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dimer C of 1,3-dimethylthymine (Camerman, Weinblum
& Nyburg, 1969).

The authors are indebted to Dr D. Weinblum for
supplying the crystals, to Mr F. Leung, Mr K. Dich-
mann, and Mr I. Mellor for helpful discussions, and
to the Medical Research Council of Canada for finan-
cial support.
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The Structure of the Orthorhombic Amphibole Holmquistite

By E.J. W. WHITTAKER
Department of Geology and Mineralogy, Parks Road, Oxford, England

(Received 15 February 1968)

A two-dimensional refinement of the structure of holmquistite has shown segregation of the cations in
different sites. Iron is preferentially concentrated in the sites M1 and M3 which are internal to the
chains, and lithium in the essentially inter-chain site M4. It is concluded that aluminum is concentrated
in the site M2 which has both intra- and inter-chain coordinations.

1. Introduction

Holmquistite is a lithium aluminum amphibole whose
ideal formula can be written as

leAlz(Mg, FC):,Sistz(OH)z.

It was shown by Vogt, Bastiansen & Skancke
(1958) to be a member of the orthorhombic series of
amphiboles, and it was suggested by Whittaker (1960)
that this was associated with the small size of the
lithium ion. More recently, Ginsburg (1965) has also
found a monoclinic holmquistite.

The structure of orthorhombic holmquistite is of
interest for two reasons:

(i) Very little detailed information is available on the
structure of any orthorhombic amphibole. The structure

of anthophyllite was determined in principle by Warren
& Modell (1930), and further work was done on the
same mineral by Ito (1950), but no refinement of its
structure has been published. No structural study of
any other orthorhombic amphibole has been reported.

(i) In the monoclinic alkali amphiboles in which the
alkali ion is sodium, this ion is confined to a single
crystallographic site by its size. In magnesio-riebeckite
(Whittaker, 1949) and glaucophane IT (Ernst, 1963 ; Col-
ville, Ernst & Gilbert, 1966; Papike & Clark, 1968) the
trivalent ion [Fe!I and Al respectively] is also ordered
to a considerable extent, and its ordering may be re-
garded as consequential on the effect of the confine-
ment of the monovalent ion to a single neighbouring
site. In holmquistite the primary effect of size will not
lead to a marked ordering of the lithium into a partic-
ular site, and any ordering of the cations among the



E. J. W. WHITTAKER

four available sites will be of considerable interest,
as arising from other causes.

2. Material

The specimen studied was from the Benson Pegma-
tite Mine, Mtoko, Rhodesia, which has been described
and analysed by von Knorring & Hornung (1961).
Its formula calculated to 24(O,0OH,F) is Nag.03Ko.01
Cag.o3 Lij.70 Mgy.76 Fe}3, Fedts Mno.o3 Tio.02 Al Siq.g
Al 0,(0OH),.g6F0.0s03 6. Apparently single crystals
are easily isolated from the rather friable material, but
they tend to contain low-angle boundaries and give
multiple spots on high layer lines. It proved difficult to
choose sufficiently perfect crystals by the criterion of
uniformity of extinction in the polarizing microscope,
but the ninth crystal selected gave tolerably suitable
reflexions. It measured approximately 0-3 x 0-1 x0-015
mm, the major dimension being parallel to ¢ and the
minor dimension parallel to a.

3. Unit cell and space group

Approximate unit-cell dimensions, obtained from oscil-
lation and zero-layer Weissenberg photographs about
the ¢ axis, were: a=1829, b=17-67, c=528 A.
Systematic absences agree with the space group Pnma
assigned to anthophyllite by Warren & Modell (1930).
There is an additional non-space-group absence in that
hkO is present only for A+ 2k =4n (including A00 only
for h=4n). Warren & Modell reported 200 and 600 as
weak and 10,0,0 and 14,0,0 as absent, although it is
difficult to reconcile the presence of 200 and 600 with
the structure proposed by these authors. #00 reflexions
with 4 #4n could occur only if the two silicate double
chains in each talc-like strip of the amphibole struc-
ture were at different distances from the metal cations
sandwiched between them. Any such departure from
equality would be expected to be very small, and would
therefore lead to weak high-order reflexions of this
type, and absent low-order ones, rather than vice versa.
In the present work the complete absence of hkO for
h+2k£4n, up to at least 34 orders of & and k shows
that in holmquistite this non-space-group symmetry is
very precise. As a result, the projection down the ¢
axis has the two-dimensional space-group c¢m with an
a axis which is half of that of the three-dimensional
cell. This two-dimensional space-group is identical with
that of the ¢ axis projection of the monoclinic amphi-
boles.
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4. Two-dimensional refinement

The intensities of the #kO reflexions were measured
from a range of multiple film exposures on a Weissen-
berg goniometer using Cu Ko radiation, and again
using Mo Ku radiation. The absorption coefficients for
these radiations were 187 and 24-8 respectively. Ab-
sorption corrections were made on the KDF9 com-
puter by means of a program based on the method of
Busing & Levy (1957) and modified by T.Blundell. In
spite of the small size of the crystal, the absorption
corrections for Cu Ko radiation were large, and, in
view of uncertainties in the crystal dimensions and in
the adequacy of the program for such large corrections,
the corrected Cu Ka data were not considered very reli-
able. It was for this reason that the data were collected
again with Mo Ko radiation. However, as a check on
the reliability of the results, the structure was refined
independently from these two independent sets of data
by means of a least-squares program based on that of
Mills & Rollett (1961).

In view of the considerations in section 3, refinement
was carried out in the two-dimensional space-group
cm starting from estimated atomic positions based on
clino-amphibole structures. In the following discussion
the nomenclature of the sites follows that which is cus-
tomary for clino-amphiboles (see, for example, Fig.2
of Whittaker, 1960), not that introduced by Warren &
Modell (1930) for anthophyllite.

The main interest of the two-dimensional refinement
lies in the occupation of the cation sites M3, M1, M2
and M4 (listed in sequential order from the centres to
outer edges of the cation bands). It was obviously desir-
able to start from the assumption of completely ran-
dom occupation of the four sites by all the available
cations. Since it is not practicable to refine more than
one occupation parameter per site, such a situation
was simulated by assuming all sites to be occupied by
0-6 Li+0-4 Fe, which gives an atomic scattering factor
approximating to random occupancy by all the cations
in the formula. Refinement of a single occupation par-
emeter for each of the four sites (together with an over-
all temperature factor and the variable positional par-
ameters permitted by the two-dimensional space-group)
could then be expected to indicate any preferential oc-
cupation of a site in terms of relative average scattering
factors. The results from the first cycles of refinement
showed the scattering factor at M4 to be so small that
this site must be almost entirely occupied by Li. The
scattering factors at M1 and M3 were so large that

Table 1. Occupation of cation sites from least-squares refinement

Cu data Mo data
Ml Mgo-61F¢0-39 Mgo-seFeo-a4
M2 Alj.14Fe-0-14 Alr.o1Fe-o-01
M3 Mgo-¢sFeo 32 Mgo-49Fe0-51
M4 Lig-s0Mgo-15 Lig-94Mgo-01
A Cayg.08 Ca-g.03

AC25B-15

Interpretation
to accord with

ocu OMo formula

0-06 0-04 Mgo-52Feq 48

006 0-04 Alp-92Mgo-03

0-08 0-05 Mgp.46F€0.54

0-08 0-06 Lio-9oMgo-05sNag-03
0-06 0-02 (Ca, K)o-04
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these sites must contain most of the iron, while the
occupancy of M2 was compatible with Mg or Al (the
alternative of a mixture of Li and Fe at M2 being ruled
out by the limited amount of Li available for attribu-
tion to M4). Further refinement was then carried out
with Mg+Fe at M1 and M3, Al+Fe at M2 and
Li+Mg at M4. The initial ratios of these ions in these
sites were chosen to be in line both with the formula
and with the results of the first refinement based on
Li+ Fe only.

Because it seems improbable that the large cations
K, Na, and Ca could be accommodated in the M4
site of an orthorhombic amphibole, an open-ended pa-
rameter was introduced in one cycle of the refinement
to permit the placing of these ions at the vacant A site.
Refinement did not lead to a significant non-zero occu-
pancy for this site.

The process of refinement described above led to
R values of 0-198 and 0-165 for the Cu K« and MoKu
data respectively. Further refinement of positional and
independent isotropic temperature factors (holding oc-
cupancies constant) led to a further reduction of R to
0-085 for the Mo Kua data. This further refinement was
not carried out for the Cu K« data.

The final occupancies derived from the two sets of
data are shown in Table 1, and are mutually confirma-
tory, at least in general outline.

The positional parameters derived from the Cu K«
data were quite evidently less satisfactory than those
fromthe Mo K data. For example, the projected Sil-O1
and Si2-O2 distances were noticeably unequal.
These irregularities were not confirmed by the Mo Ka
data, and accordingly the atomic positions given in
Table 2 are those derived from the Mo Ku data only.

Table 2. Atomic positions
and isotropic temperature factors

xla ylb B
01 0-110 0-095 0-31
02 0-119 0-175 0-37
03 0115 0 0-88
04 0-122 0-249 0-36
05 0-143 0-364 0-49
06 0-156 0-382 0-32
o7 0-165 0-500 0-41
Sil 0-289 0-087 0-13
Si2 0-299 0-173 0-30
M1 0 0:091 0-37
M2 0 0-182 0-02
M3 o 0 016
M4 0 0-262 1-07

5. Discussion

The results of the refinements of the occupancies of
the cation sites, given in columns 2 and 3 of Table 1,
take no specific account of the numbers of atoms avail-
able as given by the formula. They were refined sub-
ject only to the condition that in M1, M2 and M 3, the
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Table 3. Observed and calculated structure factors
for planes hk0

o
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&
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The range of planes listed is extended to include the rather
large F, values for k in the region of 30, although this means
that a rather large number of reflexions within this range of
indices were unobserved. 63 planes with Fo=0 occur within
this range and are not listed. Two reflexions, 020 and 210, were
at too small an angle to be measured with Mo radiation and
are also omitted, although their approximate values are known
from the Cu data.

number of Fe atoms is 1 — x, where x is the number of
Mg atoms (or Al atoms as the case may be). Negative
numbers of Fe atoms in M2 merely imply scattering
power at that site lower than that of Al

The interpretation in the final column was obtained
as follows. The distribution of Al between octahedral
and tetrahedral sites, indicated in the formula given
in section 2, was derived in the usual way by allocating
sufficient Al to tetrahedral sites to make up 8 atoms of
Si+ Al For reasons discussed in the next paragraph,
the predominant cation at M2 is assumed to be Al,
although, of course, the diffraction results do not dis-
tinguish between Al and Mg. Therefore all the All6] in
the formula is put at M2. The total Fe content derived
from column 3 (1-39 allowing for multiplicity of sites)
is slightly less than the total Fe+ Ti+4 Mn in the formu-
la. The Fe (including Ti+Mn) in M1 and M3 has
therefore been scaled up to fit the formula, and suffi-
cient Mg put in these sites to fill them. The remaining
Mg is put at M2 and M4. All Li available is put at
M4 and the small amounts of Na, K and Ca, rather
arbitrarily and without good evidence, are divided be-
tween M4 and 4.

The attribution of all the Al to the M2 position in
Table 1 is not strictly demanded by the data, which
only indicates an avoidance of M2 by Fe, and would
be equally satisfied by occupation of that site by Mg.
However, the effects of radius, charge and polariza-
bility would all be more likely to lead to an association
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between Mg and Fe than between Al and Fe, since the
latter is predominantly Fe!l; and the fact that there is
evidence for occupation of M2 by the triply-charged
ion in riebeckite and glaucophane, when M4 is occu-
pied by a singly-charged ion, suggests that a similar
situation may be expected here in view of the prefer-
ential occupation of M4 by Li. The apparent total
avoidance of M2 by Fe is, however, difficult to under-
stand in view of the presence of Fe}3, in the formula.
It has been shown by Bancroft, Maddock, Burns &
Strens (1966) by means of infrared and Mdssbauer
spectra that in cummingtonite and anthophyllite Fell
goes into M4 and M2 (in that order of preference)
rather than into M 1 and M 3, on account of the greater
crystal field stabilization energies arising in the former,
less symmetrically coordinated, sites. The avoidance of
M4 and M2 by Fe in holmquistite shows that the or-
dering observed here must be due to energy differences
greater than those which would be involved in such
crystal field effects. That the difference does not arise
in any way from the presuppositions of the different
experimental methods has been shown by infrared ex-
amination of holmquistite by Strens (1966). This re-
vealed OH vibrationfrequencies appropriate to the occu-
pation of M1 and M 3 sites solely by Mg+ Fe. Were
Fe to be present in M2 or M4, the composition of the
mineral would require a corresponding introduction of
Al and Li into M1 and M3, and this would have led
to additional OH vibration frequencies. Strens did not
detect any difference in occupancy of the M1 and M3
sites, and this is in accordance with the fact that the
occupancies deduced for these sites in Table 1 do not
differ significantly from one another.

Since Li is undoubtedly small enough to fit the M1,
M2 and M 3 sites of amphibole, and since Mg and Fe
are known to be able to enter the M4 site in ortho-
rhombic amphiboles, it would seem that the preferen-
tial entry of Li into M4 must be an effect of electro-
static potential leading to a preference for a low posi-
tive charge at M4 combined with a high positive charge
at M2. The preference for a low charge at M4 may
perhaps be qualitatively correlated with the fact that
two of the six oxygen atoms which coordinate this site
are already attached to two silicon atoms each, and any
electrostatic bonds formed from them to A4 necessa-
rily contravene Pauling’s second rule. A more quanti-
tative theoretical investigation of electrostatic ordering
effects on cations in amphibole structures is in hand.

A C 25B - 15*%
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The relative positions of the atoms in the projection
are in accord with the now familiar details of clino-
amphibole structures, with the silicate band bending
about its mid-line away from the plane of the metal
ions. Calculated standard deviations for atomic posi-
tions are 0-02 A for oxygen, 0-01 A for silicon, M1
and M2, and 0-06 A for M4 (lithium). It is not worth
while seeking to interpret the positions in detail before
the completion of a three-dimensional refinement
which is in hand. It is, however, worth noting that
in spite of the large uncertainty in the y coordinate of
M 4 (arising from the low electron density associated
with it), this is very significantly smaller than the corres-
ponding coordinate in the calc-alkali clino-amphiboles
in which this site is occupied by Na or Ca. It is, how-
ever, very similar to the coordinate of M4 found by
Ghose (1961) and Fisher (196%) in cummingtonite.

The author is most grateful to Dr G.Hornung for
generously providing the specimen of holmquistite, and
to Mr T.Blundell for the computer program for ab-
sorption corrections.
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