing within the tetrahedral
layer of phlogopite implies low structural control. It would be desirable to
check this point further by additional structural investigations of biotites.
Ordering of the tetrahedral ions in the 1M type would manifest itself by
the appearance of lower symmetry and in such specimens one polytype
should be overwhelmingly predominant.
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