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Crystal structure and M Gsshauer spectroscopy of the synthetic amphibole
potassic-ferri-ferrorichteriteat 298 K and low temper atures (80-110 K)
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Abstract: The crystal structure of a synthetic potassic-féerrorichterte, ideally K(Cg sNa, 5Fe;Si;O,,(OH), was refined from
single-crystal X-ray imaging plate diffraction data at 298 K and 110 K. The title compound is monoclini€3Bm% Z = 2, witha
=10.145(1) Ap=18.184(1) Ac=5.296(1) A3 = 104.42(1)° at 298 K (sample Ri1). The structure is consistent with the gene
amphibole structure type. There is no crystallographic phase transition to 110 K. The two nonequivalent T sites and the
octahedral M1 and M3 sites behave very rigidly upon cooling. Bond lengths for the distorted M sites slightly decrease as temp
is lowered. The tetrahedral chain kinking increases by 0.9° between 298 K and 110 K. Similar behavior was found for a ¢
sample investigated by single crystal X-ray diffraction. Mossbauer spemitigcted at 298 K, yield rather high ferric iron
concentrations up to 2.0 a.p.f.u for the three samples investigat&grigéers the M2 site. Three components were detected with
the ferrous quadrupole splitting distribution (QSD) of the C-type sites and where assigned to the M1, M3 and M2 sites respe
This assignment is consistent with polyhedral distortion and gives correct site occupancies. The magnitude of the qua
splitting of F&* on M1 and M3 sites shows a dependency on the ferric iron content (mean cation radius of the M2 site) of the sa

Key-words:. crystal structure, Méssbauer spectroscopy, synthesis, amphibole, richterite.

I ntroduction al. (1999) reported the single-crystal structure refinement ¢
a K-substituted potassic — richterite K(KCa)AiO,,
Amphiboles are a common group of complex rock-formindOH),. Structure refinements on various synthetic richteri
minerals which exhibit a wide range of chemical compotes using the Rietveld method were performed by Got
sition. They occur with orthorhombic and monoclinic sym-schalk & Andrut (1998), Robest al. (1989, 1993), Della
metry and can accommodate cations of formal charge rangenturaet al. (1993) and references in these papers. Howe'
ing from +1 to +4 and cationic radii from 0.25 to 1.61er structural investigations of ferrorichterites are not avalil
A (Hawthorne, 1982, 1983) intdheir general formula able up to now.
Ay.1B,CsTg0,,(OH,F,Cl),. Only little is known about the Méssbauer spectra of so
Richterite, Na(NaCa)Mgpi;O,,(OH),, is monoclinic, dic-calcic amphiboles. Virgol@74) reports that the Moss-
S.G.C2/mand belongs to the subgroup of sodic-calcic ambauer spectrum of synthetic ferrorichterite consists of tw
phiboles (Leakest al., 1997). It occurs over a wide rangeresolvable doublets due to¥and to Fé*and Sergerst al.
of P—T environments and is rather flexible with respect tq1997) describe the Méssbauer spectrum of a potassic — f
cationic and/or anionic substitutions. It has been syntheerichterite. No other Mdssbauer data are available.
sized in several experimental studiesg(, Robertet al.,
1989; Raudseppt al., 1991, 1992; Gottschalk & Andrut,
1998 and references therein). Charles (1975) investigatEd(perimaqta] details
the series richterite — ferrorichterite Na(CaNa){\Vee)
Sig0,,(OH),, Sergentt al. (1997) examined (Fe,Mg) potas- Hydrothermal syntheses were done in cold-sealed, extern
sic richterites. Single-crystal structure refinements of richly heated Tuttle-type pressure vessels operat&d-&00 or
terites are rare. Papiletal. (1969) refined the structure of a 700 °C andP(H,0) = 0.4 GPa. The tube-in-tube technique
natural potassic — richterite, Obeetial. (1992) character- (Eugster & Wones, 1962) was applied to facilitate redox
ized Ti-bearing natural richterites, and Camerenal. condition control. Starting materials for synthesis were mix
(1983) studied the high-temperatioehavior of fluororich-  tures of K,CO,;, Na,CO;, CaCQ, Fe,0;and SiQin the stoi-
terite and potassic — fluororichterite. Very recently, Yahg chiometry of compositions (K)(NaCa,.)Fe;Si;O,,(0OH),
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Table 1. Synthesis experiments and results for potassic-ferri-ferrgary during the refinement. The hydrogen atoms were d¢
richterite. tected from inspection of difference-Fourier peaks.

5 : 5’Fe transmission Mossbauer spectra of the amphibol
Run T['C] Plkba] Buffer t[h] Result Fe/Fey Ril, Ri10 and Ri15 were collected at 298 K using a Méss

Ril 700 4 NNO 450  cpx,ri 0.29 bauer apparatus in horizontal arrangeméf@¢/Rh single
Ri10 600 2 NNO 213 i 0.43 line thin source, constant acceleration, symmetric triangul:
Ri15 600 2 MW 213 i 0.19 velocity shape, multi-channel analyzer with 1024 channel

T =temperature, P = pressure, t = time; NNO = nickel/ nickel oxidé(eIOCIty calibration tm-Fe). For sample Ril, a Massbauer

solid state buffer, MW = magnetite/westite solid state buffer. Ri = spectr_ym was recorded at 80 K al_so using a bath cryosta
richterite, cpx = clinopyroxene; * F&/Fe,, ratio as determined by FOr MOssbauer absorber preparation, samples were caref

Mossbauer spectroscopy. ly ground under ethanol (to avoid oxidation), mixed with
powder sugar and filled into Cu-rings (inner diameter 1(
mm), covered with a high purity Al-foil on one side. This
preparation method produces absorbers free of preferr
with x = 0 (Ri10) and x = 0.5 (Ril15). The starting materialorientation effects. To test for preferred orientation effect:
for sample Ril had the composition of the mixed valencere have also recorded Méssbauer spectra orientated with
pyroxene compound Ga\Na, FeSiO; (Redhammeet al., angle of 54° to the incidentray but found no differences to
2000). Sodium carbonate used to prepare the starting matieese with the absorber oriented at right angle. The folde
rial had a purity of 99.5 % containing 0.02 % K by weight. spectra were analyzed with the Voigt-function based qua
Table 1 summarizes experimental conditions and results mfpole splitting distributionmethod (Rancourt & Ping,
syntheses. Run products were checked for amphibole yiel#i891; Rancourtt al., 1996) implemented in the program
optically and by X-ray powder diffraction. suite RECOIL. Complete thickness correction was applie

The chemical analysis of the amphibole single crystals a6 all Mossbauer data (Rancoettal., 1993).
run Ril and Ri15 were determined by means of electron mi-
croprobe (EMP) analysis using a JEOL JXA 8600, accelera-
tion voltage of 15 kV, beam current of 30 nA, beam diameteResults
focused to 3 um. Larger amphibole crystals were embedded
in epoxy-resin, polished, covered with carbon and analyzeBynthesisand mineral chemistry
20 points, rim — core — rim, were measured for each grain.

Amphibole crystals of run Ri10 were too fine grained to béAmphibole crystals up to 500 um in diameter (sample Ril
analyzed by EMP analysis. grew on one side of the long Au-tube in the temperature gr:

Cell dimensions of amphiboles Ril, Ri10 and Ril15 weréient of the pressure vessel during an experiment to cryst:
determined by whole pattern refinement of X-ray powdelize the mixed valence pyroxene compound, g, Fe-
diffraction data (10° — 120°2 CuKa, ,radiation) using Le  Si,Og (cf. Redhammeet al., 2000). Electron-microprobe
Bail method implemented in FULLPROF (Rodrigues-Caranalysis yielded the following chemical composition:
vajal, 1998) at 298 K. Silicon was used as an internal staﬁ(olgo(zJ\lao_OG(zg [Cay sgaNay 362f Slos2) [FE€3 82 € 52(2)
dard. Siz 99122 OH),

Single-crystal X-ray diffraction data for samples Ril andased on 24 anions. The valency of iron was determine
Ri1l5 were collected on an image plate diffractometefrom the results of Méssbauer spectroscopy. The potassit
(STOE-IPDS) system utilizing M¢a. radiation and a pyro- in the amphibole was derived from the sodium carbonate
lytic graphite monochromator. The diffractometer wasvhich 0.02 wt.% of K is present.
equipped with a cryostream liquid,Nryostate (110 K ... Synthesis experiments to grow amphibole products c
300 K, accuracy 0.1 K). The programs X-SHAPE and Xeomposition (K)(N&a..Ca_)(Fe&;)SisO,,(OH),, x = 0.0, and
RED (Stoe & Cie, 1996) for numerical absorption correc6.5 from stoichiometric starting materials and under cor
tion and SHELXS-86 and SHELXL-93 (Sheldrick, 1993)trolled conditions gave single-phase run products (Table 1
for structure solution and subsequent refinement were usedotassic-ferri-ferrorichterite witkk = 0.0 (Ri10) yield a

The cell dimensions of sample Ril and Ril5 — as detefine-grained single-phase product (grain sizes < 0.005 mn
mined from the X-ray powder diffraction data at 298 K —for x = 0.5, large crystals up to 0.3 mm (Ri15) grew. For the
were used as input for the single-crystal structure refindatter sample, it was possible to determine the chemic
ments of the corresponding single-crystal data sets as theymposition by electron microprobe analysis. This yielde
are much more accurate than those determined from the sihe following structural formula:
gle-crystal X-ray diffraction data. As we had no access to XK 601N 106) [C0.52(aN&y a82) [F€3502f € 5001) Si7.00(1)
ray powder diffraction at low temperature (110 K), the celD,,(OH),
dimensions at 110 K for sample Ril are from single-crystdlased on 24 anions and the results of Mossbauer spectros
X-ray diffraction data collection (Table 3). py. This shows the sample to be of the desired compositic

The A-site potassium was assigned to the A(2/m) posexcept a small amount of sodium at the A-site. A very simi
tion (0, %2, 0, Hawthorne 1982). The T1 and T2 sites are fulllar composition also was found for the sample Ril. There |
occupied by Si, the M1, M2 and M3 sites by Fe, the M4 sita slight variation in the N#-CaO contents from grain to
by (Ca + Na) and the A site by (K + Na) for sample Ril andjrain analyzed. The Cacontents determined are betweer
by K for Ril5. The ratio Ca/ Na and K/ Na was allowed t00.46 and 0.59 atoms per formula unit and are highly corre
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Table 2a5"Fe Mossbauer fit parameter for thickness — corrected
spectra of synthetic potassic-ferri-ferrorichterites samples Ri1,
Ri10 and Ril5 at 298 K and 80 K (Ri1l).

Temp. & A N Area site
K] [mm/s] [mm/s] [mm/s] [%]
Ril 298 1.15(2) 2.79(3) 0.09(1) 36.9(9) ¥l
1.16(2) 2.37(3) 0.12(1) 16.4(9) Fem3
1.17(2) 1.93(3) 0.15(1) 15.5(9) Fav2
1.134(4) 1.43(5) 0.06(1) 2.3(9) Favi4
0.42(2) 0.45(2) 0.12(1) 29.9(7) ®Fam2
0.42(2) 1.17(5) 0.10(1) 2.0(7) Fav3
0.43(2) 1.70(4) 0.07(3) 3.0(7) Fev1
| 1 A 1 Ril 80 1.26(1) 3.13(4) 0.12(1) 37.0(9) F&11
2 0 L2 4 1.27(1) 2.80(4) 0.15(3) 17.2(9) Fev3
Doppler Velocity [mm/s] 1.27(1) 2.56(8) 0.42(5) 15.3(9) Fem2
(a) 1.15(6) 1.64(9) 0.12* 23(6) ReM4
25 0.51(2) 0.46(3) 0.15(1) 22.6(8) ®Fav2
) 0.51(2) 0.5(1) 0.12(1) 2.8(8) Fem3
Al M1 site 051(2) 0.99(4) 0.11(2) 2.8(8) Fev1
@ Ri10 298  1.14(1) 2.57(2) 0.15(2) 39.2(5) FM1
c 1.13(1) 2.11(2) 0.28(1) 18.2(5) Fem3
D; 151 0.36(1) 0.40(1) 0.22(1) 40.1(4) ®Fev2
£ 0.36(1) 1.26(2) 0.24(2) 2.5(4) Favi3
| 4l M3 site Ri15 298 1.15(1) 2.85(4) 0.15(1) 38.8(6) M1
‘é M2 site 1.14(1) 2.66(5) 0.11(1) 17.0(6) Fev3
o 1.14(1) 2.17(3) 0.36(2) 25.1(6) Fav2
051 0.39(1) 0.49(1) 0.22(2) 15.4(5) Fav2
0.39(1) 1.14(4) 0.12(1) 1.4(55) Fav3
0 1 1 1 0.39(1) 1.58(4) 0.12(1) 2.3(5) FeM1
1 1.5 2 25 3 3.5
Doppler Velocity [mm/s] * All fits impose I' = 0.194 mm/s and h-/h+ = 1; isomer shifts
(b) taken to be correlated to their quadrupole splitigy & = §, +
e 8,, reduced(?.qvalues are 0.699, 0.571 and 1.299 and 0.60 for
198110 Ri1 (298 K), Ri1 (80 K), Ri10 and Ri15 respectively.
5'1.97410° b2 . . o
p constant as well as the potassium, iron and silicon conter
%‘1 o6710° are remarkably constant for all grains analyzed.
21
2
o 1.9610° M dsshauer spectroscopy
(0
o 1.95310° The 298 K>Fe Mdssbauer spectrum of powdered potassi
*g' ferri-ferrorichterite single crystals of sample Ril is shownir
S 1.94610° Figure 1a’’Fe Mossbauer fit parameters are included in Ta
ble 2a. The spectrum exhibits evidence fof*Ha octahe-
L 1 1 1 1 1 dral coordination indicated by the pronounced and well-re
1.9391077 a0 1 2 3 4 solved peak at 0.6 mm/s. The high velocity peak, which is
Doppler Velocity [mm/s] solely due to F& shows a well-developed shoulder at low
(c) Doppler-velocities, indicative of at least two Fe&ompo-

nents. For the initial refinements, a quadrupole splitting dis

Fig. 1. Mossbauer spectrum of sample Ril, collected at 298 K (afribution model with two generalized sites(for Fe?*) and
corresponding trimodal Pequadrupole splitting distribution curve f, (for Fe**) was chosen. Appropriate refinements can be ot

at 298 K (b) as extracted from the spectrum shown in (a) and Mésggined with one ferric£=0.42 mm/s) and two ferrous com-
bauer spectrum of sample Ril, collected at 80 K (c).

ponents A=2.78 and 2.26 mm/s) contributing to f3 and f2
respectively. The two ferrous components are equal in int

lated with the Na content,i.e. higher C&* contents are re- grated intensity (35 % of total iron each) and thé*feg,,
lated to lower Na contents on the M4 site, the amount ofratio is 0.29. However, distinct amounts of residual resc
Na‘, which has to be placed on the A site, however, stayzance absorption is observed-at.1 mm/s, whichis indica-
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Table 2b. Site populations at C-type sites as calculated from Mossbauer spectroscopic results.

M1 M2 M3 M48

Fe* Fe* Fe* Fe* Fe* Fe* Fe* ca* Na*
Ril,298 K 1.88(2) 0.10(2) 0.79(2) 1.22(2) 0.84(2) 0.15(2) 0.06* 0.55(1) 1.39(1)
Ril,80K 1.89(3) 0.15(3) 0.78(3) 1.15(3)  0.88(3) 0.15(3) 0.06* 0.57(1) 1.37(2)
Ri15 1.94(3) 0.07(2) 1.25(3) 0.77(2) 0.85(3) 0.11(2)  — 0.52(1) 1.48(1)
Ri10 1.96(3) — — 2.01(2) 0.91(3) 0.132)  — n.d. n.d.

§ M4 site population from single crystal structure refinement of X-ray diffraction data. Site occupatioff at M4 was fixed according
to electron microprobe analysis during structure refinement. Méssbauer spectroscopic results yield 0.12(4Yatwnid4-at 298 K
and 80 K respectively.

* value fixed during structure refinement.

tive for an additional P& component and problems arise inratio is the same at 298 K and 80 K within experimental et
assignment of P& to the M sites. Furthermore, some resid+or.
ual resonance absorption is also observed for ferric iron, in- The 298 K5"Fe Mossbauer spectrum of the potassic-fer
dication that F& occupies more than one M site. ri-ferrorichterite Ri10, ideally K(NaCa)E8i;O,,(OH),,
The best refinements are obtained using thre® &ed grown at the oxidizing redox conditions of the NNO solid
three Fé* components contributing tq &nd f, respective- state buffer is shown in Figure 2a. Thesfte is built up by a
ly. Throughout this procedure, the¥#-¢,, ratio remains at domination component with=0.40 mm/s, assigned to the
0.29. According to Mwthorne (1982), trivalent cations pre-M2 site and an additional weak component (arrow in Figur
fer the M2 site in amphiboles. Thus the most intens& Fe2a) withA=1.26 mm/s, assigned to the M3 site in analogy t
component withA=0.45 mm/s was assigned to the M2 sitesample Ril. The F&/Fg,, ratio is 0.43. The M2 site is ex-
The two other F& components with=1.17 andA=1.70 clusively filled by Fé*. The generalized sitg tonsists of
mm/s are weak in intensity (2 % and 3 % of total iron respedwo components. No additional shoulders are visible. Th
tively) and are assigned to the M3 and M1 site. This givesvo f, components are centered at 2.57 (M1) and 2.11 mm
reasonable site occupancies (Table 2b). The presence of (M8) with relative area ratios of 68.3(8) % and 31.7(8) % o
two additional F& components is justified by the presenceotal F&* respectively. The proposed site assignment give
of two weak but visually detectable shoulders in the Mésrise to reasonable site populations for iron at the C-typ
sbauer spectrum in the range of 0.0 — 0.8 mm/s and by statsstes, which agree well with the maximal possible occupe
tical reasons as reducgdlis lowered significantly (0.97 to tion of these sites within experimental error. The refinemer
0.60). of the Mdssbauer spectrum of the Ri10 potassic-ferri-ferrc
The ferrous quadrupole splitting distribution curve igichterite gives evidence for a strong preference 6f Fa
shown in Figure 1b. It exhibits rather well resolved probathe M2 position and furtheiupports the assignment of indi-
bility density maxima at 2.79, 2.37 and 1.93 mm/s. As thereidual ferrous components to the crystallographic M1, M:
is no extensive overlap of the three ferrous components ahd M3 sites.
the generalized sitg,fthey are assigned to specific crystal- Figure 2b shows the 298 KFe Mossbauer spectrum of
lographic C-type M sites. Based on literature data for actirsample Ril5, which has a similar composition to Ril; i
olite (Burns & Greaves, 1971) and the assumption of a neghewever was synthesized at the redox conditions of the M\
tive correlation between Fequadrupole splitting and the solid state buffer. Ri15 shows less®Fand the ferrous QSD
distortion from ideal octahedral gewetry (Ingalls, 1964; is less resolved as compared to Ril. In Ril5, the three cor
Dowty & Lindsley, 1973) he following site assignment was ponents contributing to f2 are centered at higher quadrupc
done: the component with highest quadrupole splittiag(  splittings, namely 2.85, 2.66 and 2.17 mm/s for M1, M3 an
2.77) is assigned to Feat the M1 site, the one with=2.31 M2 respectively. As what concerns the Ri15 sample, the e!
mm/s to Fé&" at M3 and finally the component with lowest traction of site-occupancy numbers becomes somewt
QS of A=1.80 mm/s to F& at the M2 site. Finally, we found problematic, as there is no longer a clear separation betwe
evidence for the presence of a fourth ferrous componerthe M1 and M3 resonance absorption contribution. Th
weak in intensity. It was introduced as an own site, namedifnain difference between sample Ril and Ril5 is the col
and is assigned to Feon the B-type M4 site. Microprobe centration of ferric iron, located on the M2 site. This hints
analysis also gives evidence for somé‘f M4. The site that the ferric (trivalent) cation content has an influence o
assignment proposed here is in contrast to Sergeal. the size of the ferrous quadrupole splittings. This is what a
(1997) but in concordance with polyhedral distortion of Mually happens.
sites. Furthermore, this Fesite assignment gives reason- Hawthorne (1983) noted the quadrupole splitting at M:
able Fe populations (Table 3) at the C-type sites. Figure 1@ be sensitive to the mean ionic radius on the M2 site for a
shows thé’Fe Mossbauer spectrum of sample Ril recordekhli amphiboles. He observed a positive correlation be
at 80 K. At low temperatures, the Fe&omponents become tween Fé* at M3 quadrupole splitting and the mean ionic
more overlapped and resolution of individuaPFsites is radius of the M2 cation whereas he did not find a similar cor
difficult. Cooling down to low temperatures thus does notrelation for the M1 site. The data of this study give evidence
help to increase spectral resolution. However, th¥#/Fe that the above-mentioned positive correlation also holc



Table 3. Cell dimensions of synthetic potassic-ferri-deichterite from powder X-ray diffraction at 298 K.
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Ril Ril Ril Ri15* Ri15%* Ri10*

298 K* 298 K* 110 K**
a[A]  10.1448(10) 10.144(3) 10.1306(25) 10.1361(9) 10.134(3) 10.1341(9)
bo[A]  18.1841(10) 18.195(4) 18.1678(29) 18.1648(10) 18.174(4) 18.1741(9)
c[A] 5.2962(8) 5.302(2)  5.2889(13) 5.3030(7) 5.305(2)  5.3049(7)
B 104.415(6) 104.5(1)  104.54(29) 104.327(6) 104.5(1)  104.506(6)
VA3  946.26 947.42 942.27 946.02 945.93 945.90

*from X-ray powder diffraction, ** from X-ray single crystal structure refinement.

u]

 1.6610°
1.6410°

1.6210°

1.610°

Counts per Channel [a

Il L Il L Il

1.5810°
2

(a)

1.64710°

1.63810° 1

u.]

1.62910°
1.62:108

1.61110°

Counts per Channel [a

1.60210°

1.59310°
-2

Il L Il L Il

(b)

Fig. 2.5Fe Mdssbauer spectra of samples Ri10 (a) and Ri15 (b) col-

lected at 298 K.

Rin

true for the M1 site. Figures 3a—b compile quadrupole Splitref;ned parameters
ting values of F& at the M1 and M3 sites of calcic, sodic- g

calcic and alkali amphiboles plottedysus the mean M2
ionic radius. The M1 and M3 quadrupole splitting values for
Fe** of this study decrease with increasingFeontent (de-
creasing mean ionic radius) at the M2 site. Thereby,
guadrupole splitting of P& at the M3 sites, sharing edges ™.
with two neighboring M2 sites, seems to be more sensitiv&ifference
to changes in Fé concentrations at M2 (Figure 3¢). Assum-

W

0 1 2
Doppler Velocity [mm/s]

ing a linear correlation between ferrous quadrupole splittin
and mean M2 ionic radius, one might speculate that for an
phiboles having exclusively ferrous iron at the M1, M2 anc
M3 sites the difference between M1 and M3 ferrous quadrt
pole splitting would be less than 0.1 mm/s. For this case, M
and M3 sites can not be differentiated from each other ar
more. This might also hold true for amphiboles with low

Fe** concentrations (F&/Fe, < 0.1).

Structurerefinement

Cell dimensions, details of data collection, atomic coordi
nates and selected bond lengths and bond angles are cc
piled in the Tables 3 — 6. The structure of potassic-ferri-fel

rorichterite is in close agreement with literature dagag.(
Papikeetal., 1969, Camerostal., 1983, Yanget al., 1999).
For a general description of amphibole topologies esge

Hawthorne (1983).

Table 4. Crystal and structure refinement data for potassic-ferri-

ferrorichterite

Sample Ril Ril Ril5

Temperature 298 K 110K 298 K

Wavelength 0.71073 0.71073 0.71073

Space group C2/m C2/m C2/m

z 2 2 2

Density (calc) 3.398 3.407 3.384 g/ém

Absorption coeffi-  4.709 4.709 4.68 mrh

cient

F(000) 897 897 897

Index range -1xX1=<13 -13=<1=<13 -13=<1<13
24<k=23 -24<k=23 -23=k=23
-6=<h=<6 -6=h=<6 -6=<h=<6

Reflections collected 6091 5203 4679

Unique reflections 1150 1173 1170
0.022 0.035 0.0372

105 105 105

1.097 1.098 1.114

R, [I > 40] 0.0175 0.0212 0.0207

WR; [I > 40] 0.0487 0.0471 0.0491

theR1 all data 0.0214 0.0344 0.0304

WR,; all data 0.0576 0.0597 0.0594

0.41/-0.37 0.59/-0.46 0.57/-0.39
elA3
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Table 5. Fractional atomic coordinates and isotropic atomic disFable 6. Selected interatomic distances [A] and angles [°] in synthe
placement parameters{ior potassic-ferri-ferrorichterite Ri1 (298 ic potassic-ferri-ferrorichterite Ri1 (298 K, 110 K) and Ri15 (298 K).
K, 110 K) and Ri15 (298 K). Estimated standard deviations are smaller than 0.003 A for bor
lengths and 0.09° for bond angles.

Atom X y z Ugq
Ri1, T=298K: M1 site Ril Ril (110) Ri15
Si(1) 0.27313(4) 0.08520(2) 0.29382(7) 0.0038(1) M1-02x2 2.100 2.095 2.102
Si(2) 0.28545(3) 0.17036(2) 0.80106(7) 0.0043(1) M1-O01x2 2.113 2.112 2111
Fe(l) O 0.09184(1) % 0.0072(1)  M1-03x2 2.139 2.133 2.139
Fe(2 O 0.18382(1) O 0.0071(1)  <M1-O> 2.117 2.113 2.117
Fe(3) O 0 0 0.0070(1) O-O distances:
M(4) 0 0.27738(3) ¥ 0.0141(2) 01-03 x2 2.851 2.845 2.850
0(1) 0.1104(1) 0.08950(5) 0.2103(2) 0.0062(2) 01-03x2 3.110 3.106 3.114
0(2) 0.1216(1) 0.17299(5) 0.7273(2) 0.0075(2) ©O1-02x2 2.888 2.880 2.875
0(3) 0.1061(2) O 0.7083(3) 0.0080(3)  ©O1-02x2 3.108 3.106 3.112
H 0.192(5) 0 0.761(8) 0.05(1) 02-02 2.989 2.975 2.993
0(4) 0.3643(1) 0.24520(5) 0.7962(2) 0.0100(3) ©03-03 2.674 2.661 2.678
0o(5) 0.3415(1) 0.12755(5) 0.0866(2) 0.0087(2) 02-O3x2 3.150 3.147 3.148
0(6) 0.3365(1) 0.11610(5) 0.5871(2) 0.0090(2) <O-O> 2.990 2.983 2.989
o(7) 0.3257(1) O 0.2964(3) 0.0088(3)  O-M1-O bond lengths:
A@2im) 0 Y 0 0.0391(2) 01-01 177.70 177.71 178.09
Ri1l, T=110K: 01-02 x2 86.55 86.39 86.09
Si(1) 0.27347(6) 0.08524(3) 0.29470(13) 0.0008(1) 01-02x2 95.07 95.23 95.25
Si(2) 0.28572(6) 0.17042(3) 0.8018(1) 0.0010(1) ©01-03x2 84.20 84.16 84.25
Fe(1) O 0.09176(2) ¥ 0.0029(1)  01-03x2 94.00 94.04 94.26
Fe(2) 0 0.18351(2) O 0.0031(1) 02-02 90.71 90.45 90.78
Fe(3) 0 0 0 0.0028(1) 03-03 77.36 77.18 77.53
M(4) 0 0.27716(5) Y 0.0054(4) 02-03x2 95.98 96.20 95.86
0(1) 0.1103(2)  0.08944(7) 0.2102(3) 0.0021(3) ©02-03x2 173.21 173.27 173.29
0o(2) 0.1210(2)  0.17299(7) 0.7276(3) 0.0030(3) BLD [%] 0.68 0.62 0.68
0(3) 0.1058(2) © 0.7084(4)  0.0031(4)  ELD[%] 8.85 8.86 8.87
H 0.189(5) O 0.75(1) 0.01(2) OAV[7] 3343 34.32 33.73
0(4) 0.3642(2) 0.24551(8) 0.7951(3) 0.0042(3) M2site Ril Ril (110) Ri15
0o(5) 0.3423(2) 0.12828(8) 0.0891(3) 0.0033(3) M2-O4x2 1.997 1.996 1.992
O(6) 0.3369(2) 0.11572(8) 0.5889(3) 0.0028(3) M2-02x2 2.130 2.122 2.122
o(7) 0.3266(2) O 0.2954(4)  0.0035(4) M2-O1x2 2.194 2.187 2.190
A(2im) 0 ¥ 0 0.0168(5) <M2-0> 2.107 2.102 2.101
Ri 15, T=298 K: O-0 distances:
Si(1) 0.27264(5) 0.08535(2) 0.29418(9) 0.0034(1) 02-04x2 2.902 2.898 2.893
Si(2) 0.28523(5) 0.17043(3) 0.80135(9) 0.0038(1) 02-04x2 3.105 3.091 3.097
Fe(1) O 0.09181(2) ¥ 0.0070(1)  02-01x2 2.888 2.880 2.875
Fe(2 O 0.18397(2) 0 0.0067(1)  02-01x2 3.002 2.995 2.996
Fe(3) O 0 0 0.0075(1) 01-01 2.738 2.729 2.739
M(4) 0 0.27751(5) % 0.0128(4) 04-04 3.047 3.046 3.047
0(1) 0.1102(1) 0.08988(7) 0.2104(3) 0.0061(3) 01-04 x2 3.018 3.011 3.005
0(2) 0.1212(1) 0.17308(7) 0.7283(3) 0.0074(3) <O-O> 2.968 2.960 2.960
0(3) 0.1058(2) O 0.7084(4)  0.003(1) O-M2-0O bond angles:
H 0.15(1) 0 0.70(2) 0.03(2) 01-01 77.19 77.20 77.40
0(4) 0.3642(1) 0.24536(7) 0.7971(3) 0.0094(3) 01-02x2 83.80 83.86 83.63
0o(5) 0.3414(1) 0.12746(7) 0.0868(3) 0.0077(3) 01-02x2 87.91 88.06 88.01
0(6) 0.3363(1) 0.11632(7) 0.5871(3) 0.0080(3) 01-04x2 92.00 91.96 91.75
o(7) 0.3246(2) O 0.2979(4) 0.0082(4)  01-04x2 167.35 167.39 167.21
A@2/m) 0 ¥ 0 0.0355(5) 02-02 169.39 169.67 169.29
02-04 x2 89.33 89.41 89.31
02-04 x2 97.54 97.28 97.60

04-04 99.44 99.48 99.76
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Table 6. (cont.) — 2.94

M2 site Ril Ril (110) Ri15 E 0 i} o, o
BLD [%] 3.48 3.35 3.47 28 L m B o © 4
ELD [%] 8.69 8.69 8.70 % 8 8 .
oAV [7] 63.86 62.55 64.83 L gl 7 #2EE B 0 8 GRS
M3 site Ril Ril (110) Ri15 > % & Rﬁ

M3-03 x2 2.090 2.087 2.090 _..._,% 2.731- o calcic amphiboles ) o

M3-O1 x4 2.127 2.122 2.131 = = alkali amphiboles ~ © b

<M3-0> 2115 2110 2117 6| A thisstudy '

O-0 distances: ° /oo

01-03x4  2.851 2.845 2.850 S el Ri 10

01-03 x4 3.107 3.103 3.114 o /

01-01 x2 2.738 2.729 2.739 3

01-01x2 3.255 3.250 3.265 2% 52 056 06 o064 068 o072 076
<0-0> 2.985 2.979 2.989 mean ionic radius of M2 cations [A]
O-M3-0 bond angles: (a)

01-01 x2 180.00 180.00 180.00 27

01-01 x2 80.13 80.04 79.98 = o calcic amphiboles o :
01-01x2 99.87 99.96 100.02 8 261 = alkali amphiboles . Bl 15
01-03 x4 85.06 85.03 84.94 & A this study /
01-03 x4 94.94 94.97 95.06 Last ° s/
03-03 180.00 180.00 180.00 5 | % 6

BLD [%] 0.78 0.74 0.86 D241 N

ELD [%] 5.76 5.80 5.87 E ® = BRE g RT1 o
OAV[°] 4178 42.46 4332 2231 = s 08 )

M4 site Ril Ri1 (110) Ri15 o . w BT e

M4-O4x2  2.367 2.361 2371 a” Ri 10/ ¢
M4-02 x2 2.416 2.407 2.416 =, % o
M4-05 x2 2.664 2.67 2.658 o

M4-06 x2 2935 2.913 2.936 © 852 o6 06 o064 068 072 076
<M4-O> 2.596 2.588 2.595 ' mean ionic radius of M2 cations '[A] '
BLD [%] 7.860 7.874 7.774 (b)

Asite Ril Ril (110) Ri15

A-O5 x4 2.923 2.930 2.919 2 32

A-06 x4 3.191 3.174 3.196 p A M1 site )
A-O7 x2 2.641 2.628 2.641 O 3 m Msie 7

A-O7 x2 3.706 3.700 3.700 o ¥ 7
<A-O> 3.006 3.089 3.009 = 28f i

T1 site Ril Ril (110) Ri15 > 7 é

Si-01 1.602 1.602 1.508 S26f A

Si-06 1.626 1.624 1.628 =

Si-05 1.630 1.631 1.631 & 2al /é/

Si-07 1.637 1.639 1.636 S

<S-0> 1.624 1.624 1.623 =gl

T2 site Ril Ri1 (110) Ri15 ® o

Si-04 1.582 1.584 1.582 35 , ’ L
Si-02 1.610 1.616 1.611 0.63 0.66 0.69 0.72 0.75 0.78 0.81
Si-05 1.670 1.669 1.673 mean ionic radius of M2 cations [A]
Si-06 1.679 1.678 1.678 (c)

<S-0> 1.635 1.637 1.636

BLD (bond lengths distortion) and ELD (edge length distortion ac-Fig. 3. Variation of the F& quadrupole splitting [in mm/s] on M1 (a)

cording to Renner & Lehmann (1986). OAV (octahedral angle varand M3 (b) for samples Ril, Ri10 and Ri15 of this study, compare

iance) according to Robinsatal. (1971). to data taken from the literature (Bancroft & Burns, 1969; Ernst &
Wai, 1970; Burns & Greaves, 1971; Bancroft & Brown, 1975; Ap-
pendix F from Hawthorne, 1983); linear regressions were fitted t
the data of this study as eye-guides (c).
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The interatomic distances <Si-O> within the double 218
chain of tetrahedra are similar in both samples studied here. s Literature data
Upon cooling, the tetrahedral sites behave rigidly and néc216 A this study °
significant changes were observed in Si-O bond lengths ang I o o
in O-Si-O bond angles. There is a small increase in the king>"*| Ri1° -
king of tetrahedral chains, expressed by the smaller O5- 068 |

2121

O5 angle of 169.87(8)° as compared to the value at 298 Iﬁg | R ¢
with 170. 76(8) _Q 21k o o ° //2/060 oRi 15
The M1, M2 and M3 octahedra are exclusively occupieda | o . ow;@/ °
by iron in the samples studied here. The M1 and the M3 sites§ 208} o . @/ofos °
are coordinated by four oxygens and two hydroxyl groupsii — ® /’6§ ©
cis and trans positions, respectively. Both octahedra have 206 _
similar <M-O> bond lengths (Table 6) and bond lengths dis- o~
tortion parameters (BLD). The quadratic octahedral angle 2%e 07 ~ o072 ~ o072 o7 _ o078 08
variance (OAV) however is smaller on the M1 site as com- mean ionic radius <r>y gie [A]
pared to the M3 site~{ 32.8° and 42.8° on M1 and M3 re- (a)
spectively). The M2 cation is coordinated by six oxygens. 216
Individual M2-O interatomic distances range between
1.997 A and 2.194 A, (sample Ril, Table 6), the bond<212| ,
lengths as well as the angular distortion are large. In terms oh 2 peratute cata
bond lengths distortion and octahedral angle variance, tha,z o8 A this study o
M1 oxygen atom octahedron is the most regular one, the M%
the most distorted one. The M3 oxygen octahedron deviateg , ,, |
slightly from the ideal octahedral geometry as does the M1g | o ©
site. Oxygen octahedra are rather similar to each other in ° g
terms of <M-O> bond lengths and distortion parameters irf? o o
samples Ril and Ri15. Only the M3 sites exhibit a sllghtlyg I
larger quadratic octahedral angle variance in sample Ri15 as '
does the corresponding one in sample Ril. Mean and indi- | &
vidual bond lengths of M1 and M3 in both samples investi- %5 05 06 06 07 __ 075 08
gated here are systematically longer by 0.05 — 0.07 A as mean ionic radius <r>y; site [A]
compared to the mainly Mgbearing natural (Papiket al., (b)
1969) and synthetic potassium richterites (Camestaat., 216
1983, Yanget al., 1999). In Figure 4 the <M-O> bond o Literature data °
lengths of the two samples Ril and Ri15 (at 298 K) are com<C214r A this study °Ri 15
pared with data from the literature. The mean ionic radii forg I \ ©
samples Ril and Ril5 are calculated based on the results m i ® o5
Mossbauer spectroscopy. For all calculations, ionic radiic 21l .o )
given by Shannon & Prewitt (1969) and Shannon (1970)2 | . Lo Rl
were used. As can be seen, the data of the potassic-ferri-fe§ , ys|- o° o o S0 ©
rorichterites plot well into the general trend observed forthea | ° o - .
relationship between <M-O> and mean ionic radius of the7 2.0s}- 8¢ /3 e
specific M-site cation. Only the <M2-O> bond lengths of 2 |, ® -~ -
sample Ril slightly falls off the general trend. V204 °
With decreasing temperature, the <M-O> decrease by I
0.004 — 0.005 A. The Fe1-O3 and the Fe2-O1, O2 bond *%e o8 07 o072 o074 076 078 08
lengths show the largest shortenings. The O-O interatomic mean ionic radius <r>y; site [Al
distances (edges of the octahedra) also become shorteng).
However, the bond length distortion (BLD) as well as the
edge lengths distortion (ELD) remain rather unaffected byig. 4. Relationship between mean ionic radii and <M-O> bont
cooling. The octahedral angle variance increases by leisagth for the M1, M2 and M3 sites @2/mamphiboles. Data of this
than 1° for M1 and M3 and decreases by more than 1° for thudy for samples Ril and Ril15 are compared with literature dat
M2 site. (Hawthorne, 1983; Inorganic crystal structure database ICSD, r
The M4 site is located at the junction of the octahedrdéase 2000/1). Dashed lines are linear regressions and should se
strip and the tetrahedral chaiiRefined site population for as guides to the eye.
sample Ril agree well with chemical analysis (Table 2a).
The coordination of the M4 site can be divided into four
short bonds (2.368 —2.422 A) and four longer bord®.67  torted one within the strip of M-polyhedra. The bond lengtt
A, ~2.93A). The latter ones are those linking the octahedrdistortion amounts- 7.8 % for the samples Ril and Ri15.
strip and the tetrahedral chains. The M4 site is the most dig¥hereas the M4-04 and M4-O2bd lengths of this study

Ri1 Rits
A

090\
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are close to the bond length found in literatuegy( Papike (3) Mossbauer spectra show that the hydrothermall
et al., 1969), the M4-O6 and M4-O5 bond lengths of thegrown potassic-ferri-ferrorichterites partly contain rathe
samples Ril and Ri15 are 3 —4.0 % longer as in the potassiigh ferric iron contents up to 42 % of total iron, depending
richterite, given in Papiket al. (1969). There are also pro- on the redox conditions at the experiment. Ferric irol
nounced differences in M4-O bond length between the Ritrongly prefers the M2 site, only minor #avas found on
and Ril5 samples and those in the KK-richterite of Yahg the M3 and M1 sites. Itis assumed that samples are balanc
al. (1999). These differences in the M4-O interatomic disin charge by the iron-oxy reaction with a split off of protons
tances (especially M4-O5 and M4-06) of the samples Rids demonstrated by Pogpal. (1995).
and Ri15 and those given in the literatuegy( Papikeet al ., (4) Ferric iron on the M2 site obviously introduces signif-
1969; Camerormet al., 1983; Yanget al., 1999) can be as- icant electronic and/or geometric distortions to the neigt
cribed to the different M4 site compositions and the differboring M1 and M3 sites. This is clearly demonstrated by th
ent tetrahedral kinking angles (O5-06-05 angles). The tetlependence of the size of ferrous quadrupole splitting c
rahedral chains in Ril and Ri15 yield less kinking as comM1 and M3 on the mean ionic radius of the M2 cation (Fig:
pared to the literature data. This effect shortens the M4-Qfe 3c). The observed decreagderrous quadrupole split-
bonds and drags out the M4-O6 bonds. ting on M1 and M3 with increasing Fecontent is in agree-
Cooling down to 110 K results in a decrease of the <M4ment with the well known negative correlation betweeftFe
0> by 0.31 %. The largest change upon cooling is observeghadrupole splitting and site distmn (Ingalls, 1964; Dow-
for the M4-O6 bond lengths, which decrease by 0.75 % béy & Lindsley, 1973). Thereby the decreasing size of th
tween 298 K ... 110 K. The M4-0O5 bond length slightly in-mean ionic radius on the M2 site seems to introduce larg
creases by 0.25 %. The decrease of the M4-O6 bond lendtital geometric distortions to the M3 site, “sandwiched” be
and the increase of the M4-O5 bond length upon cooling caween two neighboring M2 sites within the b — ¢ plane, a
be ascribed to the altered tetrahedral chain kinking anglepmpared to the M1 site. The ferrous quadrupole splitting ¢
which is 0.8° smaller at 110 K as compared to 298 K. the M3 site decreases more rapidly with decreasing ionicr
The Asite is a large cavity situated between two back-tadius of the M2 site as the one of the M1 site.
back tetrahedral chains. Itis occupied by potassium and mi- (5) As a direct consequence frattme above findings, the
nor sodium in Ril and by potassium in Ri15. At room temdifference between the quadrupole splitting offem M1 and
perature the K-atom appears to have a rather anisotropit8 becomes larger with increasing ferric iron concentratio
electron density contribution. This applies for both samplesn M2. As the potassic-ferri-ferrorichterites, investigate
Cation disorder at the A site in the amphiboles has been there, all contained significant amounts of ferric iron¥#ee,,
subject of several studies.§. Hawthorneet al., 1996). In > 0.2), it was possible, to differentiate betweef'rem the M1
this study K seems to preferred the A(2/m) site in both sanand M3 sites. For lower Fécontents, a clear differentiation
ples Ril and Ri15. Strong thermal disorder of K is assumetietween F& on M1 and M3 probably becomes very problem-
Upon cooling <U> values for potassium are halved but stillatic. Furthermore, based on the — admittedly somewhat spec
remain strongly anisotropic. As for 298 K the split modelative — findings of Figure 3c, it seems to be impossible to dif
with a distribution of potassium over an A(m) site with (x,ferentiate between Feon M1 and M3 for Fé&'/Fe,, < 0.1. Ad-
1,y) and an A(2) site with (0, y, 0) did not work (at least notitional data for synthetic amphiboles with variable ferric iron
with the programs used) at 110 K for Ri. contents would be of speciaiterest within this context.
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