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High temperature crystal chemistry of K and Na fluor-richterites
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Abstract

Crystal structure parameters have been determined for synthetic potassium richterite
K(NaCa)MgsSL"O22F2at24o,4(X)",600o, and 800'C, and synthetic sodium richterite Na(NaCa)
Mg5Si6O22F2 at24",400",600',800', and 900'C. Anisotropic refinements in space group
I2lm using I 150-1200 reflections resulted in R factors ranging from 0.034 to 0.063. The K
atom in the A site of potassium richterite was refined at all temperatures using a half atom
model with K randomly occupying two special positions (4i) within the (010) mirror plane.
The Na atom in the A site of sodium richterite was refined using a quarter atom model in
which Na randomly occupies four general positions (8.1) offboth the (010) mirror plane and
the twofold axis parallel to b.

As observed in other high-temperature studies of silicate minerals, the polyhedra in these
structures expand differentially. Over the temperature intervals studied, the tetrahedral
distances remain statistically identical, but all other mean polyhedral distances increase
significantly. Mean thermal expansion coefficients (MTEC) for mean bond lengths increase
as follows: Tl = T2 << M3 < Ml < M2 44 vIIt144 < xA (K richterite) and Tl : T2 << Ml <
M2 < M3 qq VIII144 < xA 1Na richterite). This differential polyhedral expansion is
accompanied by straightening of the tetrahedral chains and by increased displacement of
the double chains relative to each other. Expansion of three of the four M polyhedra in K
richterite is slightly greater than for Na richterite, and the MTEC of its unit cell volume is
larger (3.39 vs. 3.10/"C x l0-5).

The behavior of the richterite structures at elevated temperatures is generally similar to
that of tremolite. The MTEC's for structural and thermal parameters are often identical
within three standard deviations. The largest difference among the three structures
involves the coordination polyhedron about the A site, where the rate of expansion of the
mean l0-coordinated A-O distance is significantly greater in the richterites than in
tremolite.

Introduction

Phenomena such as exsolution, solid solution, and
inter- and intracrystalline equilibria are of interest to
geologists because they provide information on the crys-
tallization and cooling histories of rocks. These phenome-
na typically occur at elevated temperatures and/or pres-
sures in geologic environments, and until recently they
were necessarily described on an atomic level in terms of
room-temperature crystal structures. Within the last ten
years, however, the structures of various rock-forming
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silicate minerals have been examined at temperatures up
to 1050"C. Scores of refinements, on a limited number of
crystals, have been published for olivines (e.g., Brown
and Prewitt, 1973; Hazen, 1976; Smyth and Hazen 1973;
Lager and Meagher, 1978), feldspars (e.8', Prewitt et al.,
1976; Winter et al., 1979), pyroxenes (e.9., Cameron et
al., 1973a: Sueno et al., 1976), and amphiboles (e.9.,
Sueno et al., 1973). The crystals used in many of these
high temperature studies have approximately end-mem-
ber compositions, and thus the effects of increasing
temperature on individual cations could be evaluated.

In this paper we describe the structural changes that
occur in two synthetic fluor-richterites (KNaCaMgs
Si8O22F2 and NaNaCaMgsSisOzzFz) at a series of tem-
peratures between 24" and 900"C. Our primary intention
is to compare the behavior of an amphibole with a filled A
site (richterite) to one with a vacant A site (tremolite;
Sueno et al., 1973\. Richterites were selected for study
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because they have relatively simple chemistry (for amphi-
boles) and because good synthetic crystals were avail-
able. In addition to describing the room-temperature
structures, we examine the systematics of thermal expan-
sion of the two fluor-richterite structures and we compare
their behavior at elevated temperatures to that of tremo-
lite and diopside. The only other amphibole whose struc-
ture has been studied to high temperatures is primitive
cummingtonite (Sueno et al., 1972).

Experimental

The richterite crystals used in this study were synthe-
sized by J. Stephen Huebner and are discussed by
Huebner and Papike (1970). The crystals, both less than
100 pcm in length, were mounted on quartz glass fibers
and were oriented parallel to c*. The special high-tem-
perature cement used and the crystal heater are discussed
in detail by Brown et al. (1973). The uncerrainty in
temperature for each refinement depends on the crystal
temperature, but is approximately -r20"C (Brown et al.,
1973). The intensity data were collected in 1972, but the
results presented in this paper were finalized in 1982.

Integrated intensities were measured at24",400', 600',
800'C for K richterite and at24",400', 600', 800", 900.C
for Na richterite with a PDP-15 computer-controlled
Picker diffractometer with MoKa radiation monochroma-
tized by a graphite crystal. The data were collected using
an a-20 scan (2'lminute) with five second background
counts on both sides of each peak. Isotropic and anisotro-
pic refinements were calculated for each data set in space
group l2lma using neutral atom scattering factors (Doyle
and Turner, 1968), statistical weights, and the nnrNr
program of L. W. Finger. No absorption corrections were
made because of the small size of the crystals and the
small linear absorption coefficients for Mo radiation. The
number of reflections used in each refinement and the
final R factors for the anisotropic refinements are given in
Table Al.5 Observed structure factors and Bi;'s from the
final cycle of each anisotropic refinement are listed in
Table 1.6 Other results of the refinements are reported as
follows: Positional Parameters and Isotropic Tempera-
ture Factors (Table 42); Interatomic Distances in Tetra-
hedral Chains (Table A3); Interatomic Angles in Terrahe-
dral Chains (Table A4); Interatomic Distances in M
Polyhedra of Richterites (Table A5); Interatomic Angles
in M Polyhedra of Richterites (Table 4.6); Interaromic

a Space group l2lm was used rather than C2lm to facilitate
comparison with the Alc pyroxene structures. See Appendix VI
in Cameron and Papike (1979) for a discussion of the relationship
between the two space groups.

5 Table numbers preceded by the letter ..A" are located in the
Appendix at the end ofthe paper. Tables without the prefix are
included in the main text of the paper.

6 To receive a copy of Table l, order Document AM-g3-230
from the Business Office, Mineralogical Society of America,
2000 Florida Ave., NW, Washington, D. C. 20009. please remit
$1.00 in advance for the microfiche.

Table 2. Models tested during refinement for the atom in the
richterite A site

240
K f luor-r ichter i te

240
Na f luor-r ichter i te

a

Isotrooic R factor
B(A2),  A atom

A atom constrained to
special  posi t ioD 4i  within
mftrct  ( l l2 atom model)

lsotroDic R factor
s(A2), n .to.

A atom unconstrained,
at Seneral  posi t ion t j

( l /4 atom model) 
-

lsotroDic R factor
B(42).  A ato-

0 . 0 7 7
4 . 3

0 .0r4
2 . 2

0 .09 ,

0 .065
9 . 4

0 .052
4 . 8

o .047
2 . 5

Distances in A Polyhedra of Richterites (Table A7);
Magnitude and Orientation of Thermal Ellipsoids in K
Richterite (Table A8); Magnitude and Orientation of
Thermal Ellipsoids in Na Richterite (Table A9). No
thermal corrections for interatomic distances were made
because of the uncertainty in selecting an appropriate
model that describes the thermal motion effect on bond
distances.

During the initial refinements the Na and K atoms in
the A sites were placed on the special position 2b at the
intersection of the (010) mirror and the twofold axis
parallel to b. Relatively high R factors and high tempera-
ture factors Oable 2) for the A cation indicated that a
more suitable model for the A site was required. Accord-
ingly, we also carried out refinements in which the single
K or Na atom was replaced by two Vz atoms constrained
to the (010) mirror plane (special position 4i) or by four ll4
atoms at a general position (8"1). For the K richterite, the
lowest R factors were obtained with the % atom model
and for the Na richterite, with the lc atom model (Table
2). In addition to lower R factors, the split-atom approxi-
mation also produced better errors associated with the
positional parameters of the A cation. AF maps, which
are discussed in a later section, are consistent with these
models. We did not test models where the A cation was
disordered along the twofold axis (special position 49)for
either structure. Such a model seemed unreasonable for
the large K atom, a conclusion suported by the results of
Hawthorne and Grundy (1978). In addition, refinements
of Na richterite converged satisfactorily with the Na atom
at the general position 8j, and indicated no systematic
movement of Na to a position near the twofold axis.

Unit cell parameters were determined using 20 values
of 15-20 reflections measured on the Picker diffractom-
eter. The 29 values were refined using the poDEx2
program written by A. W. Sleight.T Cell parameters for
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Fig. l. Projectionof the I2lm richterite structure onto the (100)
plane.

both richterites in the l2lm and CZlm space groups are
given in Table Al0.

We use the MTEC (mean thermal expansion coeffi-
cient) of Cameron et al. (1973a) to describe variations in
the unit cell parameters and interatomic distances with
increasing temperature. MTEC is defined as a* : 17
X24 ' (Xr-Xz4lT-24), where X2a is the value of a parame-
ter at room temperature and (Xr-Xz+/T-24) is the slope
obtained from least squares analysis.

Room temperature richterite structures

A projection of the monoclinic I2lm amphibole struc-
ture onto the (100) plane is shown in Figure l. Although
the general structure has been described in numerous
publications (e.9., Papike et al., 1969; Cameron and
Papike, 1979), salient features to note include the follow-
ing. The double tetrahedral chains that lie parallel to c
contain two types of tetrahedra. Tl is coordinated by
three bridging and one non-bridging (Ol) oxygen atom,
and T2 is coordinated by two bridging and two non-
bridging (O2,O4) oxygen atoms. The degree of kinking of
the tetrahedral chains is given by the 05-06-05 tetrahe-
dral chain angle. Variations in the chain angle affect the
ditrigonality of the 6-membered tetrahedral rings. There
are four types ofM polyhedra which form wide bands that
also extend parallel to c. The cations occupying Ml, M2,
and M3 are octahedrally coordinated whereas that in M4
is E-coordinated. The Ml cation is coordinated by four
oxygen and two (OH,F) atoms in a crs arrangement. M3 is
coordinated by four oxygen and two (OH,F) atoms that
are in a trans arrangement. M2 is coordinated by six
oxygen atoms and M4 by eight oxygen atoms. The A site,
which is located between the backs of adjacent tetrahe-
dral chains, is in a large cavity formed by 12 oxygen
atoms (four O7's, four O6's, and four O5's) that lie within
approximately a.04. The site is variously described as 8-
l2-coordinated by different researchers.

The richterites examined in this paper have identical
chemistry except for the A cation. In K richterite the A
site is completely filled by K, and in Na richterite it is
completely occupied by Na. In both amphiboles, the Ml,
M2, and M3 sites contain Mg and the M4 site a l: I ratio of

Ca and Na. Both contain only fluorine in the 03 position.
As expected, the structures of the two richterites are
similar because of the similarity in their chemistry. The
mean T-O bond lengths in both structures are statistically
identical, with the Tl tetrahedra being significantly small-
er and less distorted than the T2 tetrahedra (Table A3).
Mean bond lengths for comparable M octahedra in both
richterites are also similar (Table A5). The M2 octahe-
dron, which has six oxygen ligands, is the largest (mean
M2-O : 2.0874) and least distorted of the three octahe-
dra. The Ml and M3 octahedra, which have two fluorine
and four oxygen ligands, have signifi^cantly different mean
M-O values (mean Ml-O : 2.051A vs. mean M3-O :

2.0$A in each richterite). Cameron and Gibbs (1973)
observed essentially identical mean Ml-O and M3-O
distances in a synthetic fluor-tremolite. The mean M4-O
distanc-e is significantly different^in the two structures
(2.5554 for K richterite vs.2.5444 for the Na richterite)
even though the sites have identical occupancies. The
difference may result from the presence of the larger K
atom in the adjacent A site in K richterite. In fact, careful
examination of the small differences in the mean M-O
distances in Table ,A.5 reveals a systematic trend-i.e.,
the mean bond lengths for octahedra in the K richterite
are always slightly larger than those for the Na richterite.
A similar effect is observed in the M2 site of pyroxenes
(e.g., Clark et al., 1969; Ribbe and Prunier, 1977). For
identical M2 occupancy in end-member Ca, Na, and Li
pyroxenes, the mean M2-O distance increases as the size
of the cation in the adjacent Ml site increases.

The split-atom models adopted for the A sites in the
two richterites are shown in Figure 2. In the t/z atom
approximation used for K richterite, K occupies random-
ly two symmetrically-equivalent atom sites (special posi-
tion 4r) that lie within the (010) minor plane. The atom
sites have slightly different heights in the a* direction,
and the vector between them has a length of -0.294 and
is oriented roughly parallel to the elongate cavity formed
by the two slightly displaced tetrahedral rings (Fig. 3a). In
the Vc atom approximation adopted for the Na richterite,
the Na atom has an equal probability ofoccupying one of
four general positions (8"D (Fig. 3b). At room temperature-,
the distance between sites across the mirror is -0.47A

whereas that across the twofold axis is -0.534.

AF maps calculated with the A atom removed are
shown in Figure 4. Contour intervals are indicated on
each figure, but the maps are not on an absolute scale.
Parts of the maps produced by the twofold axes and the
mirror planes are omitted. The figures on the left show
the (ac) plane, and those on the right the (bc) plane; the
upper row is at 24'C and lower row at 800'C. At room
temperature single elongate peaks are present in the (ac)
plane of both structures. In the 24'C data for the (bc)
plane the electron density in the proximity of the A site
extends much farther along the b axis in Na richterite
than in K richterite. Because Na has half as many
electrons as K, this distribution supports our assumption
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Fig. 2. Split-atom models adopted for the A cations in
richterites. Small dot at the intersection of the (010) mirror and
the twofold axis parallel to D represents the ideal ordered
position of the A cation. A. Half-atom model of K richterite. The
single K atom is replaced by two half atoms constrained to the
(010) mirror plane (special position 4i). B. Quarter-atom model of
Na richterite. The single Na atom is replaced by four quarter
atoms at the general position 8j.

that the Na atom is displaced from the mirror plane. In
addition, examination of these ac and Dc maps and
parallel sections in Na richterite show that in three-
dimensions the electron density distribution has a disc-
like shape with no distinct nodes.

Fig. 3. A-site coordination as viewed down the D axis. Only
one of the split A atoms is included. X's mark the location of the
split A atoms not shown. Total number of oxygen atoms is
twelve. Each 05 and 06 atom represents two atoms that are
superimposed in this projection. Axes for both the I and C-
centered cells are shown. Ellipsoids are drawn at 75Vo
probability using the oRTEp program ofJohnson (1965). A. 24'C
K richterite. B. 24"C Na richterite. The positions of two
additional quarter atoms are not visible because they lie directly
beneath the two A atoms shown.

The oxygen coordination of the K atom at special
position 4i and the Na atom at general position 8"1 involves
light rto.t tcr.orAl uno,rt.""-rone i.;iAtblnds. The fq [--*"
mean interatomic A-O distance for an S-coordinated Na I o,
atom is 2.78A and for an 8-coordinated K atom is 2.85A
(Table A7). This compares with mean vlrlllu-g values of
-2.744 in albite (Winter et al., 1979) and -2.62A in
nepheline (Foreman and Peacor, 1970), and mean vlrlK-

O values of -2.%A for microcline (Finney and Bailey,
1964). The Na and K atoms in mica structures typically
have only six coordinating oxygens within -3.1A.

Structural variations with increasing temperature

Unit cell parameters

The variation with increasing temperature of unit cell
parameters is approximately linear for both richterites
(Fig. 5). Mean thermal expansion coemcients (MTEC) for Fig. 4. AF maps calculated with the A atoms removed. The
the c direction are an order of magnitude smaller. than ,upi*" not on an absolute scale, and portions produced by the
those for the a or D directions. In addition, expansion in twofold axes and mirror planes are omitted. The (ac) plane is
the a and b directions is significantly greater in the K shownontheleftandthe(bc)planeontheright.Theupperrow
richterite than in the Na richterite (Table 3). The p1 angle is for 24"C data and the lower row for Efi)'C data.
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Tl

Fig. 5. Variation with increasing temperature of unit cell
parameters of richterites, tremolite, and diopside (after Cameron
and Papike, 1979). KR : K richterite, NaR = Na richterite, Tr :

tremolite, and Di = diopside. I-centered cell parameters of the
amphiboles are plotted.

in K richterite remains approximately constant over the
temperature interval studied. The Fr angle in Na richterite
increases slightly between 24" and 400'C, and then does
not change (within 2 e.s.d.) up to 900"C. The relative
magnitudes of the MTEC's for the cell parameters must
be interpreted with caution because the crystallographic
axes do not necessarily coincide with the axes of the
thermal expansion ellipsoid. The only constraint which
symmetry imposes in a monoclinic crystal is that one axis
of the thermal ellipsoid must coincide with the b crystallo-
graphic axis. The other two ellipsoid axes thus lie in the
(010) plane, but not necessarily coincident with the c or c
crystallographic axes.

Polyhedral expansions

With increasing temperature both richterite structures
exhibit differential polyhedral expansion, i.e., the various
types ofcoordination polyhedra expand at different rates.
This phenomenon, which is well documented in other
studies (e .g . , Cameron et al. , 1973a; Lager and Meagher,
1978), is related to charge, coordination number, and
electronegativity ofthe cation involved. In the richterites
described here, MTEC's increase in the following order:
Tl : T2 << Ml : M2 : M3 < M4 < xA. Similar
variations were observed in tremolite (Sueno et al.,1973)
and cummingtonite (Sueno et al.,1972).

Mean Si-O bond lengths of the Tl and T2 tetrahedra in
both richterites remain approximately constant with in-

ca.

Table 3. Mean thermal expansion coefficients ('C-t x 105) in richterites

200 400 600 aoo looo

Temperoture(oC)

K lluor-richterite
(240-8000C)

Na f luor-r ichter i te
(240-9000C)

Tremolltea DiopsideD
o4o-700oc.\ (24o-l000oc)

Cell Parametersc

a l
b1
c l
V1

ac
bg
cc
V6

Mean Interatomic Distances

M I
M 2
M 3

viltsa1y2;d
VIII4
X4
XIR

Volumes of Polyhedra

M I
M 2
M 3

VIIIy41y2le

t . 4 3
t . ) 4
o . 6 l
J . 39

1 . 2 7

t . 3 5
t . 5 6
1 . 3 0
1  . 76
0 . 8  3
2 . 3 t
t . 6 4

4 . 2 '

|  . 2 J
1 . 2 7
o . 6 2
J .  t 0

I  . 0 8

l . 1 6
1 . 2 5
1 . 3 3
1 . 5 6
l . 1 4
2 . t 5
. 1 . 5 0

3 . 5 4
J . 5 0
3 . 9 1
4 . 3 4

t . J 6
t . t 7
0 .  5 8
3 . 1 3

t . 2 0

t . J 5
1 . 6 3

1 . 6 5

t . 3 0

4 . 3 1
4 . E 6

4 . 5

o . 7 8  d
2 . O 5
0 . 6 5
3 . 3 3

t . 4 4

t . 6 4

4 . 2 6

4 . 4 2

a Sueno et al. (1971')
"  lameron er  a l .  t l> /J ,
c Subscript T-in-dicates IZ/m space grouo and C indicates C2lm sDace grouD.
d C-cell of tremolite is- analogous io l-cell of richterites 

-and-trimolit i,

e Site labels in parentheses refer to diopside.
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creasing temperature (Fig. 6; Table A3). The mean values
at all temperatures are within two standard deviations of
those at room temperature. Distortion of the tetrahedra,
as quantified by the quadratic elongation parameter of
Robinson et al. (1971), also remains approximately con-
stant. Variations in individual T-O interatomic distances
are usually within three standard deviations of the room
temperature values. The O-O distances and O-T-O an-
gles also show small, but non-systematic variations with
increasing temperature (Tables 'A'3 and A4). A similar
lack of variation was observed in tremolite (Sueno er a/.,
1973) and clinopyroxenes (Cameron et al., 1973a). The
05-06-05 tetrahedral chain in both richterites straight-
ens (i.e., moves toward 180) with increasing tempera-
ture. In K richterite it increases 2.8o over -800'C, and in
Na richterite it increases 3.6' over 900'C.

Mean interatomic distances in the M polyhedra in-
crease significantly with increasing temperature (Fig. 6,
Table A5). In both richterites, the S-coordinated M4 site
has a higher MTEC than the octahedrally-coordinated
Ml, M2, and M3 sites. Mean bond lengths for the latter
sites expand in the sequence M2 > Ml > M3 in K
richterite and M3 > M2 > Ml in Na richterite. The M3
octahedron, which lies near the center of the octahedral
strip, has similar MTEC's in both richterites (Table 3).
The Ml and M2 octahedra, which lie on the edge of the
octahedral strip, have significantly higher MTEC's in the
K richterite than in the Na richterite. The higher values
may be a result of the higher rates of expansion of the
large K atom in the A site of the K richterite. With
increasing temperature, M2 is the only one of the three
regular octahedra to exhibit a significant increase in
distortion (Table A5). The magnitudes of the MTEC
values for K richterite are very similar to those of
tremolite (Sueno et al.,1973).

The behavior of individual bonds within each of the M
polyhedra is largely dependent on their orientation in the
structure. In the Ml and M3 octahedra the bonds that lie
in or close to the (010) plane (e.9., Ml-Ol and M3-O3)
typically expand less than the bonds that lie parallel to the
b axis. In the M2 octahedron, the rate of expansion of the
M2-O2 bond is comparable to M2-O4 and both rates are
significantly smaller than that of the M2-Ol bond. The
bonds involving fluorine atoms have rates of expansion
that are comparable to those involving oxygen. In the M3
octahedron, where fluorine is in a trans arrangement in
the (010) plane, its rate of expansion is significantly less
than that of the Mg-O bonds. However, in the Ml
octahedron, fluorine is in a cis arrangement and the
reverse is true.

The expansion ofindividual bondd in the 8-coordinated
M4 site is afected both by their orientation and by the
type of oxygen involved. The 02 and 04 oxygens, which
are shared with other M sites, and the 05 and 06
oxygens, which are shared with the tetrahedral chains,
behave differently. The bonds to the non-bridging 02 and
04 oxygen atoms show rates ofincrease that are compa-
rable to those of the regular 6-coordinated M polyhedra.

Na FLUOR-RICHTERITES

TEMPERATURE EC)
Fig. 6. Variation with increasing temperature of mean cation-

oxygen distances in richterites (KR = K richterite, NaR : Na
richterite), tremolite (Tr), and diopside (Di). The subscript
number indicates the number of ligands used in calculating the
mean bond length.

As in the Ml and M3 octahedra, the bonds lying approxi-
mately in the (010) plane have small MTEC's. Bonds
involving the bridging oxygen atoms 05 and 06, which
are affected by straightening ofthe tetrahedral chains and
their relative displacement, have the most atypical
MTEC's. The M4-O5 distance exhibits a significantly
higher MTEC than any other individual M-O bond in the
four M polyhedra whereas the M4-O6 distance remains
approximately constant (K richterite) or decreases slight-
ly (Na richterite).

MTEC's for lO-coordinated mean A-O distances are
significantly larger than those ofthe M sites (Table 3), but
MTEC's for ll-coordinated mean A-O distances are
comparable to those of the M sites. Variations in mean
and individual bond distances for both richterites are
shown in Figures 6 and 7 . The mean of the A site atoms
plotted in Figure 6 is the average of the shortest eight A-
O bonds shown in Figure 7. The three longest bonds (two
O6's and one 07) show high rates of change with increas-
ing temperature because they are affected significantly by
straightening of the tetrahedral chains and movement of
the chains relative to each other. For example, the high
rate of increase of the ,{-06 distances is a result of
straightening of the 05-06-05 chain angle, which moves
the 06 oxygen atoms away from the A atom. The
decrease in the A-O7 distances is caused by increased
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Fig. 7. Variation with increasing temperature of individual A-O bonds. A.
multiplicities. B. Na richterite. All bonds have a multiplicity of one.

displacement of the tetrahedral chains relative to each
other. In Figure 8 the rates of increase of mean A-O
distances in the richterites are compared to that of a mean
A-O distance for a hypothetical A atom in tremolite.

In K richterite the distance between the split-atom

400 600 800

TEMPERATURE ("C)

K richterite. Numbers

to00

in brackets are bond

positions inireases from -0.29A at room temperature to
-0.53A at 800'C. In Na richterite. the distance between
the two atom sites on either side of the mirror decreases
from 0.47A to 0.41A whereas the distance between the
two sites on opposite sides of the twofold axis increases
from -0.534 to -0.73A. The AF maps (Fig. 4) of the A
site in both structures show that the shape of the electron
density distribution at 8fi)"C is similar to that at room
temperature.

Thermal parameters

Equivalent isotropic temperature factors of both the
cations and anions in the Na and K richterite increase
regularly over the temperature ranges investigated (Table
A2; Fig. 9). The rate of increase in n(41 of cations
increases from 4-coordinated Si to 6-coordinated Mg to 8-
coordinated (NaCa) in the M4 site. The rates are almost
identical for cations occupying equivalent sites in the two
structures, and in addition, the variation among atoms in
similar sites (e.9., Ml, M2, M3) within the same structure
is small. For this reason, we have not plotted individual
curves for the atoms in the Ml, M2, M3 and Tl,T2 sites in
Figure 9. The stippled field labelled Si(Tl,T2) contains
four curves whereas the field labelled Mg(Ml,M2,M3)
contains six curves. Also plotted are B(A)2 for Si, Mg,
and Ca in tremolite and diopside.

The curves for the anion temperature factors of both
richterites lie just above the stippled field of the Mg
atoms. Their rates of increase with increasing tempera-
ture are also roughly correlated with coordination num-

o
& z
z

U

2

TEMPERATURE fC)

Fig. 8. Variation with increasing temperature of mean A-O
bonds in richterites and tremolite. Svmbols are the same as in
F ig .6 .

.  K  f luor -  r i ch le r i te

.  No f luor -  r i ch le r i te
^ Tremolite
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ber. The 03 and 04 atoms, which have the lowest
coordination number (three), exhibit the highest rates of
increase. The apical Ol and 02 atoms, which are sur-
rounded by four close cations, exhibit the lowest rates of
increase. The remaining anions, 05, 06, 07, have rates of
increase that are intermediate between these two ex-
tremes. These three oxygen atoms are 4-coordinated but,
in addition, all are bonded to the A cation. The A-O
bonds are long, presumably weaker, and thus they do not
physically constrain the movement of the anion as much
as closer atoms might. The temperature factor of the
fluorine atom in the 03 site is higher than OH in tremolite
(Sueno et al., 1973) at room temperature, and its rate of
increase with increasing temperature is also larger. With
the exception of 03, the rates of increase of the anion
B(41 are lower in the richterites than in tremolite.

The only M cation with a highly anisotropic thermal
ellipsoid is the (NaCa) atom in M4 (Figs. 10 and ll;
Tables A8 and ,A'9). This site lies on a twofold axis parallel
to b, and thus one of the thermal ellipsoid axes coincides
with b and the other two lie in the (010) mirror plane. In
both richterites at all temperatures the M4 thermal ellip-
soid is prolate with its longest axis in the (010) plane,
approximately perpendicular to the O4-M4-O4 direction
(Fig. 1l). The prolate shape is consistent with essentially
pure thermal vibration and indicates little positional dis-
order at the site even though it is occupied by two types
of cations. Positional disorder involving M4 cations with
different ionic radii is usually manifested in an oblate
thermal ellipsoid whose shortest axis is perpendicular to
b. The electron density is smeared out along the b axis
because the different-sized cations occupy slightly differ-
ent positions along the axis. Ca and Na have similar ionic
radii, and thus they probably occupy similar positions
along the b axis. Comparable ellipsoid orientations and
shapes were noted for the Ca atom in M4 in tremolite
(Sueno et al., 1973) and in M2 in diopside (Cameron e/
al., 1973a).

The thermal ellipsoid of the split A atom in both
structures is prolate, with that of the Na atom in Na
richterite being more anisotropic. The ellipsoid associat-
ed with the K atom in K richterite, which was refined as a
Vz atom in the (010) plane, has an orientation similar to
that of the M4 cation (Fig. 3). The longest ellipsoid axis
lies within the (010) plane midway between -4r and cr. In
the Na richterite the longest ellipsoid axis also lies in the
(010) plane and midway between -a1and c1. The interme-
diate ellipsoid axis, which is parallel to b in the K
richterite, lies in the (010) plane at -70" to the b axis.

Among the anions, ellipsoids for Ol and 02 are the
least anistropic at all temperatures examined. The 03
ellipsoid (= fluorine) in Na richterite is prolate at all
temperatures except 900'C whereas in K richterite it
varies in shape from prolate to oblate (Fig. 10). The 04,
05, 06, and 07 ellipsoids are moderately anisotropic at
all temperatures studied, with the anisotropy of 04 and
07 being most pronounced.

200 400 bUU 800 rooo

TEMPERATURE ("C)

Fig. 9. Variation with increasing temperature of equivalent
isotropic temperature factors of cations in richterites, tremolite,
and diopside. Data for tremolite and diopside are shown as
triangles and stars, respectively, with no best fit line. The
stippled field labelled S(TI,T2) shows the range in variation for
four richterite curves. The field labelled Mg(Ml, M2, M3)
represents the variation for six richterite curves.

Discussion

Room temperature structure s

The structure of the synthetic K richterite examined in
this study is generally similar to the natural K richterite
studied by Papike et al. (1969). Mean T1-O and mean T2-
O distances and the 05-06-05 tetrahedral chain angle
are slightly larger in the natural richerite, but the absolute
values in both richterites are identical within three stan-
dard deviations. The mean octahedral M distances in the
natural richterite are significantly larger, and reflect the
substitution of small amounts of Fe2+ and Mn for Mg in
the octahedral sites and OH for fluorine in the 03 site.
These substitutions increase the mean M-O distances
because the atomic species being introduced have larger
efective ionic radii than those being replaced. In addi-
tion, it appears likely that the 03 site in the natural
richterite contains an appreciable amount of fluorine
because the mean M-O bond distances are not as large as
expected for a pure OH-richterite. Substitution of OH for
F in tremolite (Cameron and Gibbs, 1973) causes an

(D
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5
U
o

)
c

E O

U
o

-J
(L

Fig. 10. Variation of the magnitude of the three principal axes of the thermal ellipsoids for the M4, 03, 04, and 07 atoms. A. K
richterite. B. Na richterite.
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increase of -0.02A in the mean Ml and M3 distances.
The difference observed between the two K richterites is
only -0.014, and this includes the increase caused by the
substitution of larger cations in these sites.

Positional disorder of A cations

Positional disorder of cations in the A site of amphi-
boles was first recognized in 1968 by Gibbs and Prewitt,
and since that time, most refinements of amphibole
structures have been done with the A cations disordered.
The types of disorder proposed by various authors in-
volve displacements within the mirror plane at special
position 4i (e.g., Gibbs and Prewitt, 1968; Papike et al.,
1969), along the twofold axis at special position 49 (e.9.,
Gibbs and Prewitt, 1968; Hawthorne and Grundy,1972,
l973a,b), and at the general position 8j (Cameron et al.,
l973b,c). The principal factors that seem to influence the
direction ofthe disorder include: (l) the cation species (K
us. Na) present at the A site, (2) the anion species (OH vs.
F vs. O2-) present at the 03 site, and (3) the distribution
of tetrahedral Al. Hawthorne and Grundy (1978) and
Docka et al. (19E0) recently discussed these factors. The
latter authors calculated electrostatic structure energies
in order to model possible causes for the disorder. Their
results indicate that factors noted in (2) and (3) control, to
a large extent, the positional disorder of the A cation.
Hawthorne and Grundy, though recognizing the impor-
tance of tetrahedral Al. concluded that the character of
the disorder is largely a function of cation type. In their
ideal model, K disorders at the special position 4i and Na
at the special position 49. Both sets of authors indicate
that occupancy ofthe M sites also affects the disordering,
but to a lesser degree.

The reason for the positional disordering of the A
cations in the synthetic richterites of this study is less

400 600

TEMPERATURE ("C}

obvious. The effect ofAl is precluded because, unlike the
natural amphiboles, these richterites contain no tetrahe-
dral Al. Factors that may be important are bond strength
requirements about the A and M4 cations. A coupled
relationship, similar to that which may exist between
tetrahedral Al and disordered A cations, may also exist
between (Ca,Na) in the M4 site and the disordered A
cations. Such an association would also explain the
direction of Na disordering-of the special position 2b
directly toward the M4 sites. Bond strength sums to the K
atom in the synthetic richterite are similar to those of
natural amphiboles with K in their A sites (Hawthorne
and Grundy, 1978). The bond strength at room tempera-
ture for an I l-coordinated K atom is 1.265 v.u. and for an
8-coordinated atom is 1.07 v.u. (Table 4). The synthetic
Na richterite, however, behaves diferently than natural
amphiboles with Na in the A site. The deficiency in bond
strength sums observed for natural amphiboles (-0.88-
0.92 v.u.; Hawthorne and Grundy, 1978) is not present in
the synthetic Na richterite. The sum for an ll-coordinat-
ed site is 1.fi)2 v.u. at room temperature. (The difference
in behavior ofthe synthetic richterites could be related, in
part, to the absence of tetrahedral Al.) Bond strength
sums for the Na and K cations in the ideal position at the
intersection of the mirror and twofold axis are also given
in Table 4. The values are very similar to those for the
room temperature disordered models, and thus bond
strength requirements about the A cation alone do not
seem to be a significant driving force in the disordering.

High temperature structures

With increasing temperature the major changes that
take place in the richterite structure include: first, an
increase in the size of all cation polyhedra with the
exception ofthe silica tetrahedra; second, a 3-4o increase

No f luor -  r i ch te r i te

* M 4
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^  o 4
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Table 4. Strengths (v.u.)" of A-O bonds in richterites

240C 400oc 600oc 800oc 900oc

K f luor-r ichter i t€

A_O5
A-O5
A_O6
A-06
A-O7
A-O7
A-O7

t (E bonds)
t  ( 1 0  b o n d s ) c  1 . 2 1 0
t ( l  I  bohds)
t  ( 1 2  b o n d s )  1 . 2 9 t

0 .  n 9  0 . 1 2 1  0 . t 2 1
0 . t 0 7  0 . 1 0 ,  0 . 1 0 3
0.104 0 ,  t07  0 .109
0.062 0 .056 0 ,053
0.  l t2  0 . tEz  0 .  t68
0.206 0 .192 0 ,192
0.059 0 .062 0 .065

1 . 0 4 8  1 . 0 4 0  L o 2 6
t . 1 7 2  1 . r 5 2  1 .  t 3 2
t . 2 1 t  1 . 2 t 4  t . 1 9 7

A = 2 b
Qtd-

o.r l, [4]b

o .oE4 [4 i

0 .207 l2 l

0.044 [ z]

0 .0E6

0.060

0 .  l 8 r

0 .030

0.946

I .006

0 . 1 1 8  0 . 1 1 8
0.098 0 .098
0 , 0 7 t  0 . 0 7 1
0.060 0 .060
0 . 1 0 5  0 . t 0 7
0.068 0 .068
0 . 0 4 5  0 . 0 4 3
0 , 0 3 2  0 . 0 3 1
0.  t77  0 .  t74
0 . 1 4 4  0 . t J 1
0 .04 t  0 .049

0,842 0 .8 t1
0 .9r9  0 .907
0,967 0 .956

0.  t09  0 .  I  l4
0 .090 0 .09 ,
0 .074 0 .070
0.064 0 .060
0 . t 0 2  0 .  l l  I
0 ,072 0 .o70
0.019 0 .038
0.03r  0 .029
o , t 7 4  0 . t 7 0
0.  l l0  0 . t24
0.051 0 .054

0 , 8 1 ,  0 . 8 t 4
0 .885 0 .88r
o .936 0 .9)5

A = 4 i  A = 4 i  A = 4 i  - -
(m) 

-  
(m) 

-  
(m) 

-(m) -

0 . t23  L2 l
o .  l06  [z ]
o .  loo  [2 ]
o .o7 t  l z l
0 .2 t3  L r f
o . l e e  I l ]
o .o5 l  I  l ]

t4 l  o . r20  [ l ]
0 . t 0 4  [ r ]
0 .067 l t )
0 .060 r  l  l

t 4 l  o . r r r  I g
0 . 0 6 6  [ l ]
o.oro I l]
0.03,  r  l l

t2 l  o.  reo I  i
0 . r 54  r l l

l2l o.o,+r i i

0 . t72
0.9r7
t ,002

t . 0 7 0
t . 2 1 2
t , 2 6 5

Na f luor-r ichter i te

A-O5
A-O5
A_O5
A-OJ
A-06
A-06
A-06
A-O6
A-O7
A-O7
A-O7

t (8 bonds)
t  (10 bonds)
t  ( l l  b o n d s )
t  (12 bonds)

12lnf
A = E i  A = 8 1  A = 8 1  A = 8 i  A = E j

Fig. I l. M4 coordination as viewed down the b axis. Axes for
both the I and C-centered cells are shown. Ellipsoids are drawn
at75Vo probability using the oRTEp program of Johnson (1965).
Diagrams are drawn far 24"C data. A. K richterite. Dashed
ellipsoid drawn for M4 cation at 800'C. B. Na richterite. Dashed
ellipsoid drawn for M4 cation at 90OoC.

in the silicate chain angle, 05-06-05, with an attendant
decrease in ditrigonal character of the tetrahedral rings;
and third, increased displacement of the tetrahedral
chains above and below the A site. The various polyhedra
expand diferentially, but in a sequence (T << ulM <
VIIIMI recognized in other silicate minerals. The relative
rate of expansion can be generally related to the strength
of the bonds to individual cations. Smaller values of the
MTEC for mean bond lengths are associated with lower
coordination number and higher charge on the cations.

The diferential polyhedral expansion produces a po-
tential misfit between the octahedral and tetrahedral
layers. Maintaining the linkage between the relatively
inert tetrahedra and the expanding M sites with increasing
temperature induces secondary changes such as the ex-
tension or straightening of the silicate chains. In K
richterite the 05-06-05 angle increases -2.8' over
Efi)"C. and in Na richterite it increases 3.6o over 900oC.

a Bond strengths calculated usinS the univer$l curves oJ Brown and shannon
( t973\ .

b Numbers in brackets are bond mult ipl ic i t ies.
c lncludes lour A-O5. four 4-06, and two A-O7 bonds.

Straightening of the chains, in turn, decreases the ditri-
gonal character of the tetrahedral rings, increases the
M4-O5 interatomic distances, and causes the M4 site to
become more 6-coordinated. Straightening of the tetrahe-
dral chains is also correlated with increasing displace-

Table 5. Coordination coefficients and tetrahedral chain
displacements in richterites and tremolite

Tetrahedral
Coordination Chain DisDlacement

Coefficient of M4a Faciorb

K tluor-richterite

240C
4000c
6000c
t000c

Na fluor-richterite

240C
4000c
5000c
8000c
9000c

Tremolite

1 .037
1 . 0 3 E
1 . 0 3 9
1 . 0 4 1

I  .041
l .04 t r
1 . 0 4 5
1 . 0 4 5
1 . 0 4 8

t .036
t . 0 4 0
1 . 0 4 1

0.  l816
o. t872
0.  t t t4
0 .  l t 9 l

0 .2 t25
0.2 t50
0.2 t40
0.2147
0 . 2 t 5 1

0.  l98J
0.2015
o.2014

240C
4000c
7000c

a Coordination coefticient = (8-c@rdinated mean M4-O/6-coordinatd
mean M4-O).

b Tetrahedral chain disDlacement d is the distance between the cen-
ters of two opposing six-membered tetrahedral rings. See Sueno et
al. (19731 fo. a more detailed exDlanation.
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ment oftetrahedral chains in adjacent layers ifa constant
O4-O4 distance is assumed. The tetrahedral chain dis-
placements, calculated using the method of Sueno et a/.
(1973), are given in Table 5.

The behavior of the richterite structures with increas-
ing temperature is generally similar to that observed in
tremolite (Sueno et al., 1973). The only chemical differ-
ences between the richterites and tremolite involve occu-
pancy of the M4 site (Ca in tremolite and Ca* Na in
richterite) and the A site (vacant in tremolite and filled
with K or Na in the richterites). Thus, it is not unexpected
that the tetrahedral and regular octahedral (Ml, M2, M3)
sites in the structure exhibit similar variations with in-
creasing temperature. MTEC's for the mean M4-O dis-
tances in tremolite are also comparable to those in
richterite even though occupancies of the site are differ-
ent in the structures. Expansion around the A site is
significantly less in tremolite than in either of the richter-
ites (Fig. 8). MTEC's of mean Mg-O bond lengths ob-
served for diopside (-1.15-1.65/'C x l0-5; Table 3) are
comparable to those of the richterites and tremolite;
however, MTEC's for the mean octahedral Mg-O bonds
in forsterite (Smyth and Hazen, 1973; Hazen, 1976) are
l.24fc x l0-5 for Ml and,2.44l"C x l0-5 for M2. The
atypically large expansion of the M2 polyhedron in for-
sterite may be related in part to the number of edges that
it shares with adjacent polyhedra. It shares only three
edges in contrast to the Ml octahedron in forsterite and
the Mg octahedra in the richterites, tremolite, and diop-
side, all of which share five or six edges. The increased
edge-sharing apparently has a greater constraining effect
on the thermal expansion ofthe polyhedra, and results in
different behavior with increasing temperature. These
comparisons indicate that it may be reasonable to extrap-
olate thermal expansion data between structurally similar
groups such as amphiboles and pyroxenes, but not be-
tween groups as different as amphiboles and olivines.

The MTEC of the K richterite unit cell volume is
slightly larger than that for Na richterite (3.39 vs. 3.10fC
x l0-s). The value for Na richterite is essentially identi-
cal to tremolite (3.13/"C x l0-s), even though the
MTEC's of polyhedra in tremolite are more similar to
those of K richterite. The lower value of the MTEC of the
tremolite unit cell volume is apparently a result of the
lower rate of expansion of its A site cavity relative to that
of the richterites. The MTEC of l0-coordinate mean A-O
distances in both richterites is significantly greater than
that in tremolite (2.38 and2.l5 vs. 1.30/'C x l0-5).

Conclusions

l. With increasing temperature, the mean Tl-O and
T2-O interatomic distances in both K and Na richterites
remain statistically identical to room temperature values.

2. Thermal expansion of the octahedrally-coordinated
Ml, M2, and M3 sites is much greater than that of the
tetrahedral sites, but less than that of the 8-coordinated
M4 site. Relative MTEC's for mean polyhedral distances

in the K richterite are M3 < Ml < M2 and in the Na
richterite, Ml < M2 < M3. The thermal expansion
coefficients are generally similar to those of analogous
octahedra in tremolite and diopside.

3. The MTEC's of the mean interatomic distances for
the M4 sites in both richterites are generally comparable
to those of tremolite and diopside even though the site
occupancies are diferent tM4 = (Ca,Na) in richterites;
M4 = Ca in tremolite and diopsidel.

4. Thermal expansion of the A polyhedron in K rich-
terite is slightly greater than that of the A polyhedron in
Na richterite. Expansion in both richterites is significant-
ly larger than that in tremolite, where the A site is vacanb

5. The A atoms of both richterites were approximated
by split-atom models at all temperatures. The K atom in
K richterite was refined with a t/z atom model in which K
was confined to the special position 4i within the (010)
mirror plane. The Na atom in the A site of Na richterite
was refined using a th atom model with the Na on a
general position 8j that lies off both the (010) mirror plane
and the twofold axis parallel to b.

6. Unit cell parameters of the richterites vary linearly
as a function of temperature, with MTEC's in K richterite
increasingas c (  D < aand in Nar ichter i teasc 1a1b.
The B angle in both richterites varies less than one degree
over the temperature intervals studied.

7. The rate of increase of equivalent isotropic tempera-
ture factors of the cations can be related to coordination
number. The 4-coordinated Si atoms have the lowest rate
ofincrease whereas the 8-ll coordinated cations in the A
sites have the highest rate of increase. The rate of
increase of the (Na,Ca) atoms in the richterites is greater
than that of the Ca atoms in tremolite.

8. The thermal ellipsoid for the M4 atom is highly
anisotropic. In both structures at all temperatures, it is
prolate with the longest axis in the (010) plane and
approximately perpendicular to the O4-M4-O4 direction.
The shape of the ellipsoid indicates little positional disor-
der along the & axis.

9. Among the anions, the thermal ellipsoids of 04 and
07 are the most anisotropic and those for Ol and 02 are
the least anisotropic at elevated temperatures.
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Appendix

Table Al. Data collection information for richterites

Amphibole Temperature
(oc)

Number of Ra Wtd.RD
Reflect ions (Anisot.opic) (Anisotropic)

K f luo.-r ichter i te
KNaCaMgjSitO22F2

Na l luor-r ichter i te
NaNaCaMg5SigC22F2

0.037
0.045
0,054
0.057
0.078

400
500
E00

400
600
800
900

I  1 8 2
t t 5 6
It))
I  I 4 l

I  l 9 I
1202
I  l 9 l
t  1 9 0
I  l 5 E

0 . 0 5 1
0 . 0 6 1
o.067
0.072

0.042
0 . 0 4 5
0,047
0,046

0.034
0.039
0.042
0.04)
0 .063

a  n  =  r l l F o l  -  l F c  l / : l  F o l

b  w to .n  =  [ r v ( l Fo l  -  l Fc l ) 2 / rw lFo l2 ] l / 2

Table 42. Final positional parameters (I2lm space group) and equivalent isotropic temperature factors for richterites

K t luor-r ichte. i te Na I luo.-r ichte. i te

Atm Paraheter 4000c

o l
v
z
B

v

B

x
v
z
B

v
z
B

v
z
B

v

v
z
B

v
z
B

v

B

v

B

v
z
B

x
v

B

v

B

x
v
z

0. t t t2 (2F 0 . I t t2 ( ) )
0 . 9 1 5 0 o )  0 . 9 t 4 7 ( t )
0 . 8 9 r 9 ( 4 )  0 , 8 9 1 8 ( r )
0 . 4 9 ( 3 )  t . 0 6 ( 4 )

0 . l l E 0 ( 2 )  0 . 1 1 8 0 ( 3 )
0 . 8 3 r 4 ( l )  0 . 8 1 1 0 ( r )
0 . 3 9 1 8 ( 4 )  0 . J 9 2 4 ( 5 '
0 . 5 7 ( ) ' '  l . l 8 ( 4 )

0 . r 0 l r ( 3 )  0 . 1 0 1 8 ( r )
0 . 0  0 . 0
0 .3875\5 ' t  0 .1877(6)
0 . 7 ) ( 4 1  1 . 5 8 ( 6 )

0 . 3 6 t 0 ( 2 )  0 . 3 6 0 8 ( l )
0 . 7 ' 5 ( l )  0 . 7 5 2 2 ( t ' )
0 .564t (5 )  O.5605G)
0 . 7 t ( 4 )  1 . 6 0 ( 5 )

0 .3454(2)  0 . )4 )7(3)
0 .86971D 0 ,E7080 )
0.249614) 0.2506(5)
0 . 7  4 1 4 )  l . ) 2 ( 4 1

0. )4 rE(21 0 .3404( ) )
0 . 8 t 2 6 i l )  0 . t 8 2 0 ( l )
0.7486(4't 0.7501(5\
o . 7 l ( 4 )  l . 4 r ( 5 )

0 .3 )59(J )  0 . )343(4)
0 . 0  0 . 0
0 .032t (71  0 .0297( t \
0 .78(5 ' '  r .55(71

0,2772( t )  0 .27621t ]
0 .9152( t ' t  0 .9155( r )
0 ,9769(2)  O.9770(2)
0 . 4 1 o )  0 . 7 8 ( 2 )

0 . 2 t 5 E ( r )  0 . 2 8 5 4 ( r )
0 . 8 2 E J ( r )  0 . 8 2 8 9 ( l )
0.480512't 0.4807(21
0 . 4 1 ( l )  0 . 8 0 ( 2 )

0 . 0  0 . 0
0 . 9 1 0 7 ( l )  o . 9 l 0 2 ( t )
0 . 5  0 . 5
0 . 4 7 ( 2 )  i . 0 l ( 3 )

0 . 0  0 . 0
0 . t210(  I  )  0 .8202( t ,
0 . 0  0 . 0
0 . 6 1 ( 3 )  1 . 1 4 ( ] )

0 . 0  0 . 0
0 . 0  0 . 0
0 , 0  0 . 0
0 .53 \3)  0 .9e(4 ' '

0 . 0  0 . 0
0 .7227( t )  0 .722211 ' )
0 , 5  0 . 5
o ,87(2)  r .94 l3 l

0 .485(7)  O.4 t2(41
0 . 0  0 . 0
o , ro8( r6 )  0 .525(e)
4 . 2 ( 6 1  5 . e ( 5 \

0 . 1 r 0 4 ( l )  0 . 1 1 0 8 ( 3 )
0 . 9 t 4 7 ( t l  0 . 9 1 4 6 ( l )
0 . E 9 1 4 ( 5 )  0 . t 9 1 0 ( 5 )
1 . 3 8 ( 5 )  r . 6 9 ( 5 1

0 . 1 f 8 6 ( 3 )  0 . t t 9 3 ( 3 )
0 .E308(2)  0 . t306(2)
0 .J923(5)  0 . )92615)
t  . 3 7  ( 5 1  r . 7 9 ( 5 1

0.102514 ' t  0 .  l0 l4 (4)
0 . 0  0 . 0
0 , 3 E 7 4 ( 7 1  0 . 1 t 8 4 ( 7 )
r ,94(6)  2 .52(7)

0 .36r5(3)  0 .3613(3)
0 . 7 5 1 t ( 2 )  0 . 7 5 3 7 ( 2 t
0 .559) (7)  0 .5591(6)
2 .05(61 2 .47(6 ' , t

0 ,J432(3)  0 .3420( ) )
0 . E 7 t 7 ( 2 ' t  0 . t 7 2 2 ( 2 )
0 .250216 ' '  0 .25 I1(6)
t . 7  t ( 5 1  2 . t 4 ( 5 )

0 .3)96(11 0 .3 i t7 ( ) l
0 . 8 8 1 9 ( 2 )  0 . 8 E t 4 ( 2 )
0 , 7 5 1 8 ( 6 )  0 . 7 5 t 4 ( 5 \
L . 7 t l 5 )  2 . 0 9 ( 5 \

0 , 3 3 ) t ( 5 ' t  0 . 3 3 t 5 ( 5 )
0 . 0  0 . 0
0 .02 t7(91  0 .0264(91
r .86( t )  2 .25(81

0.2754( t l  0 .2749( t )
0 . 9 t 5 5 ( t )  0 . 9 1 J 7 ( l )
0 .9769(21 0 .9768(21
0,97(2 ' , '  t .25(21

0 . 2 8 J 1 ( l )  0 . 2 8 4 t ( l )
0 .8291( l )  0 .8291( r \
0 . 4 t 0 6 ( 2 )  0 . 4 8 0 r ( 2 )
r . o 4 ( 2 )  1 . 2 8 ( 2 1

0 . 0  0 . 0
0 . 9 1 0 0 ( l )  0 . 9 0 9 8 0 )
0 . 5  0 . 5
t .34(3 ' t  t .66(4)

0 . 0  0 . 0
0 . 8 r 9 2 ( l )  0 . t l 9 l ( l )
0 . 0  0 . 0
l . 4 l ( l )  l . r 9 ( 4 )

0 . 0  0 . 0
0 . 0  0 . 0
0 . 0  0 . 0
t .20(4 ' t  l .6 t ( r )

0 . 0  0 . 0
0 .7217( r )  0 .7216(L ' '
0 . 5  0 . 5
2 . 5 4 1 4 1  3 .  l r ( 4 )

o .476( r l  0 .475(2)
0 . 0  0 . 0
0 .527(41 0 .51) (41
r .  r (  3 )  6 . 7  ( J l

0 . t r 3 2 ( t ' )  0 . t t 3 2 ( 2 1
0 . 9 t 5 7 ( t l  0 . 9 t 5 7 ( t )
0 . t9J I ( .3 )  0 .8953(3)
0 . 5 5 ( 2 1  0 . 9 t o )

0 . l l 8 t ( l )  0 . t 1 9 2 ( 2 1
0 . 8 3 2 4 ( l )  0 . 8 3 2 4 ( l )
0 .3922(3)  0 .392J(J )
0 . 6 0 { 2 1  l . l 3 ( 3 )

0 . t 0 ) t ( 2 )  0 . t 0 2 9 ( 2 1
0 . 0  0 . 0
0 .3910(3)  0 .3907(41
0 . 7 2 ( 3 )  t , 4 7 ( 4 )

0 . 3 6 1 3 ( 2 \  0 . 3 6 1 4 ( 2 )
0 . 7 5 1 0 ( l  )  0 . 7 5 2 t ( t l
0 .567E(3)  0 .5650(4)
0 . 7 9 ( 2 )  1 . 5 t ( ) l

0 .3492( t )  0 .1476(2 \
0 . 8 6 9 4 ( l )  0 . t 7 0 9 ( l )
0 . 2 5 t 5 ( 3 )  0 . 2 6 0 r ( 3 )
0 . 7  5 ( 2 )  t . 4 3 ( ) l

0 ,344E( l )  0 .3439(2 \
0 . t 8 3 r ( r )  0 . t t 2 l ( l )
0 .7  562(3 ' t  0 .7  597 (11
0.76(2 ,  r .39(3)

0 .3436(2 \  0 .  14r9(  3  )
0 . 0  0 . 0
0 .0140(4)  0 .0487(5)
o . 7 5 l j )  1 . 5 0 ( 4 )

0 . 2 8 t ) ( t l  0 . 2 t 0 4 ( l )
0 . 9 1 5 6 ( r )  0 . 9 1 5 9 ( l )
0 . 9 8 6 0 (  l  )  0 . 9 t r t ( l )
0 . 4 0 ( . l )  0 . 7 7 ( r )

0 . 2 8 7 5 ( t )  0 . 2 t 7 2 ( t )
0 . t 2 8 9 ( l )  0 . t 2 9 4 ( l )
0 . 4 8 6 1 ( r )  0 . 4 8 6 7 ( l )
0 , 4 3 ( l )  0 . t 5 ( r )

0 . 0  0 . 0
0 . 9 1 r 2 ( l )  0 . 9 1 0 9 ( l )
0 . ,  0 . 5
0 . 5 r ( 2 )  t . 0 2 ( 2 1

0 . 0  0 . 0
0 . 8 2 1 2 ( t )  0 . E 2 0 6 (  l  )
0 . 0  0 . 0
0 . 5 9 ( 2 )  l . l 0 ( 2 )

0 . 0  0 . 0
0 . 0  0 . 0
0 . 0  0 . 0
0 .47(2)  0 .91( ) )

0 . 0  0 . 0
0 . 7 2 4 3 ( r \  0 . 7 2 3 9 ( t )
0 . J  0 . J
0 . 9 7 ( l )  2 . 0 4 ( 2 1

0.4756(9 ' t  0 .472( t )
0 .9868(4)  0 .988( l )
0 .5J65( t7 )  0 .540(3)
3 . 7 ( 2 1  6 . 4 ( 5 ' )

0 . t t 3 r ( 2 )  0 . t t 3 t ( 2 1
0 . 9 1 5 6 ( r )  0 . 9 t 5 2 ( t ' t
0 .89J4(4)  0 .8952(41
t . 2 J ( 3 )  l . r l ( 4 )

0 . l l 9 l ( 2 )  0 . t t 9 6 ( 2 )
0 . 8 i 2 ) ( I l  0 , 8 J 2 2 ( t )
0 .1922(41 0 .391t (4 )
1 . 4 3 ( ) )  t . 6 7 ( 4 )

0 . 1 0 3 3 ( 3 ,  0 . 1 0 3 1 ( l )
0 . 0  0 , 0
0 .3909(5 \  0 .3915(61
l . E 8 ( t )  2 . 3 6 ( t )

0.3619(2'' 0.36tt(31
0 . 7 5 2 6 ( t )  0 . 7 5 3 4 ( r )
0 .5641(5)  0 .5629(5 '
1 . 9 0 ( 4 )  2 . 3 t ( 5 )

0 .J472(2)  0 . )460(2)
0 , 8 7 1 7 ( I )  0 . E 7 2 3 ( t ' )
0 .26A3(4)  0 .2603(5)
t . 7 4 ( 4 )  2 . r 3 ( 4 )

0 ,3433(2 ' t  0 ,1427(2)
0 . 8 t 2 2 (  t )  0 , 8 t  l 9 (  l  )
0 .7600(4)  a .7606(4)
t . 7 7 ( 4 1  2 .  r o ( 4 )

0.)4t3(3\ 0.3402(4't
0 . 0  0 . 0
0 . 0 4 5 7 ( 7 )  0 . 0 4 4 1 ( 7 )
1 . 8 5 (  r )  2 . 1 7 ( 6 )

0 .2799( t ' t  0 .2794( t )
0 . 9 r 5 9 ( r )  0 . 9 1 6 1 ( l )
0 .98 t7(2)  0 .9856(2)
0 . e 6 (  I  )  r . r 5 ( 2 )

0 . 2 t 7 r ( r )  0 . 2 t 6 9 ( t l
0 .8296( t l  0 . t29 t ( r )
0 .4866(2)  0 .4 t67(2 ' )
1 . 0 3 ( l )  t . 2 5 ( 2 )

0 . 0  0 . 0
0 . 9 1 0 7 ( r )  0 . 9 1 0 5 ( r )
0 . 5  0 . 5
t .2 t (2 )  1 .55(1)

0 . 0  0 . 0
0 . t 2 0 2 ( l )  0 . 8 1 9 6 ( l )
0 . 0  0 . 0
I  . 4 2 1 3 1  1 . 7 2 \ 3 )

0 , 0  0 . 0
0 . 0  0 . 0
0 . 0  0 . 0
t . t 9 ( 3 )  t . 5 3 ( 4 1

0 . 0  0 . 0
0 , 7 2 3 6 ( t )  0 . 7 2 3 5 1 t 1
0 . 5  0 , 5
2 ,65(3)  3 .23(3)

0.470(2) 0.469(2)
0 .9 t t (2 )  0 .991( ) ' ,
0 . 5 4 ) ( ) l  0 . 5 4 8 ( 3 )
7  .2161 e .  l  (e )

0 .  I  t ? 9 ( 3 1
0.9152(2)
a.8954(7't
r .70(6 ' )

0 . 1 1 9 6 ( l )
0.8320(2)
0 . )9  t9 (7  )
t .93(6)

0 .  t 0 2 9 ( 5 )
0 . 0
0 . i92J(9)
2 .69(9 '

0 . J 6 2 5 ( 4 )
0 .753J(2 ' )
0 .56r0(E)
2 .56 t8)

0 . )462(4)
0 .8725(2)
4.262317 )
2 , ) J ( 7 ' t

0 . 3 4 2 2 ( 4 )
0 . t t l 4 ( 2 )
4 .7602(7  )
2 , 3 7  ( 7  |

0.340)(6')
0 . 0
0 . 0 4  1 8 ( l  1  )
2 . 5 1  (  l 0 )

0 ,279411)
0 ,9 t621t  )
0 ,9 t57 t3)
t .15(2)

0 . 2 t 7 0 ( l  )
o . t 2 9 9 ( t l
0.4874(3't
t .4412)

0 . 0
0 . 9 1 0 4 (  I  )
4 . 5
l .E0( t ,  )

0 . 0
0 . t r 9 4 ( l )
0 . 0
t ,93(4)

0 . 0
0 . 0
0 . 0
t .75(6 ' )

0 . 0
0 . 7 2 3 5 ( t l
0 . 5
) .60(5 t

0 .467 \3 )
0 .989{21
0.553(5)

1 0 . 2 ( l . 1  )

a Error in parentheses repaesenb one standard deviation,
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Table ,4.3. Interatomic distances (A) in tetrahedral chains of richterites

K I luor-r ichter i te Na f luor-r ichter i te

240C 4000c

Tl Tetrahedron

Tt -o l
Tl-o5
Tl-06
Tl-o7
Mean

ol-o5
ol-06
ol-o7
o5-06
o5-o7
o6-o7
Mean

I  z  le r ranedron

't2-o2

T2-O4
T2-O5
T2-c6
Mean

02-o4
o2-o5
o2-o6
o4-o5
o4-o6
o5-06
Mean

t .595Q)a r .594(3)  1 .59E( r )  t .595(3 ' t
t .63012)  t .631(3 \  |  .625(3)  1 .628(J ' )
t . 6 1 9 ( 2 )  t . 6 2 2 ( 3 )  1 . 6 1 9 ( 3 )  1 . 6 2 6 ( 3 )
1 . 6 3 r ( r )  t . 6 2 9 ( ) )  t . 6 J ) ( 2 )  t . 6 ) 0 ( 2 )
r . 6 1 9  1 . 6 1 9  1 . 6 1 9  1 . 6 2 0

1 . 0 0 2 6  t . 0 0 2 3  L O 0 2 5  t . 0 0 2 1

2.698( ) )  2 .692(4)  2 .696\4)  2 .692(4)
2 .675(3)  2 .672(4 ' )  2 .674(4)  2 .671(41
2.649(3)  2 .652(4)  2 .655(4)  2 .649(4)
2 . 6 3 6 ( ) )  2 . 6 3 7 ( 4 )  2 . 6 2 7 ( 4 1  2 . 6 3 t ( 4 1
2.595(3)  2 .598(J l  2 .59r ( ) )  2 .596(3)
2 .596(3)  2 .600(J )  2 .601(4)  2 .6 t0 (4)
2 .642 2 .642 2 .64 t  2 .643

1 . 5 r 4 ( 2 )  l . 6 l t ( 3 )  r . 6 t 3 ( 3 )  I . 6 0 9 ( 3 )
t .579(2)  t .579(3 ' '  1 .576( ) )  t .575131
r . 6 6 5 ( 2 )  t . 6 6 5 ( 3 )  t . 6 7 4 ( 3 )  r . 6 7 2 ( J l
t . 6 7 e \ 2 )  t . 6 7 8 ( ) )  r . 6 8 4 ( 3 )  1 . 6 7 8 ( ) )
t . 6 3 4  1 . 6 3 5  t . 6 3 7  1 . 6 3 4

1.0069 L0064 r  .0058 l .0069

2 . 7 t 3 ( 3 )  2 . 7 5 2 ( 4 ' t  2 . 7 5 0 ( 4 )  2 . 7 4 4 ( 4 )
2 .669(3 ' )  2 .67 t (4 )  2 .674(4 t  2 .66 t (41
2 . 6 6 2 ( ) 1  2 . 6 6 4 ( 4 \  2 . 6 6 5 ( 4 )  2 . 6 5 t ( 4 1
2 . 6 7 t ( 3 )  2 . 6 7 0 ( 4 )  2 . 6 7 2 ( 4 )  2 . 6 7 3 ( 4 )
2 , 5 7 6 ( ) 1  2 . 5 7 9 ( 4 ' t  2 . 5 7 7 ( 4 )  2 . 5 6 7 ( 4 1
2.645(3)  2 .65 t (4 )  2 .664(41 2 .659(4 ' )
2 .66J  2 .665 2 ,667 2 .662

r . 6 0 1 ( l )  t . 5 9 8 ( 2 1  t , 5 9 9 ( 2 ' )
1 . 6 2 6 ( r )  t . 6 2 4 ( 2 )  t . 6 2 3 ( 2 )
t . 6 2 3 ( t )  t . 6 2 0 ( 2 )  r . 6 2 2 ( 2 )
t . 6 3 7 ( t l  l . 6 l t ( l )  '  1 . 6 3 6 ( l )
|  . 6 2 2  l  . 6 1 9  1 . 6 2 0

t .002E 1 .4025 1 .0027

2.698(2)  2 .689(2)  2 .69 t (3 )
2 . 6 7 t ( 2 )  2 . 6 6 t ( 2 )  2 . 6 7 0 ( ) l
2 . 6 7 | Q \  2 . 6 6 7 ( 3 )  2 . 6 7 t ( J l
2 .640(2)  2 .634(21 2 .6)7(31
2 . j 7 3 ( 2 )  2 . i 7 4 ( z )  2 . 5 7 6 ( J )
2 . 6 2 t ( 2 )  2 . 6 t 8 ( 2 )  2 . 6 t 4 ( J l
2 . 6 4 6  2 . 6 4 2  2 , 6 4 )

1 . 6 0 8 ( l )  t . 6 0 7 ( 2 \  t . 6 t t ( 2 )
1 . 5 8 0 ( l )  t . 5 7 7 ( 2 )  t . t 7 E ( 2 1
t .66 t (2 ' t  t .663(2)  t .668(2 ' )
t .680(2)  r .6 t l  (2 )  t .684(2)
t . 6 3 2  1 . 6 3 2  1 , 6 1 5

1.0060 1 .0060 1 .0a62

2.742(2)  2 .740(2 ' t  2 .746(3)
2 .665(2)  2 .660(2 \  2 .667( ) ' '
2 .660(2)  2 .662(2)  2 .667( ) )
2 .65 t (2 )  2 .659(21 2 .664(31
2.593(2)  2 .5 t612)  2 .589(1)
2 .64 t (21  2 .65 t (2 )  2 .655(J \
2 .660 2 .660 2 ,665

r .597 l2 l  t .602(31
r . 6 2 r ( 2 \  t . 6 2 9 ( 4 1
t . 6 2 J ( 2 )  t . 6 2 7 ( 4 \
1 . 6 3 r (  r  )  t . 6 3 4 ( 2 )
t . 6 1 9  |  . 6 2 1

1.0024 t .o02)

2 .683( ) )  2 .691(5)
2 ,667( ) l  2 .67 t151
2.67213)  2 .677( t \
2.637(3't 2.648(5')
2 . 5 7 6 ( 1 )  2 . 5 8 5 ( 4 )
? . . 6 t 7 ( 3 )  2 . 6 2 r ( 5 )
2 .642 2 ,649

1 . 6 0 8 ( 2 1  r . 5 i l o )
r . 5 7 ) ( 2 )  r . 5 7 e ( 4 )
1 . 6 6 t ( 2 )  1 . 6 6 5 ( 4 )
t . 6 t 4 ( 2 1  t . 6 7 3 ( 4 1
1 . 6 ) 3  1 . 6 1 2

I .0063 | .0063

2 . 7 J 9 ( 3 ' t  2 . 7 4 7 ( 5 )
2 .660\ ) )  2 .66 t (5 )
2 .667( ) ' '  2 .663(5)
2 . 6 6 t ( 3 1  2 . 6 6 7 ( 5 1
2.5 t ) l3 l  2 .574(51
2.659( ) )  2 .649(5)
2 .662 2 .660

a Error in parentheses represents one standard deviation
D Quadrat ic elongat ion of Robinson et al .  (197I).

Table A4. Interatomic angles (') in tetrahedral chains of richterites

K l luor-r ichter i te Na fluor-richterite

Atoms 4000c 6000c

Tl Tetrahedron

o l -T l -o ,
ol-Tl-06
o l -T l -o7
o5-Tl-06
ot-Tl-o7
o6-Tl-o7

Mean

T2 Tetrahedron

o2-T2-O4
02-'t2-o5
o2-T2-06
o4-T2-O5
o4-T2-O5
o5-T2-06

Mean

Tl-o5-T2
7t-06-T2
T l -o7-T l

o5-o6-o5
o5-o7-06

l l3 .5 ( l )a  1 t3 .2 (2)
1 1 2 . 6 ( l )  t 1 2 . 4 ( r \
1 1 0 . 3 ( r )  1 t 0 . 7 ( 2 1
r 0 8 . 4 ( l )  1 0 8 . 3 ( 2 )
1 0 5 . 4 ( l )  t 0 5 . 7 ( 2 1
106.0(2)  106.2(2 ,
109.4  109.4

l l e . l ( r )  i l E . 8 ( 2 )
1 0 9 . 0 ( r )  1 0 8 . 9 ( r )
1 0 7 . t ( r )  1 0 7 . t ( l )
u 0 . 8 ( l )  l l 0 . t ( 2 )
1 0 4 . 4 ( l )  r 0 4 . 5 ( 2 )
1 0 4 . 6 ( l )  1 0 4 . 9 ( l )
t09.) t09.3

tJ ' .9 (21  t36 .5(21
t36 . ) (2J  t37 . t l2 )
r38.)12) r3t.7(3)

r  6 9 . E (  r  )  t 7  t . t ( 2 ,
169.3(2)  t70 .5(21

t t3 .5 l2 )  t t3 .3 (2)
r t2 .5 (2 ' '  t t2 .L (2 ' t
l l 0 . 6 ( 2 )  1 1 0 . 5 ( 2 )
1 0 8 . 2 ( 2 )  l 0 t . l ( 2 )
105.4(21  t05 .7(2 ' '
106 .3 t2 ' '  106 .6(2)
1 0 9 . 4  1 0 9 . 4

i l 9 . 1 ( 2 )  i l 9 . 1 ( 2 )
1 0 E . 9 ( 2 )  1 0 E . 8 ( 2 )
t07 . t (21  t07 .9(21
1 1 0 . 6 ( 2 )  l r 0 . t ( 2 )
t04 .4(2)  t04 .2(21
to5 .o(2 ,  to i . r (z ' t
109.3  .109.3

t36 .4(2)  t )6 .812)
t37 . ) (21  r37 .8(2 ' '
t ) 9 . t ( 3 ,  l 1 9 . E ( 3 )

L7 t .8Ql  L7z .6Q)
170.8(2)  t71 ,1(2 ' '

1 r 3 . 5 ( t )  i l 3 . 1 ( r )
i l 1 . 9 ( l )  1 1 2 . 0 ( l )
l l l . 2 ( l )  l r t . 2 ( l )
1 0 t . 7 ( l )  1 0 8 . 6 ( l )
1 0 4 . 1 ( l )  r 0 4 . 3 ( l )
1 0 7 . 0 ( l )  1 0 7 . 1 ( l )
109.4  109.4

1 1 8 . 7 ( r )  1 1 8 . 7 ( l )
1 0 9 . 2 ( l )  1 0 8 . 9 ( l )
r 0 8 . 0 ( r )  1 0 r . 0 ( l )
1 r 0 . 2 ( l )  1 1 0 . 3 ( l )
1 0 5 . 4 ( l )  r 0 5 . 1 ( l )
1 0 4 , 5 ( r )  1 0 4 . 9 ( l )
109.3 t09.)

t 3 5 . 5 ( r l  r ) 6 . 2 ( l )
t 3 6 . 7 ( t l  t 3 7 . 3 ( l ' t
r 3 5 . 5 ( l )  1 3 6 . J ( 2 ' t

t 6 9 . 2 ( t ' '  l 7 t . l ( l )
t 6 7 . 5 ( r )  1 6 9 . 4 ( l )

r t 3 . z ( r )  l l r . o ( l )  t t 2 .E (2 )
1 1 2 . 0 ( l )  l l l . t ( l )  t t t . 6 ( 2 ' t
l l l . 3 ( l )  i l l . r ( l )  l l l . 6 ( 2 )
1 0 t . 7 ( l )  1 0 6 . 7 ( l )  1 0 8 . t ( 2 )
t 0 4 . 4 o )  1 0 4 . 5 ( 2 )  t 0 4 . 7 ( ) )
1 0 6 . 7 ( l )  1 0 6 . 9 ( 2 \  1 0 6 . 9 ( 3 )
to9 .4  109.4  109.4

l l t . 9 ( l )  l l E . 9 ( l )  l l E . 9 ( 2 )
1 0 8 . 9 ( l )  1 0 8 . 6 ( l )  r o E . 6 ( 2 )
1 0 8 . 0 ( l )  r 0 E , 2 ( l )  1 0 t . 3 ( 2 )
l l 0 . l ( l )  1 1 0 . 4 ( l )  i l o . r ( 2 )
l o 5 . o ( l )  1 0 4 . 9 ( l )  t 0 4 . 6 ( 2 ,
1 0 4 . E ( l )  1 0 5 . 0 ( l )  t 0 5 . 0 ( 2 ' t
to9.J t09.) t09.1

116.2( t )  t76 .7(21  t36 ,71) )
t 3 7 . 5 ( t l  t 1 7 . t ( 2 1  l ) 8 . 2 ( J l
t 3 6 . 6 Q \  t ) 7 . 0 ( 2 '  L J 7  . t ( 4 )

1 7 t . 6 ( t )  t 7 2 . 3 ( t l  r 7 2 . t ( 2 1
l 7 0 . r ( l )  t 7 0 . 7 ( 2 )  1 7 t . 5 ( 3 ' t

a Error in paientheses iepresents one standard deviation.

937
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Table A5. Interatomic distances (A) in ir{ polyhedra of richterites

K lluor-richteritc Na tluor-richtcrite

Atomsa 240C 4000c 8000c 240C

Ml Octahedron

M l-ol Iz_]b
Mt-o? l2J
M l-o, [2]

Mean

Volumed

Q.E.E

o lu-ozu
olu-oru
o2-ol
olu-o20
olu-ord
02-o2
o3-o3

) .046( )1  3 .053(41
3 . 0 4 0 ( 3 )  1 . 0 5 1 ( 4 )
3 .035(2 ,  1 .056(1 '
2.t05(3' ' 2.819(1)
2 .704(J l  2 .720(3)
2 ,884(4)  2 .8e4(5)
2 .6 t2 (5)  2 .628(71
2. t96  2 .9 t0

2 . t8 t (21  2 . t99(3 ' , )
2.085(2't 2.094(2)
1 .99 t (2 )  2 .002(3)
2,08t 2.098

I 1.940 12.086
I  .0127 t .0 t17

t .0 t4 ( l )  1 .026(4 ,
2,87t()'t 2.t78(41
7,0 t2(5)  3 .033(61
3.007(3 ' t  3 .031(4)
2 . t05 lJ )  2 .E t9(J '
3 . 0 6 1 ( 3 )  3 . 0 8 7 ( 4 )
2 .759(4 ' )  2 .77 t ( i )
2 ,94)  2 .957

|  1 . 2 7 3
t .0 t27

3.05 iQ l  3 .062(21
3.029(2, 2.040(21
3 . 0 1 4 ( r )  3 . o 2 7 ( 7 1
2.80t(21 2.812(2)
2 .706Q1 2 ,7 t4 (2 ,
2 .897(31 2 .9 t5 (6)
2 .6 t to )  2 .62e(41
2.t93 2.905

2.192(2 ' t  2 .209(2)
2 .072( l l  2 .079(21
t .997(2 ,  2 .005(2)
2.087 2.098

l  l  ,9 l9  12 ,094
| . 0 t 2 7  l . 0 t 1 4

2.99912) J.005(2''
2 . t9 t (2 )  2 .905(21
3.03 t ( r )  ) .035(4)
3.005(2'' 3.03E(2)
2 .80 t (21  2 .812(2)
3.033(21 3.060(21
2.774(3 \  2 .7 t5 (3)
2 .940 2 .955

3.06r  (4 )  5 .065(41
3,0r8(4)  ) .055(4)
i .067(1 ,  1 .081 ( r )
2 .825(4 ' t  2 .841(4)
2 .72614)  2 .7 )0(4)
2 .e t3 (6)  2 .9J t (6 )
2 .649(7 ' )  2 .62 t ( t )
2.920 2.925

2.20t(3) 2.221(J)
2 .09e(J l  2 . t06( ) l
2 .005(3 ' '  2 .01) (31
2 . t 0 4  2 . t t 4

12.173 12 .151
1 . 0 1 4 4  l . 0 l 4 E

3.030(4 \  3 .040(4)
2 .8 t0 (4)  2 .8E8(4)
3 .02 t (71  ) .033(7 \
3 .057(4)  ) .074(4 ,
2 .826(4)  2 . t4 t (4 )
3 .102(41 3 . t20{41
2 . 7 6 7 ( 6 )  2 . 7 t 5 ( 5 1
2.965 2 .979

2.060Q)c 2.064(2) 2.064(), 2.066(31
2.027(2) 2.014(31 2.044(J) 2.05x)l
2 .070(2)  2 .087(2)  2 , t00( ) l  2 . t00(3 ,
2.052 2.062 2.069 2.073

| .299 t t .451 1 t .579 | .647
1 . 0 1 3 5  1 . 0 1 3 4  t . 0 t 1 2  l . 0 l r 4

2 .o62( t ,  2 .066(2)  2 .070Q)  2 .072(21 2 .074( ) )
2 .025( t )  2 .O i lQ l  2 .0J6Ql  2 .04312,  2 .046(41
2.06J( t )  2 .O76Ql  2 .085(21 2 .0er (21  2 .09 t ( ) )
2.050 2.05t 2.064 2,069 2,070

11.40 ,  t t .507 | ,5E7 l l .612
L.Ot2a L0 l2 t  t .0127 1 .0129

Mean

M2 Octahedron

).069(3) 1.073(1) t.077(51
2.046( ) )  3 .050(3)  ) .049(51
) .037(2)  3 .O47Q1 t .653(4)
2.8te(3) 2.826(t) 2.t2E(41
2.725( ) )  2 .734( ) )  2 .736(5)
2 .922(41 2 .940(4)  2 .94 t (7 )
2 .640(51 2 .617(61 2 .6 t0 (9)
2 ,9 t t  2 .920 2 .921

2 . 2 1 9 ( 2 1  2 , 2 2 7 ( 2 1  2 . n | ( b l
2 .083(21 2 .o t6 (2 ,  2 .087(11
2.006(21 2 .0 t ) (7 )  2 .010(4)
2 . t07  2 .109 2 .109

t2.172 12.263 12.276
l .0 t  39  I  .0  r44  I  .0  I  4 '

) . 0 0 9 1 3 1  3 , 0 1 0 ( ] )  3 . 0 1  l ( 5 )
2 .e09o1 2 .eLr ( t )  2 .9 t8 (51
3.o2 t (51  3 .03 t (5 )  3 .031 (8 )
J .055$ l  ) .o7r (3 )  3 .070(51
2.8 teo)  2 . t26(31  2 ,828(4 ' '
3 .070(3 ,  3 .0E8( ] )  3 .0 t0 (5)
2 .789(4)  2 .797(41 2 .791G1
2.962 2 .970 2 .970

t' lz-Ot [Z]
Mz-o2 l2J
Mz-o4 [2)

Mean

Volume

oru-o2u [2 ]
o2u_6au JzJ
o4-oq u J
o  r -o4  12 l
olu-o29 [2@]
O2u-O4d [2op'l
61u-61d I too ]

Mean

M, Octahedron

Mt-o l  14 l
M3-o3 l2l

Mean

olu-olu
olu-oru
o lu -o lo
o I u-o3d

Med

2.059\2)
2 .0 t4131
2.O44

I l . l r 3
t . 0 l  4 4

2.427(2 \
2,JEO(z)
2 .587 (21
2.t24(2' '

t .2 I t (3 ' '
, .08J(  I  )
3 .081 (  I  )
) . )77  l2 l
3 . 2 1 t  (  I  )
t . t 6 7 ( t ' )

Volume

2.07 t (2 )  2 .07 t (3 )  2 .084(1)
2 .02r (J ' t  2 .o21( j \  2 .029(3)
2 .054 2 ,056 2 .066

i l . ) 1 4  l t . 3 5 t  1 1 . 4 9 0
I  . 0 1 4 4  l . 0 r  4 4  l . 0 l  5 0

2,440( j ' t  2 .455( ) )  2 .46) ( ) )
2 .402(3)  2 .406(3)  2 .4n(3 ,
2 .587(3 ' t  2 .5 t7 (3)  2 .5er (1 \
2.t56(31 2,t70(7) 2.8e3()l

2 .476 2 .48J  2 .488
2.571 2 .580 2 .590

2E.090 2E,104 2a .626

).243(3, i.258(4) 3.275(41
) . o 9 7 ( t '  3 .  r 0 5 ( l )  3 . 1 1 4 ( l )
3 . 0 e 5 ( l )  3 . 1 0 1 ( l )  r . 1 0 9 ( l )
3 .395(2)  ) ,4 t0 (3 ' '  3 .418(3)
t .247(2 ,  7 .265(2 \  3 .2 t4 (2)
i . t 7 4 ( t )  r , l E o ( l )  3 . t t 2 ( 2 ,

2.052(r) 2.062(21 2.06t(2\ 2.o79(z) z,o79ltl
2 .O lE(3)  2 .Ot9(2 '  2 .025(3 '  2 .030(3)  2 .034(51
2.04 t  2 .048 2 .054 2 .062 2 .054

t t . t27  t1 .232
1.0 t27  l .0 l2 t

2.421(2't 2.440(21
2. )3e(2)  2 . t52(2)
2 .57 t (21  2 .56 t (21
2. t44Ql  2 . t44(2)

2 , 4 4 4  2 , 4 5 1
2,544 2 ,559

27. t40  27 .597

3. t90(2 ,  ) .215(2)
3 . 0 t 5 ( l )  3 . 0 9 8 ( l )
3 . 0 7 5 ( r l  1 , 0 r 7 ( l )
3 .154( t l  ) . )7 t (2 )
3 .2 t0 ( t l  j .236( t l
) . r52( t ' t  1 . t59( t l

t t .1 t2  t t .467 11 .490
t . 0 1 2 6  l . 0 r 3 l  l . o l J 1

2 .450(21 2 .459( t l  2 .459{4)
2.t5t(21 2.365(3, 2,355(J' '
2.566Q\ 2.568(t) 2.566(4)
2 . t99(21  2 .9 r7(11  2 .92 t (41

2,458 2 .464 2 .460
2.56 t  2 .577 2 .577

27,860 2t.146 2a,t05

).229(3) 1.246(1) 3.252(5)
3 , 1 0 6 ( r )  3 . i l 3 ( l )  t . t r 7 ( 2 1
3 . 0 9 4 ( l )  l . r 0 l ( l )  3 . 1 0 r ( l )
3 .385(21 3 . )e r (2 ,  3 .393( t ,
3.251(rl 3.270(2, J.278121
3 . 1 6 5 ( l )  3 . 1 6 6 ( l )  3 . t 6 5 ( 2 1

) .056(4)  1 .080(5)  3 .0 t9 ( r )  3 ,102(5)
3 .046(3)  3 .058(4)  3 .059(4)  3 .077(4 ' t
2 ,759(4)  2 ,77r (5 )  2 .767G)  2 .7 t5 (5)
2 .704(J )  2 .720( )1  2 .726(4 \  2 .7JO(4 ,
2 . t t6  2 .901 2 .904 2 .917

3,025(31 3 ,042(3)  3 .0J4(4)  i .07) (41  3 .079G)
3.o4 to)  t .o4 t (2 '  3 .054( ) l  t .o66( ) ,  i .07 t (51
2.774(31 2 .785( ) )  2 .7 t9 (41  2 .7e7(4)  2 .791(61
2.706Q\  2 .715(2 '  2 .7250)  2 .734(3 ,  2 .7 )6(51
2.A82 2.t92 2.900 2.912 2.914

M4 Polyhedron

M I - M I
M I.M2
M  I - M 3
M  I - M 4
M2.M3
Mz-M4

Mean for 6 2.465
Mean for t  2.555
votume (A3) 27.561

M4-o2 [d
M4-o4 [ 2]
[!446 [d
ir4-o5 [ d

-a The supe6criDt notation u = up, d = down refers to oxvq€n x values qreater (u) or less (d) thd the x of M.
D Numbei in br'ackets is the muliiplicity ol the interatomi; dis-iance. S-uperscript @ indicates an edge-shared b€seen two

octahedra and sutErscripl op an edSe shared betwen an ctahedron ed the M4 polyhedron.
c Error in parenthesis is one standard deviation.
d Volume ot polyhedron.
e Quadratic elonSation paramete. of Robinson et al. (t971).
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Table A6. Selected interatomic angles (') in M polyhedra of richterites

939

K tluor-tichteritc Na lluor-.ichtcrite 6
i

Ml Octahedron

o I u- [,! I -ozu
o lu-M I -o3u
o2-M l-o3
o lu-u | -o2d
olu-M l-o30
02-M t-o2
Ol-l\r l-Ol

Mean

M2 Octahed.on

o I u-M2-O2u
o2u-M2-O4u
o4-M2-O4
ot-M2-o4
olu-M2-o20
OZu-l''t2-O+d
o lu-M2-o lo

Mean

M, Octahedron

olu-M3-olu
o lu-Ml-olu
o lu-Mr-oto
olu-M3-oro

Mean

96.4( l  )D  96 .3(  I  )
9 4 . r ( l )  9 4 . 6 ( r )
9 r . 6 (  l  )  9 5 . 7 ( l l
8 6 . 7 ( l )  8 6 . e ( l )
8 1 . r 0 )  8 r , e ( r )
90 .7(  I  )  eo .7(2)
7 E . ? 0 )  7 8 . r ( r )
90 .0  90 .0

8 9 . r i l )  8 e . 6 ( l )
8 9 . 6 ( 9 )  E e . 2 (  |  )
98 .7(21  e8 .5(21
i l . 9 ( l )  9 2 . 3 ( t )
8 2 . 2 ( t ' )  8 2 . 1 ( l )
9 7 . t ( r ,  e 7 . 8 ( r )
7 8 , r u )  7 E . ' ( l )
t9 .9  89 .9

9 5 . 9 ( t )  e 6 . 0 (  l  )
9 6 . 8 (  l  )  9 6 . 7 ( t )
8 4 . 2 ( l )  8 4 . 0 ( l )
8 3 . 2 ( l )  8 3 , 3 ( l )
90 .0  90 ,0

9 6 . 4 (  l  )  9 6 . 2 ( t l
9 4 . J ( l )  9 4 . 1 ( t l
9 5 . 5 ( l )  9 r . 8 ( r )
8 6 . 9 ( l )  8 7 . 2 ( t ' '
i l . E ( l )  8 1 . 9 ( r )
9 0 . e ( 2 1  e l . r ( 2 )
7 8 . 2 ( 2 1  7 7 . 5 ( 2 1
t9 .9  90 .0

8 9 . 4 ( l )  8 e . r ( l )
8 9 . 1 ( l )  8 e . 0 ( l )
97 .E(2)  e7  .8 (21
e 2 , 9 ( t )  9 2 . 9 ( t l
E 2 . 0 ( l )  8 2 . 0 ( l )
9 8 . 2 ( l )  9 8 . r ( l )
7 7 . 6 ( 2 )  7 7 . 6 ( 2 '
t9 .9  89 .9

e 6 . t Q )  e 6 . 2 ( 2 1
9 6 . 6 ( t l  9 6 . E (  l  )
83 .7(2 ,  E3. r (2 )
r r . 4 ( f  )  t J . 2 ( t l
90 .0  90 .0

e 6 . 7 l t ,  9 6 . 7 ( t l
9 4 . 5 ( l )  9 4 . 4 ( l )
9 5 . 0 ( l )  9 r r . 9 ( t )
8 6 . J ( l )  t 6 . 7 ( 7 \
8 2 . 0 ( l )  8 1 . 9 ( l )
9 1 . 4 o )  9 t . 7 ( t l
7 E . 7 ( t \  7 t . r ( l )
90 .0  90 .0

8 9 . 3 ( l )  1 8 . 9 ( l )
9 0 . r (  r  )  9 0 . 7 ( L )
9 9 . 1 ( r )  9 8 . 4 ( l )
9 1 . 6 ( l )  9 2 . t ( r )
8 2 . 1 ( l )  E l . 9 ( l )
9 6 . 4 o  )  9 7 . t ( r )
7 E . 5 ( r l  7 8 . 1 ( l )
E 9 . E  8 9 . 8

e r . 0 ( l )  9 5 . 0 ( l )
e 6 . 7 ( t \  9 6 . 6 (  l  )
t 5 . 0 ( r )  r 5 . 0 ( l )
t r . r ( l )  r 3 . 4 ( l )
90 .c  90 .0

e 6 . 7 ( t l  e 6 . 6 ( r )  e 6 . 6 ( r )
9 4 . 3 ( t l  9 4 . 2 ( t ,  9 4 . t ( 2 \
e 4 . e ( l )  e 4 . 9 ( l )  e 5 , l ( r )
E 6 . 7 ( l )  1 6 , 7 ( r )  1 6 . 7 ( l )
E l . e ( l )  8 2 . 1 ( l )  E 2 , r ( 2 )
9 t .7 ( t )  92 .0( t l  9 r .e (z ' t
7 E . 6 ( l )  7 8 . 2 ( l )  7 7 . 9 ( 2 '
90 .0  t9 .9  t9 .9

8 r , 7 ( r )  E r . 5 ( l )  8 8 . 4 ( l )
e 0 , 7 ( l )  e 0 , 5 ( l )  e 0 . 8 ( 2 )
9 t .0 (2 ' t  e7  .7 (21  e7 .e( ) l
92 . t ( t ,  92 .7( t )  92 .7( t ,
E l . 8 ( l )  8 l . r ( l )  8 1 . 8 ( r )
e 7 . J ( r )  e 7  , 8 ( t )  9 7 . 5 ( 2 1
7 7 . g ( t l  7 7  . 8 ( t ,  7 7  . 6 ( 2 )
t9 .8  E9.8  t9 . t

9 5 . 2 ( t \  e r . 4 ( r )  e 5 . 6 1 2 ,
9 6 . 5 ( t )  e 6 . 6 ( l )  9 6 . 6 ( t ' '
t 4 . r ( f )  E s . 6 ( l )  8 4 - 4 ( 2 1
E 3 . r ( l )  t r . 4 ( l )  t 3 . r r ( l )
90 .0  90 ,0  90 .0

a The superscript. notation u = up 9nq q = down reters to oxyten x values treater (u) or less (d) than thc x ot u,
w Erlor rn Darenlne*s E one standard devlatlon-

Table A7. Interatomic distances (A) in A polyhedra of richterites

240C 4000c 6000c

K fluor-richterite
(A = 4i)

Mean (t)  2.E
Mean (10) 2.93
M e a n  ( l l )  2 . 9 t

Na lluor-richtcritc
t A = 9

Mean (t)  2.?t
Mean (10) 2.91
M e a n  ( l l )  2 . 9 5

2. t9 (31  2 .E7( t ,
2 .96(31  2 .99( r l
2 .9 t (21  2 .96( r l
3 .J5(3)  3 ,42( t )
2.61(5) 2.63(21
2.56(51 2 .60(21
J ,3 t (4 )  3 .14(2)

2 . t6  2 . t6
2 .95 '  2 .97
2,99  ) .00

2.67(21 2 .67(3)
2 .79(21 2 .79( t )
1 . o t ( 2 )  3 , 0 1  ( 3 )
7 . t2 (2 '  ) . t2 ( t '
2 .74121 2 .71( ) l
t .04(21  1 ,04(2)
t , t 5 ( t ' ,  t . ) 8 ( 2 1
3 . 6 t  t . 6 4
2.43( r l  2 .44(21
2.55( t )  2 .58(?)
3 . 3 0 ( r )  t . 2 7 ( t )

2 .79  2 .80
2,9)  2 .94
2,96  2 .97

2.88(  l  )
2 .99(1 ,
2 . e 5 ( t l
7 . 4 7 ( r l
2.6tQl
2 .60(21
t . 3 t ( t )

z . a t

2.99
t ,o2

2.72(41 2 .69( t \
2 .84(4)  2 .81  (4 )
2 .98(51 3 .02(4)
3 .0E(4)  3 . t3 (41
2.76(41 2 .7r (3 ' ,1
3 .00(4)  1 .02(31
J .45(31 3 .47(11
t .64  t .7 l
2 .44(2)  2 .45( t l
2 .6 t (2 ,  2 .64(11
3.24( r )  1 .20(2)

2 . t0  2 .81
2.95 2.965
2.98  ? .99

A-o, [2] 2.t7$\b
A-o5 [2] 2.e7(5',t
A-06  [2 ]  3 .01(4)
A-06 [2] 3.25(u.\
A-O7 [ l ]  2 .54( t '
A-o7  l t l  2 . i t (8 )
A-O7 u l  3 ,47(71

a Number in brackets is the multiplicity of the interatomic distilce,
D Error in parenthGes is one standard deviation.
c Distoces calalated by hand.
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Table A8. Magnitude and orientation of the principal axes of the thermal ellipsoids in K fluor-richteite (I2lm space group)

4000c

Atom Ellipsoid

Axis

tms

Amplitude

Angles, degrces with respect to

a b c

rms

Amplitude

Angles, detrees with respect to

a D C

r l
r2
at

r l

r!

r l

f 5

r l

rt

r l

rt

r l
r2

r l
r2
t3

r l
r2
f 5

l l

r3

o.o670ra tt(l4l
0 .081 (6 )  l0 l  (26)
0 . 0 8 8 ( 6 )  l 2 l ( r 5 )

0 .077(7)  108( l l8 )
0 .07e(6)  122( l l8 )
0 .0e9( r )  90(12)

0 .078(8)  6 l  (E  )
0 .093(5)  90
0 .  u 3 ( 6 )  l s l G )

0 .06r (8)  4 r (4 )
0.095(6) 92(7)
0.129(ttl 137(41

0.079(7) t05( 16)
0 .094( r )  156(  r4 )
0 . 1 r 4 ( 5 )  1 0 9 ( l r )

0 .078(6)  96(46)
0.084(6) r7t(tt)
0. i l8(J) 96(7't

0 .062(  l I  )  90
0.094( t )  130(9)
0 .129(7)  140(9)

0.062(31 54(71
0.072(3)  l  l0 (2 )
0.081 ( 3) t37 18)

0 .061(3)  64(9)
0 .074(3 '  3 t0e)
0.078(2) tr512t'

0 ,063(6)  r09(  n )
0 .013(4)  90
0 , 0 t 3 ( 4 )  1 9 ( l r )

0.077(41 90
0.0 t r (4 )  135( l r )
0 .  l0 l  (4 )  r3 r (  l  I  )

o .o7o l7 l  90
o.oto(6) tt4(tgl
0 .093(6)  135(19)

0.075(4) 73(2)
0 .015(3)  90
0.t1612) t63(2''

0 . l l s (15)  560 ' t
0 . r t5 (3)  90
0.335(t5l 146(9)

t23(t4) 104(20)
106(14) 149(14)
t42(2t) 63(361

78(40)  4 r (  l0 l  )
109(28)  t27( r04 l
r r t (13)  69( t2 l

rt7(4, 97(91
97(8)  16r  (7 )

r)2(41 72(61

lt9(7't 29(tl
r00(13)  e6(16)
3r ( t )  62(71

55(61 t6(r2,
88(28)  r r (38)

145(6) 5516\

142(91 9l ( r0)
l l r ( 1 2 )  1 3 6 ( 1 3 )
l 1 6 ( 8 )  4 5 ( l 3 )

et(71 42(91
|6(261 r2 r (12)
r5t(25) 75(t7,

9 0  3 ( l r )
180 90
90 r70 l )

90
l l 9 ( l l )
2 9 ( l 1 )

90
120(  l9 )
to( t9)

t3(21
90
57(2)

0 .  l 0 l  ( 6 )
0 . 1 i l ( r )
0 .  I 3 4 ( 5 )

0 . 1 0 6 ( 6 )
0 .  l l 4 ( 6 )
o .L4) (5 \

38o5)  l02(18)  7O(2 t )
72(2?l tt2(r2l r37(t6)

t22(8)  l r r ( lo )  53( lo )

64(3t, 76(12'' 44(27't
2e(2el 109(lr) 126(28't

to2(7, t56(71 67(7)

90  45(8)  0 . t23G'  'E( i l )  90
180 90 0.14t(6) 32(tt) 90
90 45(8)  0 .151(5)  90  0

0.092(7)
0 .151  (  r )
0.t72(5)

47( t t )
i t 7 ( L t )
90

34(5)
85(9)
57(5)

55(3)  140(3)  r4 (4)
E0(8) to2(7) 167(91
t7(41  5 t (4 )  102(  I  I  )

0 . 1 0 t ( 5 )  9 l ( 9 )  r 2 l ( r )
0.t29(51 t62(91 105(9)
0 . t52(5)  l0E(9)  1 r (6 ' t

0 .099(6)
0 . t29(5)
0 , 1 6 4 ( 4 )

l 0 l  ( 8 )  6 4 ( 4 )  2 7 ( 4 ,
r67G' 88(7) r7(r)
97G' l r4(4)  64(4)

r l
12
r3

r l

a5

r l
r2
r1

r l

.3

. l

.2
at

0 9 0
90 t24(9)
90 34(9'

4e(e)
90
4 l  ( 9 )

0
90
90

0
90
90

90
180
90

90
180
90

90
r5(7)
25(7't

o.o95P) r)2(t6' 67(23) t8l29l
0.099(2) ro7(251 49(24) r26(t0,
o , to4(2 \  46( l . r )  50(19)  83(16)

o .oe l (2 )  57(71  l l3 ( t )  ,6 (10)
o . l 0 l ( 2 )  5 3 ( r 0 )  r 2 7 ( r t l  1 3 9 ( l l )
o . i lo?)  135( t )  r t4 (9)  7 t (91

0.106(4)  e0(12)  90  16(12 l
0 .113(4)  90  180 90
0.120(4)  0 (12)  90  106(121

0.  l  lo (4 )  J3(8)  90  '3 ( t )
0 ,119(4)  90  180 90
0. l3l (r,) t42(E) 90 37(8)

o . ro4(7)  92( r r ,  90  ls ( l l )
0 . r0 r (7 )  90  lEo  90
0, t26(51  2( l l )  90  104( l l )

0 .095(9)  90  0
0.t37(7) r19(7't 90
0. t77(6 l  t i l (7 )  eo

0. l '  (4) 63(61 90
0.22 t (41  90  180
o.lgt(z7) 113(6) 90

0 . l l r ( 3 )  6 9 ( l )  9 0
0.132(31 90  180
0.206G) r59(r) 90

37(r't
90
r 3 ( l  )

43161
90
47(6't
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t000c

Atm Ellipsoid

Axis

ms

Amplitude

Angles, degrees with rcspect to

a b c

rms Angles, detres witi resptrt to

Ampli tude a b c

. l

.3

r l

r2
a5

r l

r)

r l

a)

r l
r2
r3

r l
r2
rj

r l
r2
at

t t

a t

r t

.3

r l

.3

r l

at

r l

t t

r l
f z

a t

r l
.2
r j

0 . t t7 (6 ,  72(28 '
0 . t25(6)  36( t9 )
0 . 1 5 2 ( 5 )  1 2 0 ( 8 )

0. l lr(5) 60(964,
0 . i l J (5 )  46(9051
0.  l6 l  (5 )  104 (  5 )

0 .13 t (71  83(8)
0 .156(6)  90
0 . 1 6 9 ( 6 )  1 7 3 ( 8 )

0 . I E ( 5 )  6 l ( 3 )
0 .  160(5)  E l  (6 )
0 .196(5)  3 t (J '

0 . 1 1 4 ( 6 )  i l ( l l )
0 . 1 3 8 ( 6 )  9 ( I I )
0 ,  l8 r  (5 )  9 t (5 ' '

o , toz (7 ' t  108(6)
0 .  144(6)  t5 t  (6 )
0 .  lE t ( r )  85(5)

0 .  I  l0 (8 )  90
0 . 1 5 0 ( 7 )  l 4 E ( E )
o,tt9(71 t22(81

0.103(2)  6 r (8 )
0 . i l r ( 2 )  1 0 6 ( 1 6 )
o , t t 7 ( 2 1  1 5 0 ( l l )

0 , 1 0 4 ( 2 )  7 l ( l l )
0 .  i l  1 (2 )  4 r ( r )
o.t2&(21 49(51

o . t 2 t ( 4 )  E 9 ( 1 7 )
0 . 1 3 3 ( 4 )  t 7 9 ( t 7 l
0 . 1 3 5 ( 4 )  9 0

0.  I  l9 (4 )  6 t (6 )
0 . l t ( 4 )  9 0
0.  l4e(4  )  I  5 t  (6 )

0 . 1 0 7 ( 6 )  l 2 t ( 8 )
0.t23(5) 90
0.  l3E( r )  3 l  ( t )

0 . t34(J l  67( t l
0 . t 5 2 1 ) )  9 0
0 . 2 t 5 ( 3 1  l r 7 ( r ,

0 . t71(7 ,  57(5)
o.2t7(4't 90
o, t64( r7 )  t47(51

72(20) te(t7)
t25(t4l t08(271
139(8)  57(71

46(90t)
t4t(t221
72(51

2 t ( t )
90
67(  t )

l4e(3)  89(6)
9r (6 )  172(61
6 0 ( 3 )  9 8 ( 6 )

n7(4) 37(E)
8 s ( 7 )  l  1 3 (  l 0 )
28(4) 62(41

6r(), 25(tl
102(6)  89(6)
Lr2(31 65(),

0 .  l  14  (6 )  t4 (  l0 )
0.t4315) 95(251
0. r60( r )  r03(9)

0 . t26(6 '  30(7)
0 . 1 4 4 ( r )  7 7 ( t 2 l
0 . t 7 7 ( 5 1  l t 6 ( r )

0 .157(6)  64(6)
0 .174(6 t  90
0.20216, lt4(6)

0 . 1 2 A ( 6 1  6 ! ( 1 1
0.176(51 81(5 \
0.216(51 27(31

0. t25(51  92(7 ' t
0 .16r (J )  t7 t (6 )
0 .199( . r )  97(6)

0 . t27Gl  l l0 (8 )
0 .  l 5 r ( r )  1 5 0 ( t )
0 .198(s )  92(51

0.  r26(E)  90
0 . 1 7 2 ( 7 1  r 4 r ( l l )
0.200(7, t25(rr')

0 . r2 t (21  4r (7 )
o , t2 t (21  90( '1  )
o . t t4 (21  l3 r (7 )

1 0 4 ( i l )  1 0 3 ( l l )
l l 7 ( r s )  1 4 6 ( l r )
1 4 9 ( 1 2 )  6 0 ( l r )

f08(7)  82(12)
r  r 7 ( 8 )  t 5 3 ( 7 '
t47(6' ' 6r(6)

90 4216'
lEo  90
90 4E(6)

l - . r  ( r )  E5(5)
r00(J )  t67(61
6)(31 t02(51

l l 9 ( r )  J 2 ( 4 )
e t6 l  7e(61
z e ( J l  6 l ( 3 )

6 0 ( 3 )  3 r ( 3 )
99(6't e2(8)

149(3)  'e ( t )

0 9 0
90 109(1  1  )
9 0  r e o t )

t35(2t, 88(4r)
l0 r (35)  l J6(9)
t2e(7) 66(8)

l l l ( r 0 )  4 7 ( r 4 l
t27(91  l3 r (  14)
136(6)  76(6 \

t4 (334)
|0 (231
160(  5 )

90
180
90

0 9 0
90 106(8)
90  l6 (E)

84(  l l )  4 t (7 \
16(  16)  E5(  |  5  )

104(  17)  49(7 ,

l l7 (9 )  45( t | l
l  20(9)  l  35(  14)
43(5)  9 t (51

0 . r  l E ( 2 )  6 5 ( 1 0 )
0 . t25(2)  '4 (9 )
0 .  l rE(2)  t t4 (61

90
I t0
90

90
180
90

90
lE0
90

90
It0
90

90
l t0
90

90
90

90
180
90

I t0
90

90
I t0
90

180
90

t7  (  t7 ,
73(t7't
90

45(6')
90
45(6''

l  r ( 8 )
90
7 J ( 8 )

3 9 ( l  )
90
5 l u )

49(5'
90
s l  ( 5 )

0 . 1 3 2 ( 4 )  e , ( f '
0 . 1 4 6 ( r )  9 0
0 .  l r r ( q )  3 ( 7 1

0 . 1 4 6 ( 3 )  6 l ( 1 0 )
0 .  l J5(4)  90
0 , 1 6 2 1 4 ,  l 5 l ( 1 0 )

0 . 1 3 r ( r )  1 2 2 ( E )
0 . 1 4 2 ( 5 )  9 0
0 .  1 6 l ( r )  t 2 ( t l

0 . 1 5 1 ( 3 )  6 E ( l )
0 .169(3)  90
0.263(tl lJ8( I )

0 , 1 9 3 ( 5 )  6 0 ( 5 )
0.266(51 90
0. t82( t7 )  l r0 (5)

t3(7'
90

l 0 r ( 7 )

4 1 ( l 0  )
to
4 J (  r 0 )

l 6 ( 8 )
t0
7 t r (81

3 t ( l  )
90
, 2 ( t )

45(5)
90
4q(i,

a Erroa in parentheses reprercnts onc standard dcviatioh.



942 CAMERON ET AL.: K AND NtI FLUOR-RICHTERITES

Table 49. Magnitude and orientation of the principal axes of the thermal ellipsoids in Na fluor-richterile (I2lm space group)

240C

Atoh Ellipsoid

Axis

rms

Amplitude

Angles, detrees with respect to

a b c

rms Angles, detrees with respect to

Amplitude a b c

r l

.2

r l

t t

r l

r l

f )

r l
r 2

r l

r l

r l

f t

r l
rz
r)

r l

r l
r2

r l

r l
f z
f t

0.07E(4)a 2t(701
0.081 (4 )  9E(66)
0 .090(4)  109u5)

0 . 0 7 8 ( 4 )
0 .083(4)
0 .099(  3  )

0 .085(  5 )
0 .091 (  4 )
0 .  I  l 0 ( 4  )

0 .080(4  )  6 l  ( ,  )
0 .09- r (4 )  72(7)
0 . t2 t l3 l  t5 (41

0.079(4)  106(  r5 )
0 .091 (4 )  t62( r4 l
0 . 1 1 9 ( 3 )  e r ( 5 )

0 . o 7 1 ( 4 1  1 0 6 ( 6 )
0 . 1 0 0 ( 3 )  t 6 3 ( 7 )
0, tr7 (J', t6( t )

0.072(6) 90
0 . 0 9 5 ( 5 )  1 4 6 ( e )
o .  l l8 (4 )  124(9)

0 .068(2)  61(15)
0.07t(2', 66124''
0 .074(2)  )7 ( t t )

0 . 0 5 t ( 2 )  4 E (  1 3 )
0 .07r (2 )  68(  19)
0 .080(2)  50(61

0.077( ) l  t2 r ( t6 l
0 .07 t ( t )  90
0 , o t r ( 3 )  l r ( 1 6 )

o .o t4 ( l )  46( t7 )
0 .085( l )  90
o.09 l (3 )  136( t7 l

0 . 0 7 1 ( 4 )  9 0
0.074(4)  65( t6 l
0 .08r (4 )  25( t6 )

0 . 0 8 3 ( 2 )  7 l ( r )
0 .100(2)  90
0 . 1 4 2 ( 2 )  1 6 l ( l )

0 . 1 1 2 ( 9 )  6 0 ( r )
0 . t79( t2 )  8 r  (J )
0 . 3 r 2 (  u  )  1 4 8 ( l )

E0(70)  t t (16)
r2G2) e6(r7l
8 4 ( 1 7 )  6 ( t 7 l

55(  l0 )  27( t t )
t008) 84(32\

l r ) ( t )  6 4 ( t )

90 34(7)
180 90
90 56(7')

146(4)  83( l l )
9 8 (  r 0 )  t 7 2 ( | )
,8 (4)  93(6)

t24(4) 14(4\
t t (9 )  g t ( t t )
34(41 56(41

5E(4)  12(4 ' t
lo r (E)  8 t (71
145(5) 5e(41

0 . 1 0 6 ( 4 )  l 8 ( 2 1 )
0 , 1 1 0 ( 4 )  E l ( 3 t )
0 . 1 4 0 ( l )  l 0 r ( 4 )

o .L29 l4 )  90
0 . t 3 2 ( 4 1  e 6 ( l r )
0 . 1 4 8 ( 4 )  r 7 4 ( l l )

r 0 l  (  r r )  92 ( )61
l l l ( 9 )  1 5 8 ( 6 )
1 5 6 ( 5 1  6 t ( r )

0.102(4 \  491201 EE(  16)  58(  19)
o .  108(4)  53(2 t l  129( t t l  130(  19)
0 . 1 2 3 0 \  , l t ( e )  1 4 0 ( l l )  5 6 ( 1 0 )

95(14)
1 6 6 (  l 6 )
r03(  l0 )

72171
90

162(7 ','

0 9 0
9 0  1 5 7 ( 1 1 )
90 67( t t )

o .  to4(4)  63(3)  t46( ) l  Eo(5)
o .  D3(4)  75(4)  ro2(5)  168(5)
0 .  r6e(3)  32(J )  59(2)  98(4)

0 .096(4 '  9 r  ( r )  t2212 ' t
o .  l2 t (  3 )  t72( ) , ,  96(4)
0 . t70{1)  9 t (3 )  i xz l

0 .  l 0 r 0 )  e 8 ( 8 )  e 0
0, t r6 (21  90  t to
0 . t 2 0 ( 2 )  E ( 7 )  9 0

0.116(2)  67(22)  90
0 .  u 8 ( 2 )  9 0  l E o
o.tzr(2't t57(22) 90

0 . 1 0 1 ( 4 )  l l t ( 9 )  9 0
0.  t03(4)  90  180
0. t20( t ' ,  n (e )  e0

o. L2t(2) 70( r ) 90
0.135(2)  90  180
0.2 t t (2 )  1600 )  90

35()' '
7 e ( 5 )
57(2)

0 9 0
90 107(9)
90 t7(9''

o . o 9 l ( 4 )  1 0 6 ( 4 )  6 7 ( 2 1  2 7 ( 2 1
o. tJ2 l1 \  164(4)  97(4)  t7 (41
o. t64o l  90(4)  t5212 ' '  6312)

0 .093(6)  90  0  90
o.  r3 r  ( r )  157(5 \  90  9615)
0 , t 7 5 ( 4 1  t l 3 ( 5 )  9 0  5 ( 5 )

0.095(2) rrr(21\ 6e(32\ 22(iE)
0.o96Ql r2r(19) 44(22't l0E(44)
o ,  r o 4 ( 2 )  ) E ( 7 ,  ' 3 ( 8 )  9 8 ( 6 )

o . o 9 5 Q l  8 2 ( l l )  e e ( l o )  2 6 \ 1 4 l
o . 0 e 9 2 '  4 3 ( 5 '  t ) t ( 5 \  l l 4 ( 1 5 )
o .  u5(  l  )  4 t (4 )  42(4)  100(2)

r l

r3

r53(t5l ee(Bl
77(2J) t65(241
67\t) ' '  78(241

l2e(8)  79(251
t00(t7) t69(2)l
4 l ( 6 )  e 4 ( t )

90
I t0
90

90
180
90

0
90
90

90
tE0
90

l 4 (  t 6 )
90
7 6 l t 6 l

6t(t7')
90
29\t7,

90
t 7  t ( t 6 )
8 1  (  l 6 )

36(r't
90
5 4 ( l )

9 ( t )
90
99\7)

40(22)
90
50(22)

7  ( e )
90
t3(9)

37( r )
90
5 ) ( r )

7 4 ( 7 ,  5 0 ( 5 )
2 6 ( 5 ' '  l l 6 ( 5 )
70() l  5r(J)

o. lt9( 16) 56(3) 65(5' ' 59(4't
0 .25 tQr )  E9(6)  3 r (61  t20(61
0.400( re)  t46( ) )  73(6)  46(5)
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Table ,4'9. (continued)

943

EUipsoid

Axis

rhs Antles, degrees with respect to

Ampli tude a b c

rms Angles, degrees with respect to

Ampli tude a b c

Antles, degrees with respect to

a b c

a m s

Ampli tude

r l

.3

l l

.3

r l

.)
l l

r2
a5

r t

rz

a l

r2
I t

r l

r2
f t

t l

f5

r l
.2
f t

r l

f5

r l

r l

a5

r l
.2
r3

r l

at

0 , [ r ( 4 )  3 l ( 1 0 )
0 . t 2 5 ( 4 )  t 0 l ( t 5 )
0 . tJ5(4 ' '  l l 7 (9 )

0 .  i l9 (4 )  6 t (27)
0,t25(4) 31(24''
0 . t56(31  r08(J )

0 . 1 4 5 ( 4 )  9 0
0. ,  , l  (J )  t t2 (12)
0 . t67(4 i  l rE(  r? )

0 .  I  14(  4 )  62(2 ' '
0 . r 1 2 ( 4 )  7 7 ( 4 ,
0 . r 9 0 ( l )  3 r ( 3 )

0 . i l1 (4 )  ro3(71
0, r38(4)  t66(7 '
o . rE7(11 94(1 ,

0 . 1 0 9 ( J )  1 0 8 ( J )
0 . 1 4 6 ( t r )  l 6 l  ( r )
0 . l r 4 0 )  e J ( 4 )

0 . 1 0 6 ( 6 )  9 0
0 .  1 4 6 ( 5 )  l r 4 ( J )
0 .  194 (J )  l  r  6 (  r )

0 . 1 0 5 ( 2 )  l  r E ( 8 )
0 . 1 r 0 ( 2 )  1 0 8 ( r 2 )
0 . 1 r 5 ( 2 )  r 4 ( 8 )

0 . 1 0 5 ( 2 )  4 5 ( e )
0 .  [ 0 ( 2 )  6 E ( 1 3 )
0.t26(21 51(41

0.  l  r8 (1)  95(7)
0.129(J) 90
0, r )5 (3 ' t  5 (71

0 , 1 1 0 ( 3 )  7 l ( 1 3 )
o . l ) 3 ( t )  9 0
0 . 1 r 9 ( 3 )  1 6 l ( l l )

0 ,  l l 4 ( 4 )  1 2 7 ( 7 1
o . l t 5 ( 4 )  9 0
0.  r3 r (q )  37(7)

0 . t17(21  69( r \
0 . t53(2)  90
0.242(2 '  l19( l )

0 ,  lE7(  r0 )  57(5)
0.259(23, 79(t0,
0 . 4 1 2 ( 4 )  1 4 5 ( 5 )

r20(  u  )  to2( t3 )
118o7)  t39( t7 ' '
t37( t1 l  5 t ( t7 ' )

E4( l2) 44(25't
I  13(6)  t27(26 ' )
t56(5) 7o(' ' ,t

t49(2\ E7(51
e6(5)  t73(5)
60(2)  96(4)

r2tl2l 1r(21
E 7 ( 5 )  6 6 ( 6 )
7t(2) 59(21

59(2\ 1L(21
9 5 ( 4 )  e l  ( 4 )

t4e(2 ,  5e(21

5r( l r )  16(14)
49(13\  l2 t (  l4 )
57(91 9r ( t )

125(51 7e( t6 l
l 0 l ( 1 0 )  t 6 7 l t 5 \
37()l 96(4)

t2(7' '
90

t 0 2 l 7 l

J 5 ( t J )
90
551t1)

20(7')
90
7o(7)

3 8 ( l  )
90
52(r't

0 . t23(41  26(71
0,  r3 t (4 )  t4 ( t2 )
0 . t 5 2 ( 4 )  l  l 5 ( 5 )

0.125(41 60(t2)
0 .  l l9 (4 )  38(  r  l  )
0 , 1 6 8 ( 4 )  l l l ( 5 )

o .  l6 l ( j )  761t ,
0 . t 6 7 ( 4 )  9 0
0 .  i 1 6 ( 4 )  r 6 6 ( 6 1

0 . 1 t 7 ( 4 ' t  6 2 ( 2 )
0 . t 7 2 ( 4 )  7 e l 4 )
0 .2 r t (41  10(2)

0 , t26( t t )  9 l  (6  )
0 .  l r 5 ( 4 )  t 7 t ( 4 )
0.202(3't e2())

0 ,  i l 4 ( 5 )  l  l 2 ( 4 )
0 . t65(41  157(41
0 , 1 9 9 ( 3 )  9 6 ( 4 \

0 .  l  14(6)  90
0.164(5)  t50(6)
0.206(51 t20rc)

0 .  l l 5 ( 2 )  t 1 9 ( 7 1
0 . r z t ( 2 1  r 0 7 ( l 4 )
o .126(2 ,  146(  l0 )

0 . t t4 (2)  52(71
0. t20(21  65{91
o.  l4 r  (2 )  4 t (3 ' ,

0 . t t 2 ( 1 \  E 2 ( 9 )
0 ,  r 4 l  ( 3 )  9 0
0 , t 4 7 ( ) l  t 7 2 ( 9 1

0. t19(3 ' '  78(8)
0 . t49(1)  90
0 . r 5 4 ( r )  1 6 9 ( 8 )

0.120(4) t29(5't
0. t35(4) 90
0.159(4)  39(5 ' t

0 .152(2)  6E(  l  )
0.166(2't 90
0.269(2)  l r t ( l )

0.199(221 5616)
0 ,2e8Q31 6e(7 t
0 .464(45\  138(6)

1 0 3 ( 1 0 )  8 4 ( 1 0 )
136(t2) 131(t2' '
t ) l l t2 \  44( t2 ' l

0,12617 1 139(91
0 . t 5 5 ( 6 )  1 0 9 ( , l )
0 .  l J8(6)  56(34)

0 . 1 4 3 ( 6 )  2 t ( 9 4 '
0 .145(6)  65( tO2\
0 . r 7 8 ( 6 )  l 0 l ( E )

0 ,  t 7 3 ( 7 1  9 0
0.186(7)  95(401
0,194(7)  175(391

0 , t ) 2 ( 7 )  t 2 t ( ) l
0 .  l t0 (6 )  75(7)
0 . 2 1 8 ( 6 )  3 i ( 4 ' ,

0 .129(7)  l0J (8)
0 . 1 6 4 ( 6 )  1 6 4 ( E )
0 .212(5 '  93(51

o ,  t 2 4 ( 7 )  t ) 1 ( 5 )
0 . t78G)  l15(5)
0 .207(5)  9 t ( t )

0 .  I  2 8 ( 9 )  9 0
0 . 1 7 5 ( t )  1 5 5 ( 9 )
0 . 2 1 9 ( 8 )  1 t 5 ( 9 )

o ,  l  1 6 ( 3 )  t i t ( i ,
0 . t36(2)  871231
0. t39(21 47(5)

0 .  u 7  ( 3 1  l 3 l  ( 4  )
0 . t 1 6 ( 2 1  t l 4 ( 6 )
0 . tq9(2)  50(5)

a . t 3 5 ( 5 )  I  l E ( 8 )
0 .  1 5 6 ( 4 )  9 0
0 .  1 6 l  ( 4 )  ? 8 ( 8 )

0 . 1 4 t ( 4 )  l l 7 ( t 4 )
0 . t59(4)  90
0 ,  1 6 l ( 4 )  2 6 ( 1 5 )

0 . i l9 (7 )  138(5)
0 .  l4 t (6 )  90
0 . t 7 5 ( 5 )  4 t ( i )

0 .  l 6 t ( r r )  7 2 ( t )
0 .179(31 90
0.277(J ' t  t62( t l

0 . 2 2 0 ( t 7 )  6 l ( 8 )
0 . )78(34 '  74( te '
0.444(741 t46(12)

e0(9)  J2(9 \
l r0 ( t4 )  r05(421
120(83)  62(26)

96122) 79( l0l )
t02u4) t65(73\
1 5 7 ( E )  8 0 ( E )

0 9 0
90 ti9(40)
90 69(39')

3 2 ( 4 )  7 ) ( 6 1
7 r ( 6 1  1 6 l ( 6 )
65(4) t2(71

I  l 8 ( l )  2 t ( 3 )
Er (6)  88(7)
29(t) 620''

6 ) (J l  28(3 \
94  (  t )  e7  (6 )

tt3t3) 63(3)

0 9 0
90 I4r(12')
e0  5 \ t2 t

87  (7 ' )
l  1 6 ( 6 )
r i 4 ( 6 1

90
I t 0
t()

46(12't
t )0 (  t2 l
70(5)

l l ( 8 )
90
5 9 ( 6 '

0 9 0
90 99(5)
90  9(5)

l i l  (  2 )  e 0 0 )
gJ(rl tt4(4't
6 t l2 )  e6(41

t20(2) 3314)
9 l  (4 )  75(6 \
Jo(2)  6112)

6112,  )0 (2)
e6(5)  95(4  )

t50(2) 60(2')

0 9 0
90 103(61
90 13(6)

42lE'' 5J( l0)
69( t t l  r40(12)

124(91 73(r))

l3 l  (4 )  76113\
102(e l  165( l l )
4413) 93(3)

90 2519)
180 90
90 65(9)

2 8 ( 8 )
90
6 2 ( 8 )

22(5)
90
6t (  r )

3 8 ( l  )
90
5 2 ( |  t

55(9')
l 2 r (  l 3 )
5 8 (  7 )

7 3 ( 5 )  3 7  ( 5 1
231221 |2 ( t7 l
75(3r l  63( t5 )

77 (5) 28(5)
46(7)  \7 (61
4 7 ( 7 )  E l ( 5 )

0 9 0
e0 98(e)
90  t (e )

90
It0
90

90
rE0
90

90
r80
90

7 ) ( t t )
4 0 ( l 1 )
i i (8 )

90
l t0
90

90
I t0
90

90
lE0
90

90
l t0
90

90
180
90

90
I t0
90

90
lE0
90

90
I t0
90

u  (8 )
90
7918')

l 0 (  l 4  )
90
i l  (5 )

3 r ( 5 )
90
5 e ( J )

3 5 ( l )
90
5 5 ( t )

E2(71 tt7(8't
25(20) i l  3( r6)
67(211 5t(t2',

8 0 (  l 3 )  5 t  ( 6 )
2 2 ( r 0 l  u l ( l l )
7 r  (E  )  47  (6 )

a Error in parentheses represents one standard deviation.

Table Al0. Unit cell parameters of richterites

K fluo.-richtcrite Na tluor-richtcrit.

240C 8000c 9000c

lzln cell

a(& e.992(l)a
b(A) t7.e72(3'
c(A) i.z6o(r)
B(o) l0r.E0( I )
v (Ar )  90s .9(2)
asin8(o) 9.614

C2lm cellD

l o . o q l ( l )  l o . o 7 o ( l )  l o . l o q ( l )
tt.056(2) 18. t06(2) rt.t59(21
5.2721t I  5 .278( t )  J .28J( l )

l 0 r , t 3 ( l )  1 0 t . 8 3 ( l )  I 0 5 . t 5 ( l )
e tg ,7 (21  925.9(2 ' )  93 t .0 (21

9.661 9 .688 6 .720

9.9E7 10.013 10 .043
I t . 0 5 6  l t . 1 0 6  1 8 .  l r 9
5 ,272 5 ,27E 5 .2 t5

t04 .70 104.64 104,57

9.938(2'' 9.979(2,
t7 .952(41 t8 .$6(J l
J . 2 5 t ( l )  5 . 2 7 0 ( t )

106.62( t ,  106.71( l )
r99 .0(3)  908.4(3)

9 .52 t  9 .557

9.824 9 .855
t7 .952 1E.035
5,258 5 ,270

t04,22 104, i l

l o . o o 8 ( 2 )  l o . o 3 2 ( l )  r o . o 4 3 ( r )
t t . 0 t 7 ( 2 1  l 8 , r 3 r ( 2 )  r 8 . 1 4 9 ( l )
5 . 2 7 8 ( L l  5 . 2 8 4 ( l )  5 . 2 E 6 ( l )

1 0 6 . 6 9 ( l )  1 0 6 . 7 0 ( l )  t 0 6 . 6 9 ( l )
e t5 ,2 (4)  920.6(2 ,  9?J .0(2)

9 .5 t7  9 .609 9 .620

9. t8 '  9 .904 9 .915
r E . 0 8 7  l t .  r 3 l  l t ,  l q 9
5.27a 5.284 5.2t6

t04 .07  t04  ,02  i  04 .01

a(4) e,e44
b(A) t7.972
c(A) i.260
B(o) t04.79

a Error in parantheses is ore 3tandard deviation.
D All parametcrs lor C cell calculated trom those of the l-cell.


