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X-ray Rietveld refinement and FTIR spectra of synthetic (Si,Ge)-richterites
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ABSTRACT

Richteritic amphiboles in which tetrahedral Si was substituted for Ge were synthesized using
internally heated gas vessels at 795~905 °C and 720~756 MPa. There is complete solid-solution
between 'VSi and VGe richterite. The materials were characterized by scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HRTEM), analytical transmission electron
microscopy (AN-TEM), electron microprobe analysis (EMPA), X-ray diffraction (XRD) Rietveld
structure refinement, and Fourier-transform infrared spectroscopy (FTIR). X-ray diffraction data for
the richterites indicate that, with increasing Ge replacement for Si, all cell parameters (= a, b, ¢, and
B) increase linearly and the rotation angle of the double chains increases. Refinement of the Ge and Si
contents at the tetrahedral sites indicate that the Ge content at the T2 site is greater than at the T1 site
for amphiboles of intermediate composition. Deuteration experiments were also made for the purpose
of FTIR analysis. Infrared OH/OD-stretching bands attributed to the configurations (MgMgMg)-OH/
OD-*Na(K) and (MgMgMg)-OH/OD-*] (] = vacancy) were observed. The frequency of the former
bands decreases linearly with increasing Ge content, while the frequency and the intensity of the latter
band decreases with increasing Ge content. Both sets of OH/OD-stretching bands show a continuous
or one-mode change along the compositional join without any identifiable fine structure, indicating
a lack of any short-range ordering within the tetrahedral double chain. The Si-O (at 1200~800 cm™)
and Ge-O (at 950~700 cm™) stretching bands show similar continuous down-frequency shifts, and
interactions of their modes are very small. The chain deformation bands of SiSi-O, SieGe-O, and
GeeGe-O are observed at 770~650, 660~590, and 590~510 cm™', respectively, with the frequency range
of their absorption bands becoming narrower with increasing Ge content. A weak and broad OH libra-
tional band appears at 600 cm™ in Si-richterite. With increasing Ge for Si substitution this band shifts
upward in frequency, becoming centered at 650 cm™ in Ge-richterite, which is the opposite behavior
to the downward frequency shift of the OH/OD-stretching vibrations. The most notable aspect of this
study is the continuous changes that are observed in the structure (cell dimensions, bond distances)
and infrared spectra of richterite with replacement of Si by Ge. The only long-range ordering effect
that was clearly observed was the preference of Ge over Si at the tetrahedral T2 site for intermediate
compositions. Evidence for short-range ordering that can be observed in the OH-stretching region of

the Ge-analogue of talc was not observed in Ge-richterite.

INTRODUCTION

Although many crystal-chemical studies have been made of syn-
thetic richterites with various ionic substitutions (Charles 1975; Rob-
ertetal. 1989, 1993; Pawley et al. 1993; Della Ventura et al. 1993a,
1993b, 19964, 1996b, 1997, 1999; Hawthorne et al. 1997; Melzer
et al. 2000), studies of Ge replacing Si in amphiboles of richterite
(or any) composition have not been previously reported. As silicon
(atomic number = 14,VSi=0.26 A; Shannon 1976) and germanium
(atomic number = 32, VGe = 0.40 A) have similar chemical char-
acteristics but different physical properties, numerous germanates
have been investigated as silicate analogues of mantle minerals for
obtaining crystal-chemical and pressure-temperature (P-7) stability
information. Large differences in the physical properties of Ge and
Si are useful for obtaining crystal chemical information for synthetic
amphiboles through the X-ray powder diffraction Rietveld method
and by FTIR spectroscopy. The X-ray scattering power for Ge is 2.29
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(=32/14) times larger than Si and a large chemical shift is expected
for infrared spectra arising from the mass effect (Ge is 2.58 times
heavier than Si). Some assignments of the bands in the mid-infrared
spectra of amphiboles were made by Lazarev (1972), Gillet et al.
(1989), Ishida (1990), and Andrut et al. (2000); however, there are
many features of these spectra still needing investigation.

‘We have performed hydrothermal syntheses of Ge-substituted
Si-richterites for the purpose of determining (1) the effects that
cation substitutions into the tetrahedral chain will have on the
structure (cell dimensions and bond distances), (2) the presence
of any long-range Si-Ge ordering at the tetrahedral sites (by
XRD), (3) the presence of any short-range Si-Ge ordering (by
FTIR), and (4) the effects of Ge substitution for Si on the lat-
tice-vibration region of the FTIR spectra. In addition, deuteration
experiments were performed to help identify any fine structure in
the hydroxyl-stretching region (3800-3600/2800-2600 cm™) and
to identify OH oscillations (librations) that occur in the lattice
vibration range (1300—400 cm™) of the FTIR spectra.
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EXPERIMENTAL AND ANALYTICAL METHODS

Synthesis experiment

Experiments at 795~905 °C and 720~756 MPa were done in internally heated
gas vessels at Binghamton University, using Ar as a pressure medium (Table 1).
The samples were made from mixtures of reagent-grade oxides (MgO, AL,Os, SiO,,
GeO,) and carbonates (Na,CO;, K,CO;, CaCOs). The starting materials were mixed
together and decarbonated by roasting for a few minutes at roughly 900 °C in air,
and then sealed in 3.8 mm outer-diameter (OD) X 3.5 mm inner-diameter (ID) x 15
mm length Pt capsules with about 10 wt% distilled water.

Deuteration experiments were performed at about 600 °C, 200 MPa, and 1 day
duration in cold-seal externally heated Tuttle-type vessels at Kyushu University. A
double capsule method similar to that used by Jenkins (1989) was used to obtain
a higher degree of deuteration: a welded inner Ag tube (3.0 mm OD X 2.7 mm ID
X 25 mm length), which contained about 20 mg of synthetic amphibole and 20 mg
99.9% D,0, was put into an outer Au tube (4.5 mm OD X 4.2 mm ID x 35~40 mm
length) with 50 mg D,O.

SEM, TEM, and AN-TEM analyses

Synthesized materials were examined using a scanning electron microscope
(SEM), model JEOL JSM-5600 operated at Kyushu University, after the pow-
dered specimens were coated with gold in an evaporative coater. High-resolution
transmission-electron microscopy (HRTEM) analyses were done at the Research
Laboratory for High Voltage Electron Microscopy, Kyushu University, with a JEOL
JEM-4000EX microscope operated at 400 kV accelerating voltage and fitted with a
top-entry goniometer. Samples were prepared by dispersing the crystal aggregates
onto Cu grids coated with holey carbon support film. Selected-area electron-diffrac-
tion (SAED) patterns and high-resolution (HRTEM) images were obtained for about
20 crystals from each sample. Selected crystals were imaged with the electron beam
perpendicular to the b* axis allowing determination of the chain-multiplicity fault
type and abundance. The compositions of the crystals were obtained by analytical
TEM techniques (AN-TEM) using a JEOL JEM-2010HT equipped with an Oxford
ISIS energy-dispersive spectroscopy (EDS) system at the Center for Instrumental
Analysis at Nagasaki University. About 20 crystals from each sample were analyzed
with 200 kV accelerating voltage and 100 s counting times. Electron microprobe
analyses were obtained for the high-pressure series of samples at Binghamton
University using a JEOL 8900 operated at 15 kV and 10 nA beam current using
wavelength-dispersive spectroscopy (WDS) and the ZAF correction scheme. The
standards for Na, K, Ca, Mg, Si, and Ge were albite, orthoclase, diopside, MgO,
Si0O,, and GeO, glass, respectively.

X-ray Rietveld analysis

Powder diffraction data were collected with a Rigaku Rint-2100V diffractometer
using curved-graphite monochromatized CuKo. X-rays and operating at 40 kV and
40 mA with a step-width of 0.10° 26 and counting times of 7 s. Rietveld analysis
was done using the program Rietan-2000 (Izumi and Ikeda 2000); the single-crystal
data for synthetic potassium fluor-richterite (Cameron et al. 1983) were used as the
initial parameters, and isotropic displacement factors were used.

FTIR spectra

Samples were prepared for infrared spectroscopy as ~200 mg KBr discs 10
mm in diameter and containing 4-9 mg of fine-grained amphibole. Infrared spectra
were recorded in the range 3800~2000 cm™ with a JASCO FTIR-620 spectrometer
equipped with a DLATGS detector and a KBr beam splitter. Each sample was scanned
128 times in an evacuated sample-chamber at a nominal resolution of 1 cm™. After
the background was subtracted (as a smoothly curved line [spline]) from the raw data,
each spectrum was fitted to component pseudo-Voigt bands, i.e., a Lorentzian peak +
Gaussian broadening; this function gives much better analytical results with smaller
residuals than either function alone. For spectra obtained in the lattice vibrational

TABLE 1. Synthesis conditions for Si-Ge richterites
Run no. Symbol  Nominal composition T(°C) P(MPa) Duration (h)

[45] KGeORi  K(NaCa)MgsSis0,,(OH), 895 745 473
[46] GeORi Na(NaCa)Mg;SisO,,(0H), 905 727 54.2
[50] Ge2Ri Na(NaCa)MgsSisGe,0,,(0H), 866 756 39.5
[51] Ge4Ri Na(NaCa)MgsSi,Ge,0,,(OH), 840 756 39.5
[53] Ge6Ri Na(NaCa)MgsSi,GesO,,(OH), 805 720 68.8
[54] Ge8Ri Na(NaCa)MgsGe;g0,,(0H), 795 720 68.8

Note: Estimated uncertainties in temperature and pressure are +5 °C and +5
MPa, respectively.
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range of 1300~400 cm™', the KBr discs contained about 1 mgof amphibole and were
scanned 32 times at a nominal resolution of 4 or 2 cm™'.

RESULTS AND DISCUSSION
Products of synthesis

For almost all experiments for each starting composition
along the Si-Ge richterite join, more than 95% amphibole yield
was obtained under the experimental conditions used, suggest-
ing a complete solid-solution along the Si-Ge richterite series.
Deuteration experiments also achieved up to 95% D exchange,
judging from their infrared OH/OD-stretching band intensities.
This allowed us to obtain high-quality crystal chemical data using
conventional analytical methods, such as X-ray Rietveld refine-
ment and FTIR.

SEM, HRTEM, and AN-TEM

The synthetic amphibole crystals obtained in this study were
acicular in shape, being up to 10 um in length along ¢ and <5 um
in diameter (Fig. 1). Very small grains are often present and evenly
coat the larger grains. These small grains are presumably amphibole
based on their habit, but direct identification of these small grains
has not yet been made. With increasing Ge contents the number of
fibrous amphibole crystals smaller than 0.5 X 0.5 X 5 um tends to
increase relative to the number of larger acicular crystals.

Examination by HRTEM shows that these synthetic amphi-
boles are essentially free of chain-multiplicity faults (CMFs).

Semi-quantitative AN-TEM analysis offered general confir-
mation of the existence of Si-Ge solid solution along the com-
positional join. Unfortunately, the EDS analyses produced cation
totals, calculated on the basis of 8 Si + Ge cations, that were
unrealistically low (<<15.0 atoms per formula unit, apfu) for an
amphibole structure. The Mg contents for Ge-rich amphiboles
were particularly low, suggesting that the EDS software was not
able to correctly resolve the overlap in the characteristic X-rays of
Mg (Kow) and Ge (Lo, LB). Even if peak overlap corrections can
be made, this study suggests that additional problems can arise
in the matrix correction scheme for Na-Mg-Ge-rich phases, as
discussed in the next section.

Electron microprobe

The electron microprobe analyses of the high-pressure series
of amphiboles are listed in Table 2. The energy-overlap problems
for the characteristic X-ray lines mentioned above are not so great
a problem for WDS analyses where the lines can be separated.
However, there is apparently a problem with the ZAF correction
scheme for amphiboles with high Ge contents because the total
cations, calculated on the basis of 23 O atoms (middle section
of Table 2), exceeds the crystal-chemical limit of 16 apfu. This
problem is most noticeable for samples Ge4Ri, Ge6Ri, and Ge8Ri.
An examination of the individual ZAF terms shows that the A
(absorption) term becomes very large for Na and Mg, the two
softest characteristic X-rays, as the Ge content increases. Ana-
lytical standards having Na and Mg in a Ge-rich matrix would
probably remove these large corrections, but such standards are
not available at Binghamton University. Based on the FTIR spectra
(discussed below), the pure Ge-richterite sample (Ge8Ri) has an
almost completely filled A site (virtually no Tr band). Assuming
there are no M4-site vacancies, the total cations should in fact
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add up to 16.0 on the basis of 23 O atoms. This condition can be
met for the pure Ge-richterite sample by reducing the Na,O and
MgO contents by 25 and 20 wt%, respectively. A greater correc-
tion seems reasonable for Na compared to Mg because of the
slighter softer (longer) characteristic wavelength being used for
Na compared to Mg. Applying this correction to the three most
Ge-rich samples in proportion to the amount of GeO, present in
the amphibole (the exact expression is given at the bottom of
Table 2), one obtains cation totals within the allowed limit of 16
apfu with total Ge and Si contents in the range of 7.91~8.07 apfu
(Table 2). We emphasize that this correction is offered only as a
first attempt to compensate for the lack of appropriate Na-Mg-Ge-
rich standards; until such standards are available these analyses
should not be regarded as definitive.

X-ray Rietveld refinement

In almost all synthetic products, the amphibole yield is more
than 95% with minor Si-Ge wollastonite as the only other phase.
Indexed XRD data for Ge8Ri are given in Table 3. The evolution
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of XRD patterns for Ge = 0, 4, and 8 apfu for which Rietveld
refinements have been done is shown in Figure 2. Note how the
intensity of the 110 reflection around 10° 26 decreases greatly with
Ge substitution. The intensity ratio Io,/I;,, actually reverses for the
Geo6Ri and Ge8Ri samples: this intensity reversal is quite rare in
amphiboles. Reversals in the reflection angles and/or intensities
are observed with increasing Ge for many of the reflections, such
as 111 and 200, the 351 and 421, the171 and 312, etc. (Fig. 2).
Merging of reflections also occurs with increasing Ge content, such
as seen for 221 and 151, and 061, 002, and 202 (Fig. 2). Rietveld
refinement data, the atomic coordinates, and the calculated bond-
lengths and bond-angles are given in Tables 4, 5, and 6. The cell
dimensions, atomic coordinates, and bond lengths for synthetic
richterite from the study of Della Ventura et al. (1997) are also
given in Tables 4, 5, and 6 for comparison.

Cell dimensions. The measured cell parameters of the syn-
thetic amphiboles are plotted in Figure 3. The data points show
a linear relationship for values from GeORi to Ge8Ri, which is
supporting evidence for the presence of a continuous solid-solution
series along this join. Cell dimensions for both Na- and K-richterite
end-members in this study are quite similar to those reported by
Robert et al. (1989), Della Ventura et al. (1993a), Hawthorne et
al. (1997), and Della Ventura et al. (1997, 1999).

The T sites. Direct refinement of the Ge and Si occupancy
at the T1 and T2 sites was readily accomplished because of the
large difference in the X-ray scattering factors of Si and Ge. The
refined total Ge contents in Table 4, which were obtained com-
pletely independently from any microprobe or AN-TEM results,
correspond very closely (within 26) to the nominal values. Sample
Ge4Ri shows the greatest deviation with an observed 4.13 Ge
apfu compared to the expected value of 4.00. With increasing Ge
content, there is a marked preference of Ge for the T2 over the
T1 site (Fig. 4). This preferential site partitioning is most clearly

TABLE 2. Electron microprobe analysis of the amphiboles synthe-
sized in this study reported as averages of n analyses, with
uncertainties (10) in the last digit shown in parentheses

5um Sample

oxide/ KGeORi  GeORi Ge2Ri Ge4Ri Ge6Ri Ge8Ri

cation n=12 n=12 n=14 n=11 n=9 n=13

wt% oxide

Sio, 57.027) 52.8(89) 41.8(20) 25.9(18) 11.8(50) 0.01(1)

GeO, - - 20.3(14) 39.3(27) 54.1(14) 66.5(49)

MgO 23.4(11) 21.4(34) 23.8(15) 24.4(15) 22.8(54) 21.1(14)

Ca0 6.45(22) 5.98(78) 6.10(26) 5.58(26) 5.15(16) 4.67(41)

Na,O 3.75(21) 6.4(11) 6.53(25) 6.48(47) 6.40(24) 6.03(43)

K,O 493(20) - - - - -

Total 95.6(42) 86(14) 98.5(47) 101(6) 100(2) 98.3(70)
cations per 23 O atoms

Si 8.06(6) 8.08(5) 6.19(12) 4.09(8) 2.07(8) 0.00(1)

Ge - - 1.72(6) 3.56(6) 5.44(6) 7.40(4)

Mg 4.94(9) 4.89(7) 5.26(16) 5.75(12) 5.93(8) 6.10(8)

Ca 0.98(2) 0.99(6) 0.97(3) 0.94(3) 0.96(3) 0.97(3)

Na 1.03(4) 1.91(12) 1.88(10) 1.99(7) 2.17(7) 2.27(9)

K 0.89(3) - - - _ _

Total 15.89(8) 15.88(9) 16.02(10) 16.34(4) 16.58(4) 16.73(8)
corrected cations per 23 O atoms*

Si - - 6.31(12) 4.25(8) 2.18(9) 0.00(1)

Ge - - 1.76(6) 3.70(6) 5.73(7) 7.92(4)

Mg* - - 5.01(15) 5.25(10) 5.23(7) 5.22(8)

Ca - - 0.99(3) 0.98(3) 1.02(3) 1.04(3)

Na* - - 1.76(10)  1.75(7) 1.82(6) 1.82(7)

Total - - 15.82(10) 15.93(4) 15.99(4) 15.99(6)

S5um
FIGURE 1. SEM images of synthetic (Si,Ge)-richterites. (a)
[51]Ge4Ri. (b) [54]Ge8Ri.

*MgO and Na,O were corrected by the expressions MgO(true) = MgO (obs)
-0.20[Ge0,/(Ge0, + Si0,)](obs), and Na,O(true) = Na,O (obs) - 0.25[Ge0,/(GeO,
+ Si0,)](obs) before calculating the cations, as discussed in the text.
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TABLE 3. Indexed powder pattern for Ge-richterite (Ge8Ri)

hkl deac () 20* Jearc hki dea (°) 20% e
020 9.14 9.67 10 332 2.2220 40.57 3
110 8.721 10.13 2 171 22109 40.78 8
130 5.1930 17.06 5 261 2.1986 4102 1
111 5.0278 17.63 29 132 2.1980 4103 6
200 49616 17.86 99 440 2.1804 4138 2
040 45706 19.40 44 152 21718 4155 1
021 45134 19.65 10 202 2.0764 4355 18
111 4.0496 2193 15 280 2.0757 4357 13
131 3.9686 22.38 54 511 2.0394 4438 1
131 3.4317 2594 64 371 2.0287 4463 11
041 34302 2595 1 352 1.9983 4535 1
240 33617 2649 65 190 1.9901 4554 1
310 3.2549 2738 82 421 1.9826 4572 10
311 3.1721 2811 11 510 1.9731 4596 23
221 2.9997 29.76 51 531 1.9449 46.66 2
151 29966 29.79 72 442 19133 4748 10
330 2.9071 30.73 27 191 1.8935 48.01 17
331 2.8477 31.39 50 242 1.8904 4809 2
151 27443 32.60 100 530 1.8871 4818 11
112 26706 33.53 3 172 1.8771 4845 4
061 2.6277 34.09 63 441 1.8559 49.04 1
202 26147 3427 82 281 1.8549 49.07 1
002 2.5951 34.53 35 512 1.8311 49.75 4
401 2.5257 35.51 1 0100 1.8282 4984 5
222 25139 35.69 1 191 1.8248 4994 6
400 24808 36.18 10 312 1.8044 5054 14
311 24720 36.31 1 551 1.7896 5099 8
261 24691 36.36 7 113 1.7814 5124 1
132 24682 36.37 3 532 17617 51.86 1
350 24530 36.60 4 223 1.7611 5187 1
421 24345 36.89 18 172 1.7497 5224 2
351 24170 3717 83 332 1.7380 5262 7
312 2.3661 38.00 10 390 1.7310 5285 2
112 23373 3848 10 0101 1.7244 53.06 2
171 23366 38.50 29 282 1.7207 5319 12
080 2.2853 3940 6 391 1.7182 5327 9
042 2.2567 39.92 8 133 1.7174 5330 7

* 20 calculated for CuKa1 radiation (1.54056 A).

seen for sample Ge2Ri, where there is about twice as much Ge at
the T2 compared to the T1 site (Table 4). Despite the preference
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FIGURE 2. Observed (crosses), calculated (line) powder XRD
patterns for several synthetic (Si,Ge)-richterites. The white arrows refer
to Miller indices of Bragg reflections while the solid arrows indicate
non-amphibole phase(s).

of Ge for the T2 site, there appears to be a linear increase in the
mean <T'1-O> and <T2-O> bond distances with increasing Ge
content across the join (Fig. 5), with the <T2-O> distance always
being larger than <T1-O>.

TABLE 4. Rietveld refinement of synthetic Si-Ge richterites (monoclinic, C2/m)

Sample Mg(100)*  KGeORi GeORi Ge2Ri Ge4Ri Ge6Ri Ge8Ri
Collecting conditions
26 scan range (°) 9-100 8-120 8-120 8-120 8-120 8-120 8-120
Step interval (°) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Integration time (s) 5 7 7 7 7 7 7
Rwp(%) 12.93 7.95 10.05 7.73 9.1 6.55 8.88
Rp(%) 9.99 5.69 7.70 5.82 7.05 4.85 6.57
Re(%) - 4.84 4.64 4.16 4.01 3.89 3.60
S - 1.6443 2.1657 1.8606 2.2718 1.6843 2.4678
Durbin-Watson d 1.44 1.43 1.24 1.05 1.18 1.08 1.16
Agreement indices
a () 9.9076(6)  10.0439(5)  9.9032(6) 10.0144(6) 10.1237(7)  10.2255(9)  10.3244(8)
b(A) 17.988(1) 17.9883(7) 17.9885(9) 18.071(1) 18.147(1) 18.2144(1) 18.282(1)
c(A) 5.2706(4) 5.2708(2) 5.2692(3) 5.3058(3) 5.3386(4) 5.3683(5) 5.3994(4)
B 104.252(4) 104.803(2) 104.250(3) 104.625(3) 105.067(4) 105.555(4) 106.015(4)
V(A3 910.41 920.69(7) 909.79(9) 929.1(1) 947.1(1) 963.2(1) 979.6(1)
asinﬁ(A) - 9.7105 9.5985 9.6899 9.7757 9.8510 9.9237
Site-occupancies, atoms per formula unit
T1 Si 4.000 4.000 4.000 3.31(3) 2.32(4) 1.24(4) -
Ge - - - 0.69(3) 1.68(4) 2.76(4) 4.000
T2 Si 4.000 4.000 4.000 2.62(3) 1.56(4) 0.68(4) -
Ge - - - 1.38(3) 2.45(4) 3.32(4) 4.000
Sum of T sites, Si 8.000 8.000 8.000 5.93(4) 3.88(6) 1.92(6) -
Sum of T sites, Ge - - - 2.07(4) 4.13(6) 6.08(6) 8.000
M4 Ca 1.05(1) 1.02(4) 0.98(4) 0.90(4) 0.98(6) 0.88(3) 0.84(6)
Na 0.95(1) 0.98(4) 1.02(4) 1.10(4) 1.02(6) 1.12(3) 1.16(6)
A Na 0.95(1) K=0.954(8)  0.85(2) 0.87(4) 0.89(2) 0.91(2) 0.92(3)

* Della Ventura et al. (1997).

Rotation angles of the
double chains. With increas-
ing Ge for Si substitution, the
05-06-05 and the T-O-T
angles decrease (Fig. 5) to
compensate for the increas-
ing misfit between the lateral
dimensions of the octahedral
strip and the tetrahedral double
chain. This means that the
tetrahedral rotation increases
as the average radius of the
tetrahedrally coordinated
cation increases. On the other
hand, the size of the Mg-oc-
tahedra do not change (Table
6, Fig. 5).

The M1~M4 and A sites.
The variations of the mean
bond lengths for the M1~-M4
and A sites, labeled <M 1~M4-
O> and <A-O>, respectively,
are very small and do not
show any correlation with the
tetrahedral Ge contents (Fig.
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amphiboles synthesized along the (Si,Ge)-richterite join. Standard
deviations (10) are within the symbols.

5); this is because only Mg occupies the M1~M3 sites, and the
populations of Ca and Na at the M4 sites are nearly constant with
Ca/Na = 1. However, the M4-06 distances become longer than
those for M4-O5 at a bulk composition of about Ge = 3 apfu, and a
reverse relationship exists between the A-O6 and A-OS distances;
this agrees with the observed increase in the rotation of the tetra-
hedral chains to compensate for the misfit between the octahedral
and tetrahedral sites. Both the electron microprobe analysis (Table
2) and the Rietveld refinements (Table 4) of the Ge-free richter-
ite sample GeORi indicate a slight deficiency of Na at the A site
(0.85-0.90 apfu). This agrees with the presence of A-site-vacant,
so-called tremolite bands, in the OH-stretching range of the FTIR
spectra, as discussed below, and with previous studies of synthetic
richterite (e.g., Gottshalk and Andrut 1998; Della Ventura et al.
1999). In view of the difficulties encountered in this study with
the AN-TEM and electron microprobe analysis of the Ge-bearing
amphiboles, we suggest that Na occupancy at the A site for the
entire amphibole series may be more accurately determined using
the values refined by the Rietveld method or calculated from the
relative intensities of the infrared OH-stretching bands.

FTIR

OH/OD-stretching bands. Two kinds of infrared OH/OD-
stretching bands, attributed here to the (MgMgMg)-OH/OD-*Na
and (MgMgMg)-OH/OD-*[] configurations, were observed in the
Si-Ge richterite series (Figs. 6a and 6b). The former bands appear
at higher frequencies and are referred to as the richterite bands (des-
ignated here as Ri bands, modified slightly from Hawthorne et al.
1997), while the latter appear at lower frequencies and are referred
to as the tremolite bands (Tr bands, as above). Frequency ratios Vou
/vop are 1.355~1.357, which are very close to the theoretical value
predicted for simple harmonic oscillation (= 1.374, Langer and
Lattard 1980). With increasing Ge contents the frequencies of both
types of bands for the Na-bearing richterites decrease linearly (Table
7). The band width of the Ri bands, measured as the full-width at
half-maximum height (FWHM), is nearly twice as wide as that of
the Tr bands, mainly because of the positional disorder of Na at the
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FIGURE 4. Molar ratio of Ge/(Ge + Si) at the T1 and T2 tetrahedral
sites as a function of the nominal total Ge content in atoms per formula
unit (apfu). Dashed line shows the 1:1 correlation.

Nominal tetrahedral Ge

A site (Hawthorne et al. 1997) but probably also because of Ca**,
Mg?*, and Na* cation disorder at the M4-site (Melzer et al. 2000). A
comparison of the OH/OD-stretching bands for KGeORi and GeORi
shows that the frequency of the Tr band of GeORi is higher by 3.5
cm! for the OH-form and by 2.6 cm™ for the OD-form relative to
those in KGeORIi. This is attributed to the presence of a larger vacant
Assite in KGeORi than in GeORi, which is caused by the surrounding
occupied A-site ion being larger in KGeORi (=K) than in GeORi
(= Na). As a result, the average <A-O> distance is slightly larger
(Table 6) and the O3-O7 distances slightly shorter (by about 0.1 A)
in KGeORi than in GeORi. Della Ventura et al. (1999) have stressed
the influence that the O7 atom exerts on the OH-stretching vibra-
tion of A-site-occupied amphiboles. The result is a tendency toward
hydrogen bond formation along the O3-H/D--O7 direction, making
the O3-H/D interaction slightly weaker in KGeORi than in GeORi.
With increasing Ge contents, the intensity of the Tr bands, or
the (MgMgMg)-OH/OD-*] stretching band, decreases and the
band almost disappears at the Ge8Ri end-member. As mentioned
previously, the FTIR spectra in the OH-stretching region may
provide the most reliable assessment of the Na content at the A
sites. Using the technique described by Hawthorne et al. (1997)
and further refined by Melzer et al. (2000), the mole fraction of the
A-site vacancy content (X™) can be calculated from the expression
X' = R/[k + R(1-k)], where R is the ratio of the Tr band (') and
Riband (1Y) intensities [R = I"/(I" + I¥)] and k is a constant which
corrects the intensities of the Tr and Ri bands for differences in
molar absorptivities between the bands. Hawthorne et al. (1997)
derived a value of 2.2 for k for the join K-richterite—tremolite,
while Melzer et al. (2000) derived a value of 1.68 from their
study of the K-richterite-richterite—tremolite ternary system.
Melzer et al. (2000) also proposed that the molar absorbance of
the OH-stretching vibrations depends only on the energy of the
vibration and not on the composition of the amphibole. Assuming
a linear relationship between the extinction coefficient (€) and the
wavenumber (V) of the Ri band, Melzer et al. (2000) proposed
the relationship (from their corrected Eq. 10) 1/k=1-0.00703(v
—3674.6). Using the band intensities from Table 7 and the expres-
sion for k from Melzer et al. (2000), we obtain the values of X™
and X% (= 1- X™) shown in Table 8. There is excellent agreement
between the FTIR and Rietveld-refined K contents for the K-rich-
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TABLE 5. Atomic parameters for synthetic Si-Ge richterites
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spectra. Accordingly, we offer two

Atom Mg(100)* KGeORi GeORi Ge2Ri Ge4Ri Ge6Ri Ge8Ri possible explanation& First, as the
x  0.2808(10) 02750(4)  02791(7)  0.2805(5)  0.2803(6)  0.2796(4)  0.2795(4) electronegativity of Ge is greater
Tl y 00853(4)  00851(2)  0.0844(3)  0.0842(2)  0.0850(2)  0.0853(1)  0.0856(2) .
z  0207721) 03018(9)  0295(1)  0299(1)  0304(1)  03064(7)  0.3090(8) than that of Si, the electrons of the O
atoms coordinated to tetrahedral Ge
x 02847(12) 02839(5)  0.2858(7)  0.2855(5)  0.2856(5)  0.2861(4)  0.2871(4) . . :
T2y 01697(4)  0.1711Q2)  017043) 01721Q2)  01731(2)  0.1739(1)  0.1745(2) polarize to the surrounding cations
z 07973(22) 0.8037(9) 0.799(1) 0.8045(8) 0.8087(9) 0.8122(7) 0.8147(8) to a greater extent than the O atoms
coordinated to Si. This implies that
X 0 0 0 0 0 0 0 the d f hvd bonding i
M1y 00892(8)  0.0900(4)  00886(4)  008784)  00882(6)  0.0868(5  0.0867(7) ¢ degree of hydrogen bonding in-
z % Y2 Y2 Y2 Y2 Y Y creases. Second, with increasing
Ge substitution the height of the
x 0 0 0 0 0 0 0
M2y 01772(7)  0.1798(4)  0.1785(5)  0.1785(5  0.1783(7)  0.1776(6)  0.1781(8) tetrahedra becomes larger and thus
z 0 0 0 0 0 0 0 the (O3)H-Na distance becomes lon-
X 0 0 0 0 0 0 0 ger; th_ls will cause a decrease in the
M3 y 0 0 0 0 0 0 0 repulsive force between the proton
z 0 0 0 0 0 0 0 and Na atom and thus contribute to
x 0 0 0 0 0 0 0 the downward frequency shift of the
M4 y  02751(7) 0.2777(3) 0.2779(4) 0.2782(4) 0.2773(5) 0.2758(5) 0.2743(6) OH/OD bands. Both of these effects
z % V2 V2 V2 V2 V2 V2 will act to cause a downward shift in
X 0 0 0 0 0 0 0 the frequency (wavenumber) of the
A y 0479122) % iz iz iz iz iz Ri bands, though only the former
z 0 0 0 0 0 0 0 process could occur in the Ge ana-
x  0.1165(18)  0.1132(8)  0.120(1) 0.116(1) 0.113(2) 0.108(2) 0.108(2) logue of talc as discussed below. Itis
Ol y 00870(9)  0.0873(4)  0.0861(5)  00859(5)  0.0839(7)  0.0848(5)  0.0843(7) important to stress that the change in
z  02234(33)  0.219(2) 0.219(2) 0.221(2) 0.217(3) 0.221(2) 0.216(3) the OH-stretching frequency appears
x 0.107920) 0.1177(9)  0.117(1) 0.114(1) 0.113(2) 0.114(1) 0.112(2) to be continuous along this series
02 'y 016959  0.1722(4)  0.1700(5)  0.1696(6)  0.1702(8) ~ 0.1698(7)  0.1703(9) without the presence of any readily
z  07169(35)  0.722(2) 0.723(2) 0.727(2) 0.726(3) 0.727(2) 0.732(3) . .
identifiable fine structure that would
x  0.1066(19)  0.111(1) 0.109(1) 0.107(1) 0.106(2) 0.107(2) 0.103(2) result from short-range ordering of
03 y o0 0 0 0 0 0 0 :
Z 0712048 07212)  07183)  07183)  0725(4)  0719(4)  0.716(5) the tetrahedral cations.,
Lattice vibrational bands. The
X 0.3538(17) 0.359(1) 0.357(1) 0.357(1) 0.355(2) 0.363(2) 0.361(2) FTIR spectra in the lattice-vibration
04 'y 02493(8)  02468(4)  02464(5)  02475(5)  02495(7)  0.2503(6)  0.2518(8) B .
z 07796(43) 0796(2)  0797Q)  0791(3)  0790(4)  0781(3)  0.779(4) range of 1300~400 cm™ are shown in
Figure 7 for the hydroxyl (solid curve)
X 0343321)  0341(1) 0.348(1) 0.346(1) 0.346(2) 0.349(1) 0.351(2) and deuterated (dashed curve) samples.
05 y 0.1296(8)  0.1282(4)  0.1298(5)  0.1323(5)  0.1365(7)  0.1388(6)  0.1417(8) .
Z  00863(39)  0.098(2) 0.095(2) 0.109(3) 0.121(4) 0.135(3) 0.148(4) There is excellent agreement between
the richterite spectrum obtained in this
x  0.3389(19)  0.340(1) 0.341(1) 0.341(1) 0.342(2) 0.345(1) 0.344(2) . ~
06 y 01122090 011604 011615  0.11345)  0.1099(7)  0.1049(6)  0.1039(7) study (GeORi) and that reported by An
Z  05966(37) 0.595(2) 0.589(2) 0.601(3) 0.624(4) 0.629(4) 0.631(4) drut et al. (2000). The spectra for both
richterite and K-richterite (KGeORi)
x  03379(25)  0.332(1) 0.339(1) 0.339(2) 0.339(2) 0.340(2) 0.344(2) ite simil. for minor dif
o7 y 0 0 0 0 0 0 0 are qulte simiuar except Oor minor dait-
z  03025(50)  0.301(3) 0.280(3) 0.268(3) 0.262(5) 0.258(4) 0.246(5) ferences in some Si-O stretching bands

Note: Isotropic temperature factors from Cameron etal. (1983); T1=0.51,T2=0.50, M1 =0.47, M2 =0.61, M3 = 0.42,
M4 =1.58,A=2.68,01=0.69, 02 =0.64, 03 =0.64, 04 = 0.96, 05 = 0.86, 06 = 0.84, 07 = 0.93.

* Della Ventura et al. (1997)

at 1125~1025 cm™.
A look at the frequencies of the

terite sample (KGeORi). There is general agreement between the
FTIR and Rietveld refinements for the remaining samples, such
that both methods indicate a deficiency of Na in amphiboles that
are nominally A-site filled; however, the FTIR spectra indicate
uniformly higher Na contents.

Except for Ge8Ri, the FWHM values for the OH-stretching
Ri bands are very similar and range from 18~20 cm™. A linear
frequency decrease with increasing Ge substitution without
band-width broadening implies that the electronic environment
around the proton of the O3-H hydroxyl group varies rather
continuously. It is recognized that this behavior is unusual and
does not readily conform to existing studies of amphibole infrared

infrared bands in the lattice-vibration
region across the Si-Ge richterite se-
ries shows that the spectra may be divided into three regions (Fig.
7) corresponding to the groupings of lattice vibrations that have
been observed in earlier studies (e.g., Lazarev 1972, Ch. 3; Farmer
1975). In region 1, there are 8 to 7 strong to medium-strong Si-O
or Ge-O stretching bands. These occur in the range of 1300~800
cm™ for the Si end-member and in the range of 920~700 cm™ for
the Ge end-member. In region 2, there are 6 to 4 medium, weak,
very weak, and shoulder bands in the range of 800~570 cm™" for
the Si end-member and in the range of 700~505 cm™ for the Ge
end-member. At least three bands ascribed to chain deformations
plus an OH librational band appear in this region. In region 3, M-O
(M =Mg, Na, Ca, Si, and Ge) deformation bands occur below 570
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TABLE 6. Selected bond-lengths (A) and bond angles (°) for synthetic Si-Ge richterites
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GeORi the OH libration occurs as a broad and

Sample Mg(100)*  KGeORi GeORi Ge2Ri Ge4Ri Ge6Ri Ge8Ri weak band centered at about 600 Cm—l’ while in
Selected bond-lengths (A) Ge8Ri it occurs at 650 cm™'. With increasing
T1-01 1.577(19)  1.572(8)  1.531(10) 1.593(10) 1.639(15) 1.690(14) 1.714(17) o o .
T1-05  1611(23) 1.601(8) 1615(10) 1589(12) 1.612(15) 1.630(13) 1.645(15) Ge substitutions, the OH libration band shifts
T1-06 1.611(20)  1.613(10) 1.624(12) 1.652(14) 1.724(18) 1.721(16) 1.715(20) upward and, in the spectra of the intermediate
T1-07 1.633(11)  1.635(5)  1.640(6)  1.653(6) 1.688(8) 1.719(7)  1.763(11) i . i .
<T1-0>  1.608(9)  1.605 1603 1622 1666 1.690 1.709 compositions, overlaps with Si/Ge-O chain
deformation bands. Thus the downward shift
T2-02 1.696(22) 1.614(8) 1.619(10) 1.660(10) 1.689(14) 1.701(13) 1.728(16) in the OH_Stretching bands with increasing Ge
T2-04 1.600(17) 1.561(7)  1.539(9)  1.549(10) 1.567(14) 1.627(13) 1.654(17) ntent i ite to that of the libration band
T205  1658(21) 1.696(10) 1.693(13) 1.729(14) 1.752(19) 1.796(17) 1.833(19) content 1s opposite to that of the libration bands.
T2-06 1.661(22) 1.682(9)  1.668(10) 1.704(12) 1.703(16) 1.796(13) 1.824(15) This type of inverse behavior of the shifts of
<T2-0> 165409 1638 1.630 1.661 1.678 1.730 1.760 the OH-stretching and OH-libration bands has
M1-01(x2) 2071(19) 2086(8) 2.113(10) 2.102(11) 2.115(16) 2.086(14) 2.115(18) been observed in other studies (e.g., Shirozu and
M1-02 (x2) 1.981(19) 2.061(9)  2.049(11) 2.059(12) 2.065(16) 2.089(14) 2.111(19) Ishida 1982; Ishida 1990) and is consistent with
M1-03 (x2) 2.088(16) 2.136(9)  2.101(10) 2.089(11) 2.115(16) 2.096(14)  2.090(17) . ) )
<M1-0>  2047(10) 2.094 2.088 2.083 2,098 2.090 2.105 the hypothesis that increased hydrogen bond
ing occurs in Ge-richterite. That is, increased
M2-01 (x2) 2.164(18) 2.173(8)  2.196(10) 2.198(11) 2.212(15) 2.187(12)  2.199(15) hydrogen bonding will shift the OH-stretching
M2-02 (x2) 2.042(21) 2.108(9)  2.083(10) 2.067(11) 2.080(16) 2.106(15) 2.104(19) vibration to lower frequencies (e.g.. Libowitzk
M2-04 (x2) 2.090(17) 2.035(10) 2057(12) 2064(14) 2.068(20) 2.049(17) 2032(22) ontolo q -8, LIboWItzKy
<M2-0>  2.099(11) 2.105 2.112 2.110 2.120 2114 2.112 1999) and could dampen or restrict the oscilla-
tions of the OH group around its center of mass
M3-01(x4) 2.121(15) 2.103(7)  2.112(9)  2.107(9)  2067(12) 2.077(10) 2.061(13) . .
M3-03 (x2) 2.051(25) 2.061(11) 2.041(13) 2.045(15) 2.028(20) 2.087(17) 2.092(25) to higher frequencies.
<M3-0>  2.098(8)  2.089 2,088 2,086 2,054 2,080 2,071 The strong downward shift of the bands in
M4-02 (x2) 2.333(19) 2380(8)  2412(10) 2429(10) 2.414(14) 2410(12) 2.395(16) regions 1 and 2 caused by the substitution of
M4-O4 (x2) 2.346(22) 2.401(9)  2397(12) 2.400(13) 2.445(18) 2370(15) 2.391(23) Ge for Si stands in sharp contrast to the very
M4-06 (x2) 2.708(20) 2.627(8)  2.588(11) 2662(11) 2.782(14) 2.881(11) 2.929(15) limited effect that substitutions at the M4 and
MI<M4-0> - 2469 2.466 2497 2,547 2,554 2572 A site h these band. cted by A
M4-05 (x2) 2.907(18) 2.858(10) 2.828(12) 2.774(13) 2.706(18) 2.651(14) 2.589(18) site have on these bands as reported by An-
VIl<M4-O> 2.573(10)  2.567 2.556 2.566 2.587 2578 2576 drut et al. (2000). Andrut et al. (2000) showed
A-05 (x4) 2924(7)  2.885(10) 2.979(9)  3.082(13) 3.147(12) 3.241(16) that substitutions of MSr = *Ca in tremolite
- X - . o . R . .
A-O6 (x4) - 3123(9)  3.137(11) 3.082(11) 2982(16) 2.904(13) 2.901(17) and “Na + YNa =[]+ Ca along the tremo-
A-07(x2) - 2.595(12)  2425(14) 2402(16) 2.408(22) 2.409(17) 2.367(25) lite-richterite join cause very little change in
<A-0> . 2.938 2894 2.905 2.907 2:902 2.836 the band positions in the mid-infrared range
Selected bond-angles (°) of 1300-600 cm™'. They did note an overall
T1-05T2 - 137.0(7)  1345(9) 1358(9)  1342(11) 131.3(9)  129.3(12) reduction in band intensities and an increase in
TI-06T2 - 135.2(6)  136.8(8)  1356(8)  131.4(10) 126.7(8)  126.5(11) - . .
T-07T1 - 139.0(8)  135.6(10) 1340(10) 1320(13) 129.5(10) 125.2(15) band widths toward the richterite end-member.
05-06-05 - 170.5(4)  168.9(5)  165.2(5)  159.5(7)  154.0(5)  151.0(7) A comparison of the results presented in this

* Della Ventura et al. (1997).

study with those of Andrut et al. (2000) provides

cm™ in Si-richterite and below 500 cm™ in Ge-richterite.

Si/Ge-O stretching (Region 1). Because of the greater mass
of Ge and the longer bond distances (weaker bond strengths), the
Ge-O stretching bands shift downward in frequency as expected.
The observed frequency ratios of corresponding bands range be-
tween 1.23 and 1.27. In addition to this downward shift there is a
distinct reduction in the absorption range of the bands assigned to
region 1, such that the Si-O stretching bands appear over a range of
about 350~400 cm™' while the Ge-O stretching bands appear over
arange of 200~250 cm™, or about half of the width. Deuteration
does not have any affect on the bands in this region.

Si/Ge-O chain deformation plus OH libration (Region
2). The medium-strong band at about 740 cm™ in KGeORi and
GeORi is assigned to Si-O-Si deformation, while the 670 cm™
band is assigned to O-Si-O deformation (Lazarev 1972; Gillet et
al. 1989; Ishida 1990) (Fig. 7). These bands also shift downward
with increasing Ge content, and the ranges over which these ab-
sorption bands occur become narrower: the Si-O chain deformation
bands occur over a range of about 120 cm™ while the Si-Ge-O and
Ge-Ge-O deformations occur over a range of about 70 cm™. An OH
libration band is clearly identifiable in the Si and Ge end-members
because these bands disappear with deuteration. In KGeORi and

confirmation that the bands in regions 1 and 2
are indeed attributed to Si-O stretching and Si-O-Si deformation
vibrations, and that these vibrations are largely isolated from the
effects of cation substitutions at the M4 and A sites. Andrut et
al. (2000) suggested that OH-libration bands might occur in the
850-600 cm! range for richterite but did not test this hypothesis.
The deuteration experiments performed in this study confirm that
there is one, but only one, OH-libration band in richterite in this
range which is centered at 600 cm™.

M-O deformation (Region 3). With increasing Ge substitu-
tion, the frequencies of these bands shift downward and may shift
below the frequency range of the instrument for the most Ge-rich
samples. The medium-strength but well-defined band at 550 cm™
for the silicate richterites (KGeORi and GeORi) appears to shift
downward, merges with lower-frequency bands at intermediate
compositions, and then emerges as a medium-strong and well-
defined band at 493 cm™ in pure Ge-richterite (Ge8Ri) for a net
downward shift of ~70 cm™'. This band occurs at about the fre-
quency expected for octahedral Mg-O stretching vibrations (e.g.,
Farmer 1975), but it cannot be solely related to Mg-O vibrations
because the average M-O distances do not vary significantly across
this join (Table 6, Fig. 5). This vibration probably involves some
Mg-O-Si/Ge linkage because the frequency shifts by a factor of
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TABLE 7. OH/OD-stretching spectra of Si-Ge richterites TABLE 7. - continued
Band* Parameter Sample Band* Parameter Sample
KGeORi GeORi Ge2Ri Ge4Ri Ge6Ri GeS8Ri [835]KGe0 [836]Ge0  [838]Ge2 [8371Ge4  [847]Ge6  [846]1Ge8
OH-form OD-form
Ri band Position 37323 37295 3718.3 3706.2 3697.2 3688.7 Riband Positon 27513 2749.6 27414 27330 27260 2719.7
Width 16.6 181 188 197 182 148 VQH/VOD 1.357 1.356 1.356 1.356 1.356 1.356
Intensity 0905 0882 0929 0937 0976 0.998 Width N5 128 = 137 143 132 106
G/G+Dt 0872 0872 1.000 0911 0939 0875 Intensity 0915 0889 0877 0872 096 0987
G/(G+L) 0928 0955 0.811 0.811 1.000 1.000
Trband Position 3670.6 3674.1 3667.5 3659.8 3650.8 3643.9 .
Width 108 989 109 124 113 93 Trband  Position 27074 27100 27055 27003 26942 2687.3
Intensity 0096 0118 0071 0063 0024 0.002 vOH/vOD 1356 1356 1356 1355 1355 1356
G/G+L) 1000 1.000 1.000 0.066 0.049 1.000 Widh 68 65 82 = 132 105 73
*Riband = Higher-frequency bands ascribed to MTMTM3-OH/OD-A (A = A-site Intensity 0085  0.111 0123 0128 0040 0013
alkali ions), Tr band = Lower-frequency bands ascribed to M1M1M3-OH/OD-[] G/AG+L) 0817 0890 0234 0000 0000 0.000
(O = vacant A site)
1t Ratio of the Gaussian (G) and Lorentzian (L) components
only 1.11 and not by the factor of 1.23~1.27 that is observed for ~ TABLE8.  Mole fraction of A-site vacant (X") and A-site-filled (X¥)
other Ge-O vibrations in regions 1 and 2. The remaining bands components in amphibole, calculated from FTIR spectra
e i : ot Sample  Riband (cm™) R* kt X" Xt obs§
below 5:50 cm™ the Si rlchtentes are apparen.tly a combination GeOR! 3732 009 168 006 0oa K= 0.95(1)
of OH librations and Mg-O and Si/Ge-O bending and deforma-  GeORi 3730 0118 164 0.8 0.92 0.85(2)
tion bands as indicated by a general downward shift in these  Ge2Ri 3718 0071 160 005 0.95 0.87(4)
bands. Deuterati d ticeable ch t £ th Ge4Ri 3706 0063 128 0.05 0.95 0.89(2)
ands. Deuteration produces noticeable changes to some of the  geqp; 3607 0024 119 002 098 09102)
band structure in region 3, such as the appearance of a sharp and ~ GesRi 3689 0002  1.11 0002 0998  0.92(3)

distinct band at ~450 cm™' in KGeORi and GeORi that appears to
shift upward to ~470 cm™ in Ge4Ri and possibly merges with
the 490 cm™ peak in Ge8Ri. These bands are attributed to OD
librations. Unfortunately the broad and overlapping nature of the
bands in this region make it hard to make any more specific as-

~ 1.80 —~ 2.
= =

2.

2

ot 3

Nominal tetrahedral Ge (apfu)

160 |

150 ;

* R = relative intensities of the Tr and Ri bands, defined as /(™ + IF).

1 k = term related to the differences in the molar absorptivity of the Tr and Ri
bands (Hawthorne et al. 1997), defined as a function of the Ri band wavenumber
by Melzer et al. (2000).

§ Observed Na (or K) content (apfu) at the A site from Rietveld refinements
(Table 3).
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signments in this region, particularly for a mineral as chemically
complex as richterite.

Comparison with other Ge-analogue phases

Although we do not know of other studies involving Ge-rich
amphiboles, the earlier studies of Ge-analogues of tri-octahedral
layered silicates are relevant to this study because the amphibole
double chain can be thought of as one unit of a continuous tetrahe-
dral sheet and because the local environment around the OH group
in richterite is the same as that in tri-octahedral layered silicates.
Substitution of Ge for Si produced very similar effects in the in-
frared lattice vibration region of the Ge-analogue of phlogopite
[KMg;(AlGe;)0,o(OH),] (Jenkins 1989) as were produced for Ge-
richterite in this study. Namely, the complete substitution of Ge for
Si produces a very noticeable downward shift in the major bands
centered at about 1000 cm™, 700 cm™, and at 500 cm™, supporting
the assignment of these bands to Si-O stretching, Si-O-Si deforma-
tion, and Si-O bending or linked Si-O-Mg vibrations, respectively.
The extent of the shift in richterite is greater (factor of 1.24~1.27)
than in phlogopite (factor of 1.19), at least for the Si-O stretching
and Si-O-Si deformation bands, indicating that tetrahedral cations
in a double-chain configuration vibrate at a lower frequency than
tetrahedral cations interconnected in a two-dimensional sheet.

dH—stretching bands

I

KGeOR1

Ge2Ri

Ge4Ri

Absorbance (arbitrary units)

fini

Ge6Ri

Ge8Ri

3750 3700 3650
Wavenumber (cm™1')

3800 3600

SENDA ET AL.: Ge-RICHTERITE

What this study shows for amphiboles, to the extent that these
broad and overlapping bands can be resolved, is (1) there is a
continuous shift in the lattice vibrations with substitution of Ge
for Si and (2) the Ge-O stretching vibrations of the Ge-analogue
phase occur at well-defined energies as indicated by the narrower
range over which the absorption bands occur.

Comparing this study to the relatively recent work on Ge-sub-
stituted talc by Martin et al. (1996), one can identify two similari-
ties and one distinct difference between the FTIR spectra in the
OH-stretching region. In both studies the single OH-stretching
band for the pure Si end-member phase shifts about 42 cm™ to
lower frequencies, as Si is completely exchanged for Ge. Further-
more, in both studies the FWHM of the Ge end-member phase is
noticeably smaller than that of the Si end-member. The fact that
both amphibole and talc experience the same frequency shift with
the substitution of Ge for Si suggests that the same basic process
is occurring in both minerals, namely an increase in the degree of
hydrogen bonding with increasing Ge content as proposed above.
The main difference between this study and that of Martin et al.
(1996) is in the spectra of the intermediate compositions; in this
study there is a relatively simple and continuous shift of the OH-
stretching band to lower frequencies, whereas in Si-Ge-talc solid
solutions there is considerable band broadening and complexity

T
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FIGURE 6. Infrared OH/OD-stretching bands for synthesized Si-Ge richterites. (a) OH-stretching bands. (b) OD-stretching bands.
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FIGURE 7. IR spectra in the lattice vibration region.

in the spectra. Martin et al. (1996) attributed the band complexity
in the intermediate talc compositions to the presence of individual
resolvable bands which they assigned to five different tetrahedral
cation configurations. Such individual bands were not observed
for the Si-Ge-richterite solid solutions studied here, indicating that
some difference must exist between the influence of Ge on the
OH-stretching frequencies of layered silicates compared to A-site
filled double-chain silicates that is not yet understood.
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