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SYNTHESIS AND CRYSTAL CHEMISTRY OF
SODIUM-POTASSIUM RICHTERITE,
(Na,K)NacaMgssiBOm(OH,F)zZ
A MODEL FOR AMPHIBOLES!

J. StEpHEN HUEBNER AND J. J. PAPIKE,”
U. S. Geological Survey, Washington, D. C. 20242.

ABSTRACT

Synthesis and homogenization experiments at 775°-850°C and 1 kbar indicate a com-
plete series of solid solutions along the amphibole join (K,Na)NaCaMg;SisOn(OH),. Unit
cell dimensions a, 8, and V do not deviate significantly from a linear relationship between
end member compositions; & and ¢ change little with composition. The molar volume de-
creases 3.55 cm®/mole in passing from potassic to sodic richterite compositions; other
K—=Na (4 -site) amphibole series are expected to show a similar molar volume change. High
pressures characteristic of the mantle will tend to stabilize potassic amphibole relative to
phlogopite-+pyroxene. Substitution of fluorine ion for hydroxyl causes the cell constants
a and V to decrease significantly.

INTRODUCTION

Richterites are clinoamphiboles whose composition is between the
compositions of calcic and sodic amphibole groups of Ernst (1968).
The idealized formula, (K,Na)NaCaMg;SisOn(OH,F);, shows an amphi:
bole that is rich in alkali relative to calcium and from which aluminum is
absent. The formula further suggests that richterite crystallizes in an
environment in which the chemical potential of alkalis is great relative
to that of alumina. Sodium must be present, but a combination of sodium
and potassium is permissible.

The clinoamphibole structure (Papike ef al., 1969, Figs. 1 and 2) con-
sists of infinite double chains of silicon-oxygen tetrahedra linked laterally
by strips of octahedral [M(1),M(2), and M (3)] sites and 6- or 8-fold
coordinated [M(4)] sites. In synthetic richterite, the octahedral sites
are filled with Mg. Equal numbers of Ca and Na are distributed over the
M(4) sites. To balance the 46 negative charges of O and (OH,F)~,
one additional alkali atom is needed per formula unit and fills the 4-site,
which is located between two tetrahedral double chains. The A-site is
large and irregular; the A-site alkali is coordinated by 8 to 12 oxygen
neighbors. Hydroxyl or fluorine occupies the 0(3) site, which is in the
octahedral strip adjacent to the 4-site alkali.

Richterite is a rare mineral but forms in a wide variety of geologic
environments. The paucity and diverse occurrences of this amphibole

1 Publication authorized by the Director, U. S. Geological Survey.
2 Now at Dept. Earth and Space Sciences, State Univ. of New York, Stony Brook,
N.Y. 11790.
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reflect the unique chemistry of these environments. Richterites have
been reported as a product of late magmatic crystallization from potassic
lavas (Prider, 1939; Carmichael, 1967; Velde, 1967); as a hydrothermal
product in an alkaline complex (Larsen, 1942); as a manganiferous
amphibole in metamorphosed limestones (Magnusson, 1930); as a high
grade metamorphic product in a feldspathic gneiss (Bilgrami, 1955); as
a potassium-bearing constituent of omphacite nodules from the Wessel-
ton kimberlite pipe, South Africa (Erlank and Finger, 1970) and from a
meteorite (Olsen, 1967). Natural richterites approximating end-member
composition are reported by Prider (1939): [Kj.03Nay.00Caz.os(Mgs .
Ff32+0.23'1“i0.171\4110.01)VI(A10.2*37[30.21}“63%.otsSi7.44)IVOzz,o(OI‘I,F)z.O]1 and by
Olsen (1967)3 [Ko.loNaz.ozcao,35Mg4.63F€0.05A10.07Tio.1sC1‘o.osSis.ooom(Fl.oo
OHi.00)]2. Many richterites do not contain two alkali atoms per 24
oxygens and can be considered to be a solid solution between richterite
and tremolite (Sundius, 1945 and 1946); these amphiboles are the soda
tremolites described by Larsen (1942) and Miyashiro (1957).

Many alkali-bearing amphiboles contain small amounts of potassium
in addition to sodium, but potassic richterite is the only amphibole
known to have an atomic site filled with potassium. Potassic amphiboles
have been postulated to occur in the mantle (see, for instance, Oxburgh,
1964), and are reported from xenoliths of possible mantle origin (Erlank
and Finger, 1970). Richterites offer the opportunity to study the crystal
chemistry of potassic amphibole and the Na=K substitution in an
amphibole while the other compositional parameters are held constant.
Because this substitution affects only the A-site geometry, it may be
possible to apply to aluminous amphiboles a model for sodium-potassium
substitution developed with reference to the richterites.

PrEVIOUS INVESTIGATIONS

Although many crystal structure refinements are available for amphi-
boles (summarized by Ernst, 1968; Papike et al., 1969), the only refine-
ment of a richterite structure is given by Papike et al. (1969) for the
natural potassic richterite described by Prider (1939). A satisfactory
refinement was obtained by using a split- or half-atom model for potassium
in the A4-site, necessitated by disorder (probably positional, less probably
thermal) in the a-¢ plane about the special position at =1, y=0, 5=0.

Potassic richterite has not been synthesized previously, but sodic
richterite has been synthesized by several investigators; the composi-
tions and published cell dimensions of the phases produced are sum-

! The analysis by Prider (1939) recalculated according to 46 negative charges (Papike
el al., 1969).

? Evidence is presented later in this paper that suggests that the richterite described
by Olsen (1967) is a fluor-amphibole with little or no (OH) in the structure.
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marized in Table 1. Only Phillips and Rowbotham (1968) have published
cell constants for synthetic sodic calciferous richterite, Na;CaMg;SisOz
(OH),; their reported cell constants appear to be in error. A fixed index
refinement of their d-spacings yields ¢ 9.902+0.002, b 17.980+0.004,
¢ 5.269+0.001A, 8 104°12.7+1.1", V 909.4£0.25A. Uncertainties
reported here are standard errors based on a single refinement and reflect
the perfection with which a single data set fits the lattice constants; the
uncertainty should be doubled for comparison with other refinements.
Kohn and Comeforo (1955) and Eitel (1954) successfully prepared the
fluorine analogue of this amphibole.

Sodium magnesio-richterite with no calcium, Na,MggSigOen(OH),
has been synthesized hydrothermally by Iiyama (1963), but no cell
constants are given. The fluorine analogue of sodium magnesio-richterite
(without calcium) was prepared by Gibbs ef al. (1962) who analyzed
their product and reported cell constants.

EXPERIMENTAL PROCEDURE

Six mix-compositions in the sodium-potassium richterite series were prepared using
KHCO; (Baker Lot 21551), NaHCO; (Fisher Lot 512598), CaCO; (Baker Lot 11246),
MgO (Fisher Lot 787699), and $iO, (ignited and acid washed Corning silica. glass cullet
7940; see Stewart, 1960). For fluor-richterite mixes, fluoride was added as Cal’s (Fisher
Lot 771262). A ferro-richterite mix contained iron added as Fex0q (F isher Lot 762942).
Reagents were dried, weighed, ground and heated in air or a COx+Hs gas mixture to de-
compose. the bicarbonates, carbonate, and hematite. Heating was done at 700°-900°C in
platinum eruciubles for no more than three hours, and is not believed fo have affected the
ratio of the cations in the mix. The sintered product was crushed and stored in a desiccator.

Synthesis of hydroxyl amphibole was done hydrothermally. A gold capsule was loaded
with 10 to 30 mg water and 100 to 500 mg of mix and subsequently welded shut. Most runs
were loaded with only about two to four times the amount of water required to form
amphibole; greater amounts of water might have caused appreciable fractionation of alkali
and silica into the solution, resulting in an amphibole that contains some tremolite in
solid solution with richterite. The majority of syntheses were performed at about 850°C
and Przo = tkbar! (Table 3) in vertical cold-seal bombs, but a few runs were made at differ-
ent temperatures and pressures. With the exception of two high temperature experiments,
runs lasted ~20 to ~57 days. Pressures were measured with a Bourdon-tube gage (Heise)
and are accurate to several percent. Temperatures, measured with chromel-alumel thermo-
couples, are accurate to an estimated +5°C, and temperature variation of runs was gen-
erally less than + 5°C. Overall temperature uncertainty is within +10°C.

PuASE CHARACTERIZATION

Run products were examined by optical and X-ray powder diffraction
techniques. The synthetic richterites were not sufficiently coarse grained

1 These conditions were chosen because richterite is stable, reaction proceeds at a
satisfactory rate, richterites are believed to crystallize in lavas at similar temperatures, and
because 850°C and 1 kbar are within the limits for continuous operation of stellite 25 cold-
seal pressure vessels.
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to warrant a universal stage examination. Microscopic examination
reveals that amphibole forms 98-100 percent of all but several charges
and that other products, when present, are diopside and glass. The
richterite commonly forms tiny euhedral crystals, up to 50 um in maxi-
mum dimension, that are bounded by equant to slightly elongate,
stubby pinacoids. The extinction angle (¢/\Z) of potassic richterite is
about 25°. Refractive indices in sodium light are similar for the sodium
and potassium richterites (see Table 2).

Unit cell dimensions were determined using an X-ray powder diffraction goniometer,
copper radiation, a proportional counter tube, and either a ratemeter—+strip chart re-
corder output, or a timer--scaler interfaced to.a teletype punch. A BaF; internal standard
(a=6.19711¢0.000111°&) was used for all but one unit cell determination; the Bal
was standardized against silicon (Johnson Matthey Lot Number S3354, a9=>5.43067 &

TaBLE 2. PrvsicAL CONSTANTS FOR SODIC AND POTASSIC RICHTERITE

Sodic Richterite Potassic Richterite
NaNaCaMg;Sig0:(0H)2 KNaCaMg;SisO2(0H),

9.9073(16) 10.0486(19)

a, A

b, A 17.9794(38) 17.9880(30)
¢, A 5.2685(11) 5.2722(13)
8 104°15.06(90)" 104°48..09(55)
Vv, A, 909.58(39) 921.37(46)

V, cm?®/mole 273.93(12) 277.48(14)

o, No 1.603(2) 1.604(3)

v, Np 1.624(3) 1.629(2)

0.00018 A) which in turn was standardized against gem diamond (ay=3.56703; Robie
ef al., 1966). The BaF, gives eight usable reflections® between 24° and 68° 20 (CuKa)
and is free from all peak interference with the amphibole.

Amphibole peak positions were determined two ways. The conventional method uses
strip chart traces run at + degree/minute and § inch/minute. The chart paper had timing
lines at every 0.1 inch which were referenced to the position of the adjacent standard
reflections. Amphibole peak positions were measured to the nearest 0.01 inch in reference to
the timing lines of the chart paper. The average of two patterns, each measured once, gave
26 values which, when refined to yield cell parameters, could not be improved by measuring
additional patterns or repeating the pattern measurements. Standard errors of the cell
dimensions determined in this way are about 1 part in 7000 and apparently reflect the
precision to which the peaks were measured, about 0.01° 26. Below 30°, the BaF; and the
amphibole reflections were measured for CuKa radiation, 1.5418 A., because the ay and
w2 reflections could not be distinguished; in this region, the median of the area of each peak
was estimated whether or not the peak was “on scale.” Above 30°, the CuKa reflection was
measured at the top of the peak. Only the (151) reflection went off scale, so that this pro-

1 Calculated 260, CuKay: (111), 24.865°%; (200), 28.788°%; (220), 41.166°; (311), 48.692°;
(222), 51.008%; (400), 59.628°%; (331), 65.612°; (420), 67.542°.
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cedure is applicable generally. Several refinements were run for data based on CuKa
radiation (A =1.540562; Bearden, 1967) throughout and gave results that were, for all
practical purposes, identical to the results using a mixture of Key and Ko wavelengths.

In an effort to improve the precision of the peak position measurements, eliminate
systematic error (bias), determine peak heights and areas, and speed the measurement
process, the information that normally goes into the production of a strip chart was
punched on paper tape and subjected to computer reduction. A scaler was gated every
1.2 seconds by a timer with a tuning fork time base. At the end of a 1.2 second counting
interval, the accumulated number of counts was stored in a memory buffer for readout
(through an interface) to a teletype paper tape punch. Immediately after the scaler accumu-
lation was read into the buffer, the scaler was automatically reset and counting resumed for
another time inteval. The goniometer ran continuously at 0.25° 26/minute; thus, there are
200 counting intervals per degree. The data on paper tape were transferred to cards for
input to a data reduction program (U.S. Geological Survey Program 9208, “CURVE” and
“PEAKS” for the IBM 360/65 system by M. Hellman) that calculates peak positions from
supplied positions of the internal standard reflections, and provides intensity informa-
tion. Precision with this method is slightly improved over the hand measurement method
and in some cases resultant cell dimensions have standard errors that are less than 1 part
in 10,000.

When using the paper tape output and computerized data reduction, all peaks were
assumed to be measured for CuKa; radiation. This procedure is valid at angles less than
30° because the data reduction program fits a curve to the data and takes as peak positions
the curve maxima, and because the peaks cannot go “off scale” (maximum permissible
intensity is 99999 counts per time interval with the paper tape format selected). Experi-
mentation with different assignments of Ko and Ko, radiation for both the BaF; standard
and the least squares unit cell refinement demonstrates that the use of the Koy wavelength
yields the most internally consistent data (smallest standard error of observed 26) and
best agreement with patterns measured by hand. Comparison of the two methods indicates
that they do indeed yield similar 26 values and cell dimensions that do not differ significantly
(one standard deviation or less).

The least squares refinement of the cell constants was performed with a computer
program written by Evans, Applemen, and Handwerker (1963) and subsequently modified
by Appleman and Handwerker. Miller indices were assigned to the 24 to 57 amphibole
reflections that could be uniquely and unambiguously indexed with the single-crystal
intensity data collected for a refinement of the potassic richterite crystal structure (Papike
et al., 1969). Powder diffraction intensity values presented in this investigation (Table 4)
indicate that the intensities of equivalent /&l reflections of potassic and sodic richterites
are similar. This fact, plus the continuous change in peak 20 with composition, validates
the use of the potassic richterite single-crystal data in indexing all of the synthetic richter-
ite powder reflections.

REsULTS OF HYDROXY-RICHTERITE SYNTHESES

X-ray diffraction data for the richterite series (K,Na)NaCaMgsSis-
02(OH), are summarized in Tables 1-4 and in Figure 1. The data indi-
cate that a complete solid-solution series between sodic and potassic
richterite can be synthesized, and that the cell constants of intermediate
members of the series do not show great deviations from a linear rela-
tionship between end member compositions.
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TaBLE 4. PoTassic AND SODIC RICHERITE: CALCULATED 26 VALUES FOR CuKoy
RADIATION, d SPACINGS, AND CALCULATED AND
OBSERVED POWER PATTERN INTENSITIES

BOTASSIC RICHTERITE SODIC RICHTERITE
29,Cale h X 1 a,A(cac) I{cale) I(Obs} Meas 29,Calc n k bl a,A{cale) I{cale) I{Gbs) Meas
9.82608 o 8.99400 2.8 5, 83070 0o 2 o oA b ed
1033598 1 e 3 e s a1 102 43550 [ 1 watopsy  EEF aT 2
17.36542 1 3 o 5.102457 01 113358 [} o L 2.1063%8 5
17.38330 ° o 1 5.097249 1 17, AZHAL L 3 0 5.0E41HT BE: -
18.13400 o B 3 4 887893 12.8 s tB.arest -1 1 | 4565129 S B o5
18.24805 2 ° o 4.857600 5.0 8 H 18, ahath 2 0 o A BH1A01 . n 5
19.72537 o 4 i Oofcr 2.5 2 k 19, 1369 e 4 2 A AGEHGT "-;; a5
20.00583 o 2 | 4.434584 3 199005 | o 2 1
20,76537 3 B & ey it 20, 85005 2 2 @ =
21.79399 -2 ° 1 4.0T4605 A -2 o
22,20406 1 5 f 42000293 21.2 9 b (S n 1
22.92648 R 1 o 9.9 13 4 -3 a2
23,95636 -2 2 1 3.711492 2.6 -2 2 i u.
26.29767 i B I 33Re1ss 00,0 100.0 & 13 it
26.39612 0 5 ] 3.373716 o1 L E :

26. 40811 o & 3.,372211 3.0 I B 2
26,99690 3 PN = SR Tl 108k 27,1535 2 & 0 Frd
27.97166 3 N b 3 ta7162 65.4 109 L 229700 3 Jf v L
28,41190 A 3i138771 2 TR, 45RTH z o 1 s %
28.05503 2 & 2.071774 36 15 A 2 2
22535525 -2 4 3.019497 L3 -2 b !
29.77611 o o 2.997999 .3 0 6 q o 3
30.13098 & 2 3 GeTao] ek 8s y 2 2 1 8 5
30.42271 = g 2Tt o 20.5 21 3 30, bhA A -1 s i 2k 5
71.36815 H 3 21849376 23.. 35 & s 3 3 o » 3
32.33890 = - 2.766025 k9.5 55 b M2 TLATE -3 3 [ o 3
33.08A74 1 5 2.705032 106.6 126 [} L TrET 1 5 1 57 5
34.35495 -1 1 2.608177 1.6 pL¥e 13113 -1 1 &
34,68427 o I 2.584164 53.5 Sk [} A% EEDAO o 6 1 60 5
34.82791 2) 4 2.573834 -5 g 5 :
35.14651 2 5 2.551229 L3 Q ] : u s
EEolCELY o o 2,548626 8.5 4 9
35.31418 A 13 S 85.0 73 ) 8 5
36,1258 Y7 e g 12 17
36.61703 o 2 2.452077 02 0 2 31
36.66492 -4 o 20448985 -3 B 2 :
36,74319 -2 2 2.443946 .8 3 1 ]
28 195015 3 1 2.440578 -2 o/ :
36.98059 3 G W, Slaat0 27 = 3 T
37.2030& -2 o 1 2.414785 1.0 1 i -2 & L 52 3
37.22955 -1 3 2 24413129 .2 B g @
37.32950 3 H & 51406898 13.8 EX n 3 5 (] 7 5
e -4 2 i 24362954 2.6 ¢ A =3 2 i 22
Eolleden -2 5 2.356026 2.8 i o2 2
38.35608 4 2 o 2.344807 o 4 2 a
35.05L27 1 1 2 21304649 o1 & L =
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45.71710 -3 7 1 1.982920 3 -4 2 x 1.965051 3
45476804 -5 1 1l 1.980830 a -2 8 1 1.962545 -1
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48.34091 1 o o 1957668 9.0 7 & 1 5 2 1.954895 E
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X-ray powder diffraction intensity data for end-member sodic and
potassic richterite are presented in Table 4 where they are compared
with calculated powder pattern intensities for respective compositions
(using a modification of D. Smith’s program and the potassic richterite
atomic parameters given by Papike ef al. (1969)).

Individual least squares unit cell refinements of end-member richterite
were averaged (7 each for sodic and potassic richterite) and the standard
deviation was calculated for the averages (Table 2). Comparison with
the standard deviation of the individual refinements (Table 3), which
represents the internal consistency of a data set, suggests that the
standard error associated with random scatter of data within a set is
half the standard deviation produced by replicate determinations.

The set of 24 cell constants for 6 richterite compositions was subjected
to a least-squares curve fitting routine (Table 5). The standard error
of the curve for ¢, 8, and V dropped noticeably between degree (of fit)
two and three; there was little change between degrees one and two or
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F1c. 1. Cell constants q, b, ¢, 8, and V of richterite as a function of the mole fraction
of sodic richterite, NaNaCaMgsSisO»(OH)., in the potassium-sodium richterite series
(K,Na)NaCaMg;SigO:2(OH)2. The compositions shown are the intended compositions of
the mixes. The radius of each circle is equal to one standard error of the corresponding
refined cell parameter. Straight lines are drawn between cell constants of end members to
show that the data do not deviate significantly from this linear relationship.

between degrees three and four. A cubic equation was selected as giving
the most significant fit of the data. Cell constants b and ¢ show little
change with composition and hence greater relative scatter; the standard
deviation was similar for all polynomials attempted. Linear equations are
presented for b and ¢.

In addition to the random error associated with the set of cell dimen-
sions (Table 3, Fig. 1) used to determine the regression equations
for cell constants (Table 3), systematic errors may be present in the
measurements. Uncertainties associated with the preparation of the

TaBLE 5. REGRESSION EQUATIONS FOR RICHTERITE CELL CONSTANTS

X =mole fraction K-Richterite, KNaCaMg;SigOs(OH)s; o =one standard deviation
a, A =9.9072-4-0.2028X —0.1586X2+0.0971X3; o =0.0021

b, A=17.97884-0.0085X; ¢ =0.0033

¢, A=5.2680+0.0039X; ¢ =0.0012

8-104°, minutes = 15.03+49.89X —39.97X2+23.01X3; o= 0.84

v, A3=909.57414.73X —9.80X?+6.86X ?; ¢ =0.37

Vexcess, cm3/mole = —3.10X+-9.80X?—6.86X*
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mix, which are probably the most important systematic uncertainties,
arise from impurities in the reagents, weighing errors, differential loss
of constituents during grinding and heating of the mix, and inhomo-
geneity of the mix. We estimate that the constituents in the prepared
mixes are present to within 0.5 weight percent of the amount reported.
During amphibole synthesis, there is the possibility that solids are dis-
solved by the fluid phase. For this reason the amount of H,O added to the
capsule was kept small, commonly 5-10 percent by weight (magnesio-
richterite contains 2.2 percent H,0). The solubility of silicates in water
vapor is small. Incongruent dissolution of amphibole in the small
amounts of H,O present will not appreciably effect the composition of
the richterite. Finally, if phases other than richterite are present and in
total do not have the richterite composition, the richterite must be off
composition. Runs used to construct Figure 1 and Table 4 have yields
of >989 richterite. Diopside is the most common accessory phase. Glass
is less commonly observed to be present as a thin coating about the
richterite grains in dried charges, but is difficult to see in small quantities.
It is assumed that the composition of glass+diopside equals that of
richterite.

REsuLTs oF FLUOR-RICHTERITE SYNTHESES

The substitution of fluorine for hydroxyl produces changes in richterite
unit cell constants that are similar to the changes due to the substitution
of sodium for potassium. Although the hydroxyl-fluorine position 0(3) is
not within the A-site, both lie in the a-¢ plane (Fig. 1 of Papike et al.,
1969). It was suspected that a fluor-richterite would have a smaller a
cell dimension than the corresponding hydroxyl-bearing species. Pre-
vious investigations gave conflicting results. Although fluor-magnesio-
tremolite has a smaller a cell dimension (9.78 A; Comeforo and Kohn,
1954) than hydroxy-magnesiotremolite (9.833 A; Colville et al., 1966),
and sodic fluor-richterite (Kohn and Comeforo, 1955) has a=9.823 com-
pared with our hydroxy-richterite value of 9.907 A, both fluor- and
hydroxy-edenite have the same value for g, 9.85 A (Colville et al., 1966;
Kohn and Comeforo, 1955). Variation in 4 and ¢ in these cases is not
systematic. In an attempt to clarify these relationships, potassic fluor-
richterite and sodic fluor-richterite were were synthesized dry in sealed
platinum capsules at 1 atm. These charges were heated above the melt-
ing point to about 1200°C, then cooled to 800°C in steps that took several
days. Another charge was sealed, dry, in a gold capsule and run at 2 kbar
and 818°C. Run products were predominantly fluor-richterite with lesser
amounts of glass and traces of diopside. The crystalline products were
coarse grained and showed euhedral outlines where in contact with glass
(melt).
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Fluor-richterite cell constants are tabulated in Table 6. The major
results of substituting fluorine ion (radius 1.33 Al Shannon and Prewitt,
1969) for hydroxyl ion (O%* has radius 1.40 Al ibid) are a decrease in
a (or a-sin B) of 0.08-0.10 A and a concomitant decrease in the unit cell
volume. Although the effects are much smaller, b and ¢ also decrease
slightly. The angle 8 does not change significantly. These results show
that the substitution of F for OH in the O(3) site has the same effect as
substitution of sodium for potassium.? We suspect that the unit cell con-
stants ¢ and V for chlor-amphiboles, if such species exist or can be made,
will be larger than @ and V for hydroxy-amphiboles. Substitution of
chlorine for hydroxyl ion has the same effect as substituion of potassium
for sodium ions in the 4 -site.

Present knowledge indicates that if an iron-deficient clino-amphibole
has an ¢ dimension in excess of 10.05 A, it is probably chlorine-rich.

“IRON RICHTERITE”’

An iron-rich amphibole, presumably richteritic in composition, was
synthesized from a potassic iron richterite mix of bulk composition
KNaCaFesSigOx(0H); at 601°C, 1000 bars total pressure, in an aqueous
fluid whose hydrogen fugacity was defined by the methane-graphite
buffer (Eugster and Skippen, 1967). Pleochroic green and brown clino-
pyroxene was also present. Amphibole cell constants were refined from
the 13 reflections that could be indexed: ¢ 10.172+0.003, 5 18.201 + 0.007,
€5.290+0.002 A, 8104°32+2’, V 948.2+ 0.4 A3. Of the lattice constants,
a, b, ¢, and V have increased; ¢ and V are the largest known for any
clinoamphibole. The substitution of iron for magnesium causes the entire
amphibole structure to expand. The large value of a compared with other
iron-rich amphiboles suggests that the A-site is at least partially occu-
pied and that this synthetic amphibole is richteritic in composition.

REsuLTs OF HOMOGENIZATION EXPERIMENTS

Mixtures of end-member sodic hydroxy-richterite and potassic hy-
droxy-richterite were homogenized to demonstrate the absence of a

! Effective ionic radii; coordination number =6.

2 Hydroxyl—fluorine substitution cannot be contused with potassium-sodium substitu-
tion in the case of the analyzed sodic richterite from a meteorite (Olsen, 1967). Olsen’s
X-ray powder diffraction interplanar spacings were indexed and refined, yielding the unit
cell: ¢ 9.83240.006, b 17.954+0.007, ¢ 5.269+0. 004 A, 8 104°21+3', V 901.24-0.7 As,
The @ dimension of this sodic richterite is smaller than the a of synthetic sodic hydroxy-
richterite. Comparison of the value for a with those for synthetic sodic richterite listed in
Table 6 strongly suggests that the O(3) site of this meteorite richterite is fully occupied by
fluorine ion (Fa), not (Fy 00OHi.g0) as given by Olsen (who determined the fluorine content
by microprobe analysis and assumed the hydroxyl to be present).
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solvus at selected bulk compositions within the range 775°-845°C. Syn-
thetic sodic and potassic richterites were ground together in the desired
proportions. Because it is difficult to remove the water that adheres to
the matted richterite grain intergrowth, the synthetic richterites were
ground and dried repeatedly until the pasty consistency disappeared and
the amphibole could be brushed as a dry powder. 7-50 mg of the mix of
two amphiboles were sealed in small gold capsules with, commonly,
10-20 weight percent water.

Results of the homogenization runs are tabulated in Table 7. Two bulk
compositions are listed for each run: the bulk composition of the mix
calculated from the weighed amounts of amphibole; and the composition
of the richterite product determined by using Table 5 and Fig. 1 and
measured values of @, 8, and V. In view of the difficulty in completely
drying matted synthetic richterite, especially sodic richterite, the com-
position based on weighed amounts of starting material may be erron-
eous. Compositions based on cell constants are preferred, and are gener-
ally slightly more potassic than compositions based on the weighed
amounts.

For any homogenized richterite, the three cell constants, a, 8, and V
used to determine composition from Table 5 and Figure 1 each give
similar results. The b and ¢ dimensions are appropriate for stoichiometric
richterites. There is no evidence for a deviation from the general com-
positional formula (K,Na)NaCaMgsSisOsw(OH)s.

Homogenization of two richterites to a single richterite phase was
successful in most cases. The experiments indicate compositions at which
a two-phase region is absent at 1000 bars and the temperature of individ-
ual experiments (775°-845°C). If a two-phase region is present at this P
and T, it must be restricted to a small range of compositions between the
compositions of the runs. A two-phase richterite region could appear at
lower temperatures.

Discussion

Sodium substitution for potassium in the A-site of richterite causes a
monotonic decrease in ¢, 8, and volume. The effective ionic radius of
potassium in 8-fold coordination is 1.51 A; of sodium, 1.16 A (Shannon
and Prewitt, 1968), a decrease of 0.35 A or 239,. The substitution causes
¢ to decrease from 10.049 to 9.907 A, a decrease of 0.142A or 1.41
percent. The entire decrease in alkali ion diameter, 0.70 A, is much
greater than the decrease in unit cell edge, and suggests that sodium in
the A-site occupies a hole that is relatively large compared to the ionic
diameter; sodium does not fit as tightly in the 4-site as does potassium.

The change in 8 as sodium substitutes for potassium is regular; how-
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ever, the change is slight, and it is not possible at this time to assign to
this change a significance other than stating that the chains slide slightly
along their length relative to one another. It is possible that changes in
both ¢ and 8 reflect the split-atom behavior of the A-site alkali; struc-
tural refinements of sodic and potassic fluor-richterite are planned to
elucidate this behavior.

The & and ¢ cell parameters change very little as sodium substitutes
for potassium in the A4-position. These cell parameters are sensitive in-
dicators of changes in the tetrahedral and octahedral network occupancy
(see Ernst, 1968) and geometry. It is apparent that in richterite, changes
in the Na/K of the 4-site do not significantly affect the geometry of the
tetrahedral chains or the octahedral sheets. The significant change that
occurs is that the chains move apart along the ¢ direction.

The unit cell volume changes regularly as Na substitutes for K in the
A-site, and the molar volume of mixing is insignificantly small. By an-
alogy with the micas, a significantly large positive excess molar volume,
asymmetrically positioned in the series and with the maximum located in
potassic compositions, might have been expected (see Burhnam and
Radoslovich, 1964, especially Figure 101). In the case of muscovite, the
substitution of a small amount of sodium does not change the average
six-coordinated alkali-oxygen distance as much as does the substitution
of an equivalent mole fraction of potassium in paragonite. The large
potassium ions still maintain the separation between the sheets; sodium
occupies a site that is similar to but larger than the site it occupies in
paragonite. (Similarly, alkali feldspars show a positive molar volume of
mixing; Wright and Stewart, 1968; Waldbaum and Thompson, 1968.)
In richterite the gradual decrease in a-sin 8 as the Na/K increases sug-
gests that the A-site collapses gradually as the proportion of Na is in-
creased, and that the mean alkali ion to neighbor oxygen distance varies
linearly as a function of composition. One possible explanation of the
contrasting mica and amphibole behavior is that the one-dimensional
tetrahedral chains of amphibole are weaker and collapsible, whereas the
two-dimensional tetrahedral sheet structure of mica does not permit
collapse around randomly distributed Na atoms.

Unfortunately, data are not at hand to investigate the possible effects
of long or short range order of the Na/K A-site occupancy. It is possible
that richterites with intermediate Na/K in the A-site may have regions
of high Na/K and regions of low Na/K, and yet appear homogeneous
to X-ray powder diffraction methods. In this case there would not be a
random distribution of Na and K ; there would be regions with the mean
alkali-oxygen distance greater than in other regions. It should be noted
that the powder pattern reflections (which give information about the
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average or mean of the many unit cells sampled) of richterites with both
K and Na in the A-site are as sharp as the reflections of richterites with
the A-site occupied entirely by either K or Na. A planned detailed
single crystal X-ray diffraction investigation and structural refinement
may elucidate this matter, as may transmission electron microscopy.

Substitution of fluoride ion for hydroxyl ion causes a to decrease by
0.08-0.10 A in richterite. The parameters b and ¢ decrease by a small
amount, about 0.01 A. The fluoride ion is incorporated in the octahedral
strip (O(3) position), resulting in a shrinking of the strip. The decrease
in @ is much larger than the decrease in & and ¢ and is probably caused
largely by the absence of hydrogen ion which is located between O(3)
and the 4-site alkali.! Without the hydrogen ion the A-site alkali can
settle more deeply into the ring formed by the SiO; tetrahedra of the
double chain, permitting the chains to approach one another more closely
along the a-sin 8 direction. Indeed, the fact that ¢ decreases by a large
amount suggests that the positioning of the hydrogen is correct.

GEOLOGIC APPLICATION

Oxburgh (1964) recognized that the potassium in mantle-derived
rocks must be accommodated by the mantle in some manner and sug-
gested that the potassium is contained in amphibole. In discussing
mantle mineral assemblages, Green and Ringwood (1967) postulate an
amphibole-bearing assemblage in the upper mantle. To date the only de-
scriptions of potassium-bearing amphiboles have come from studies of
appropriate natural amphiboles. This investigation demonstrates that it
is possible to crystallize a synthetic potash-amphibole, richterite. Per-
haps the application of suitable experimental techniques will result in the
crystallization of other potassic amphiboles, notably edenite, pargasite,
and hastingsite. The second planned paper in this series on richterite
will describe alkali halide exchange experiments in which sodic richterite
was partially or completely exchanged to potassic richterite (see Huebner
and Papike, 1970, abstract).

It is of interest to compare the coordination of potassium in richterite
with the coordination of potassium in mica. In clino-amphibole, spe-
cifically richterite, potassium is surrounded by 8 oxygen neighbors
within 3.0 A (Papike et al., 1969), whereas in mica the coordination is
six oxygens within 3.0 A. (Burnham and Radoslovich, 1964; Giiven,
1968). Expressed differently, the mean of the 8 shortest alkali-oxygen
distances in potassic richterite is 2.868 A ; for 12 alkali-oxygen distances,

LPapike ¢f al. (1969) determined the 0(3)—H distance to be 0.8540.07 4 with the
0(3) ~H vector lying within the (010) mirror plane and directed nearly perpendicular to the
(100) plane of the octahedral strip with angle 0(3) —0(3)’-H ot 94°.
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3.071 A. In muscovite the mean of the six shortest alkali-oxygen distances
is 2.855 A; for 12 distances, 3.108 A. This fact indicates that potassium
in richterite is more tightly packed into the structure than is potassium
in mica. In other words, the molar volume of potassium and its coordin-
ation polyhedron is greater in mica than in richterite.

By analogy with the potassium-sodium richterite series, it is possible
to predict the molar volumes of potassic pargasite and edenite from the
known values for the sodic end members (4-site occupied by Nat). The
most important assumption involved is that the geometry of the octa-
hedral and tetrahedral sheets does not change; it has been shown for
richterite that this is a good assumption, for only @ and 8 change. Table
8 presents estimated molar volumes for potassic amphiboles; each is
3.55 cm®/mole greater than the molar volume of the sodium analogue
calculated from cell volumes reported in Ernst (1968) and this paper.

TABLE 8. EsTIMATED MOLAR VOLUMES OF K-AMPHIBOLES IN CM3/MOLE

K-Richterite KNaCaMg;Siz0s(OH), 277.5

K-Pargasite KCaMg,AiSigAlOw(OH)s 276.0
K-Ferropargasite KCasFe"" A1SisALO»(OH), 283.0
K-Magnesichastingsite KCa;Mg,Fet3SisAli0.(0H), 2717.3
K-Hastingsite KCarFet%Fet3SigAl0:(0H). 283.9
K-Edenite K Ca;Mg;SizAlOn(OH), 274.5
K-Ferroedenite KCasFe %;Si;A10:(0H), 284.5
K-Eckermannite KNayMg.AlSis0n(0H): 274.2

(It must be emphasized that errors in the cell volume of sodic amphiboles
will result in erroneous values for the molar volume of potassic amphiboles.)

Using the molar volume data for potassic amphiboles, it is possible
to examine the effect of pressure on some reactions between possible
mantle phases. The simplest cases involve the equilibrium between
amphibole and phlogopite+pyroxene:

KCasMg,AlSicAl:Oes(OH): = KMgsAlSi;010(0H)s + CaMgSisOs- CaAlSiAlOs (1)

K-pargasite Phlogopite Pyroxene solid solution®
276.0 cm?®/mole 149.9 129.2
KCasMg;SizAlO02(0H), = KMg;3AlSi;01n(0H), + 2CaMgSiz:0s (2)
K-edenite Phlogopite Diopside
274.5 cm?®/mole 149.9 132.2

Molar volume data for amphiboles are taken from Table 8, for phlogo-
pite from Wones (1963), for diopside frem Robie ef al. (1966), and for
pyroxene solid solution from Clark ef al. (1962). The molar volume of

! Diopside and calcium Tschermak’s molecule.
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reaction indicates that the estimated molar volume of the reactant,
K-pargasite, is 3.1 cm?® per mole smaller than that of the reaction prod-
ucts phlogopite4-pyroxene solid solution. Similarly, the estimated molar
volume of the reactant K-edenite is 7.6 cm?® smaller than that of a com-
positionally equivalent amount of phlogopite+diopside product. Al-
though K-pargasite and K-edenite have not been synthesized and may
not be stable, these calculations suggest that high pressures will tend to
stabilize potassic amphibole relative to phlogopite+pyroxene, and thus
will favor entry of potassium into the amphibole structure.! Synthesis
of potassic amphiboles might best be attempted at very high pressures.
But it must be remembered that the appearance of even denser phases
such as garnet and spinel may obliterate the amphibole field entirely at
very high pressures.
NotE ApDED IN PROOF

Two short publications which pertain to the problem of amphiboles in the mantle
appeared after we submitted our manuscript. In the summary of a talk entitled “Amphi-
bole-biotite relations,” Wones [Amner. Mineral. 55, 295296 (1970)] discusses criteria for the
presence of biotite-pyroxenite and amphibolite as mantle assemblages. Kushiro, in a short
paper entitled Stability of amphibole and phlogopite in the upper mantle [Carnegie Inst.
Wash. Year Book, 68, 245-247 (1970] found that the assemblage diopside-phlogopite
persisted at 32 kbar.
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