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ABSTRACT

Samples have been prepared at 1 kbar Py, for the join richterite—titanium richterite in
the system K,0-Na,0-CaO-MgO-Ti0,-Si0,-H,0. Experimental results indicate that the
Ti solubility strongly depends on temperature: it increases from 0.2 to about 0.8 atom per
formula unit between 600 °C and 800 °C; no further increase is observed from 800 °C to
900 °C. Both FTIR and Raman spectroscopic data indicate that Ti** is entirely incorpo-
rated in tetrahedral sites. No significant change is observed in the OH-stretching region,
indicating that Ti** is not bonded to OH groups. Only the Si-O stretching region is affected
by Ti**, with band shifts closely corresponding to the calculated shift factor (0.92) for a
1Si — MITi substitution. The substitutional mechanism responsible for Ti incorporation
is the direct isovalent substitution Si** — Ti*t. The progressive decrease in the tremolite-
type band in the OH-stretching region with increasing Ti content confirms that the A-site
cation splitting over A subsites is a function of the geometry of the A cavity, controlled
by the major cationic substitutions. Powder XRD data for synthetic single-phase Ti-rich
richterite reflect a regular increase in g, b, ¢, and B8 as a function of the Ti content, in
response to the replacement of the small Si** ion (0.26 A) by the larger Ti** ion (0.42 A).

INTRODUCTION

X-ray single crystal studies of clinoamphibole crystal
chemical relations that were carried out up to the middle
of the 1970s resulted in assignment of all high-charge
cations (charge > 2*) present in the octahedral strip to
the small OH-free M2 octahedron (see Hawthorne, 1981,
for a compilation). These conclusions were based essen-
tially on size considerations. During the last decade, more
detailed analyses, performed primarily by means of in-
frared spectrometry, have demonstrated several excep-
tions to this relation (Semet, 1973; Robert, 1981).

Ti** represents a peculiar case. Ti-rich amphiboles be-
long to two different groups: the hornblende-type (kaer-
sutite) and the richterite-type amphiboles. In potassium
richterite, the Ti content may be up to 6-7 wt% TiO,;
that corresponds approximately to 0.7 Ti atom per for-
mula unit (pfu) (Wagner and Velde, 1986).

Several substitutional mechanisms have been proposed
to explain the presence of such high amounts of Ti in the
amphibole structure. They may be summarized as fol-
lows:

1. WAl MS; = ©Tj, MAI the Tschermak substitution
(Helz, 1973). This mechanism is theoretically possible to
some extent for hornblende. For example, in pargasite
NaCa,(Mg,Al)(Si;AL)O,,(OH),, the Ti end-member de-
rived by the above exchange equation would lead to the
end-member NaCa,(Mg,Ti)(81;Al,)O,,(OH),, which is very
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similar to the formula of sadanagaite (Shimazaki et al.,
1984).

2. BIAlL, OH- = ©Ti,0%*, a mechanism involving de-
protonation. Oxy-kaersutite is common in nature, and
partial deprotonation related to Ti incorporation was sug-
gested by Oba et al. (1982) for synthetic kaersutite. Struc-
ture refinements of natural oxy-kaersutite samples indi-
cate the presence of substantial Ti in M1 (Kitamura et
al., 1975). M1 is coordinated in part by OH in OH-bear-
ing amphibole.

3. 28Mg = ©Ti, ®I0, This reaction would generate an
octahedral vacancy; it is well documented for structurally
related Ti-rich phlogopite (Forbes and Flower, 1974). This
mechanism seems theoretically possible in amphiboles
but has never been documented, and there is no evidence
for cctahedral vacancies.

4. WSi = @Ti, which represents a direct isovalent sub-
stitution involving only tetrahedral sites. This mecha-
nism was suggested for Ti-rich richterite found in lam-
proites (Wagner and Velde, 1986) on the basis of their
calculated tetrahedral site deficiencies. Tetrahedrally co-
ordinated Ti was inferred on the basis of single-crystal
XRD data for natural Ti-rich richterite by Ungaretti
(1980); it is known in other silicates, such as some natural
garnets (Huggins et al., 1977). The existence of Ti** in
fourfold coordination is still debated (Hartman, 1969,
Waychunas, 1987).
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In order to study the mechanism responsible for Ti**
substitution in the richterite structure, a series of syn-
thetic phases that have compositions along the join rich-
terite—titanium richterite [K(NaCa)Mg,Si;O,,(OH),]-
[K(INaCa)Mg,(Si, Ti)O,,(OH),] has been investigated. This
series was chosen because analytical data for naturally
occurring Ti-rich potassium richterite indicate that the
“ISi = WTi substitution seems the most likely (Wagner
and Velde, 1986). Starting compositions were separated
by increments of 20 mol% along this join. Infrared and
Raman spectroscopic techniques were then used in order
to define Ti** sites and to characterize structural varia-
tions caused by the incorporation of Ti. Raman and IR
spectroscopic methods are increasingly recognized as use-
ful tools in deriving cation site occupancies for amphi-
boles, especially if high-charge cations are present (Semet,
1973; Raudsepp et al., 1987; Robert et al., 1989; Della
Ventura and Robert, 1990).

EXPERIMENTAL METHODS

The starting materials used in the syntheses were sili-
cate gels prepared according to the method of Hamilton
and Henderson (1968). Ti was added to the gels as TiO,
(anatase). The starting materials and distilled H,O were
inserted into noble metal capsules (Au for experiments at
temperatures up to 800 °C and Pt above 800 °C) sealed
by arc welding. A constant H,O/gel ratio of 0.15 by weight
was used for all experiments.

Experiments at 600 °C, 1 kbar and below were per-
formed in Tuttle-type cold-seal externally heated pres-
sure vessels, whereas experiments at 800 °C, 1 kbar were
performed in Morey-type hot-seal externally heated ves-
sels. Experiments at 900 °C, 1 kbar were performed in
internally heated vessels, using Ar as a pressure medium.
Estimated uncertainties for temperatures and pressures
are +5 °C and 50 bars, respectively. Standard experiment
durations were 2 weeks at 600 °C, 5d at 800°C,and 3d
at 900 °C. Some long duration experiments (up to 6 weeks)
were also performed at 600 °C, 1 kbar; they produced the
same results as experiments performed at the same PT
conditions for two weeks.

All products were studied by X-ray diffraction and op-
tical techniques. Cell parameters were determined using
data from X-ray powder patterns obtained with a Seifert
Pad II automatic diffractometer, using ASTM Si as an
internal standard. The powder patterns were fully in-
dexed in space group C2/m using the Appleman and Evans
(1973) least-squares program. The final cell dimensions
were refined using sets of 25-30 unambiguously indexed
lines. Products were also examined by SEM, using a
Cambridge Stereoscan 250 MK II electron microscope
equipped with a Tracor, TN 2000 Si(Li) detector. High-
resolution infrared spectra of the OH-stretching region
(3750-3500 cm~') were recorded on a Perkin-Elmer 1760
FTIR spectrophotometer. Scanning conditions were
l1-cm~! nominal resolution, normal Beer-Norton apod-
ization function, and scan speed of 0.2 cm~!/s. Samples
were prepared as KBr pellets, with a mineral to KBr ratio
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TaBLE 1. Experimental conditions and products
Tem- Pres-
Com-  perature sure Time
position (°C) (bars) (h) Experimental product

0.0 600 1000 360 amph.
0.2 600 1000 360 amph. s.s.
0.4 600 1000 360 amph. s.s. + mica + ti.
0.6 600 1000 360 amph. s.s. + mica + ti.
0.8 600 1000 360 amph. s.s. + mica + ti.
1.0 600 1000 360 amph. s.s. + mica + ti.
0.0 800 1000 120 amph.
0.2 800 1000 120 amph. s.s.
0.4 800 1000 120 amph. s.s.
0.6 800 1000 120 amph. s.s.
0.8 800 1000 120 amph. s.s. + (pr.)
1.0 800 1000 120 amph. s.s. + (pr.)
0.2 900 1000 72 amph. s.s.
0.4 900 1000 72 amph. s.s.
0.6 900 1000 72 amph. s.s.
0.8 900 1000 72 amph. s.s. + (pr.)
1.0 900 1000 72 amph. s.s. + {pr.)

Note: Starting compositions are expressed in terms of Ti atoms per
formula unit in the starting amphibole composition. Amph. s.s. = amphibole
solid solution, ti. = titanite, pr. = priderite.

of 0.10 by weight. Details of IR sample preparation may
be found in Robert et al. (1989). Raman spectra were
recorded on a Jobin-Yvon U1000 spectrometer equipped
with an Ar-ion laser, A, = 488 nm; the uncertainty for
peak positions is 1 cm™!,

EXPERIMENTAL PRODUCTS AND X-RAY POWDER DATA

As the limits of Ti substitution in silicates increase
with increasing temperature (see Robert, 1976, for phlog-
opite; Monier and Robert, 1986, for muscovite, Wagner
and Velde, 1986, for potassium richterite), this first set
of experiments was carried out with constant water pres-
sure of 1 kbar and temperatures equal to 600 °C, 800 °C,
and 900 °C.

Table 1 lists synthesis products. At 600 °C, 1 kbar, only
compositions with Ti < 0.4 atom pfu gave a single am-
phibole. For Ti = 0.4 atom pfu, assemblages consisting
of amphibole plus mica plus titanite (CaTiSiO;) were ob-
served. X-ray data for the mica and chemical consider-
ations based on the bulk starting compositions suggest
that this Al-free mica is close to K(Mg, ;[0 5)S1,0,,(OH),
in composition (Seifert and Schreyer, 1971).

At 800 °C, 1 kbar, a single amphibole is obtained for
Ti = 0.6 atom pfu. For higher Ti contents, small amounts
of an additional phase related to priderite (K,MgTi,O,q;
Dubeau and Edgar, 1985) were found with amphibole.
This phase was identified both by X-ray diffraction and
by SEM; additionally, some grains of titanite were de-
tected by SEM, but XRD data could not confirm this
observation. It is worth noting that, in nature, priderite
has often been reported to occur in association with po-
tassium richterite, e.g., in highly potassic lavas (Prider,
1939; Jaques et al., 1984; Carmichael, 1967; Kuehner et
al., 1981; Wagner and Velde, 1986). Experiments at 900
°C, 1 kbar gave essentially the same results for the extent
of the solid solution.
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Fig. 1. Variation of cell parameters and cell volumes of syn-

thetic potassium richterite samples prepared at 800 °C, 1 kbar
in the single phase titanium richterite range, as a function of
their Ti** content given in atoms per formula unit. Open circles:
end-member potassium richterite, data from Robert et al. (1989).
Full circles: this study.

Cell parameter variations for richterite as a function of
experimentally controlled cation substitutions are avail-
able only for Na-K substitution in the A site (Huebner
and Papike, 1970), OH-F substitution in the O3 site
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TaBLE 2. Cell dimensions and cell volumes of synthetic titanium

richterite
Com-
positon  a(A) b(A) cA) B V(A%
0.0 10.055(1) 17.980(4) 5.270(1) 104.85(1) 921.0(2)
0.2 10.060(1) 18.000(2) 5.276(1) 104.88(1)  923.5(3)
04 10.070(1) 18.017(3) 5.286(1) 104.87(1) 927.0(3)
0.6 10.078(2) 18.030(3) 5.289(2) 104.89(2) 928.9(4)
0.8* 10.086(2) 18.042(4) 5.300(2) 104.89(2) 932.1(4)
1.0 10.085(2) 18.029(5) 5.303(2) 104.94(2) 931.7(5)

Note: Cell parameters of Ti-rich potassic richterite samples synthesized
at 800 °C, 1 kbar. Compositions are given in terms of Ti atom per formula
unit in the amphibole. Numbers in parentheses are the estimated standard
deviation to the last digit. Data for Ti-free richterite are from Robert et al.
(1989).

* Two-phase assemblage, Ti-rich richterite and minor priderite.

(Robert et al., 1989), and Mg-Fe substitution in the oc-
tahedral strip (Charles, 1975). Additional data on F end-
members for both sodic and potassic richterite were given
by Huebner and Papike (1970) and Cameron et al. (1983),
whereas data related to Ca-Sr substitution in the M4 site
for both sodic and potassic richterite were given by Della
Ventura and Robert (1990).

The measured cell parameters of amphiboles synthe-
sized at 800 °C, 1 kbar are listed in Table 2. Figure 1
shows cell parameter variations as a function of Ti con-
tent. Data points do not show significant deviation from
a linear relationship for valtues from Ti = 0.0 to Ti = 0.6
atom pfu, supporting our inference that a continuous sol-
id solution exists in this range. It should be noted that
the cell parameters continue to increase for specimens
with Ti = 0.6 to Ti = 0.8 atoms pfu in their bulk com-
positions, despite the presence of the accessory phase pri-
derite observed for syntheses with Ti = 0.8. We therefore
conclude that the upper substitution limit of Ti** in our
potassium richterite syntheses is very close to 0.8 apfu.
As might be expected, the substitution of “Ti (ionic ra-
dius = 0.42 A) for “Si (ionic radius = 0.26 A) of (radii
from Shannon, 1976), results in an overall expansion of
the structure. All cell dimensions increase, including c,
which is usually constant for all substitutions in Fe-free
richterite samples and, in general, in Al-free amphiboles
(Della Ventura and Robert, 1990).

FTIR SPECTROSCOPY MEASUREMENTS IN THE
OH-STRETCHING REGION

FTIR spectra of the OH-stretching region of Ti-bearing
richterite samples are shown in Figure 2. The first spec-
trum, for Ti-free potassic richterite, was given by Robert
et al. (1989). It shows a principal, high-wavenumber band
at 3735 cm! and a minor tremolite-type band centered
at 3670 cm~'. The splitting of the first, high-intensity band
into two components at 3735 and 3730 cm™' has been
discussed in Robert et al. (1989) and assigned to OH
groups directed toward K ions almost equally disordered
over the two A(m) and A(2/m) special positions. The
tremolite-type band at 3670 cm~! has been discussed both
in terms of possible vacancies in A sites and of positional
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disorder of alkali cations over A subsites (Robert et al.,
1989; Della Ventura and Robert, 1990).

Spectra for samples with Ti = 0.2 to Ti = 0.6 atom per
formula unit (that is, in the single phase range), show a
progressive decrease in intensity of the 3735 cm~' com-
ponent assigned to a MgMgMg-OH — A(m) configura-
tion relative to the 3730 cm ™' component assigned to the
MgMgMg-OH - A(2/m) configuration (Robert et al.,
1989). At the same time, the intensity of the 3670 cm™!
band progressively decreases, and there is increasing
complexity of the main stretching band, with the appear-
ence of at least two shoulders toward the low-wavenum-
ber side, centered around 3728 cm™! (observed for Ti =
0.4 apfu) and 3710 cm~' (observed from Ti = 0.2 apfu).

These observations rule out the presence of Ti** in M1
or M3 octahedra bonded to an OH group, which would
correspond to a total charge of +8, contributed by the
three cations adjacent to the OH group. Few data are
available for OH-stretching wavenumbers of hydroxyl
groups bonded to three cations with a total change of +7
(Semet, 1973; Robert, 1981; Raudsepp et al., 1987). No
data are available for the OH-stretching wavenumber of
OH bonded to 2Mg + 1Ti in amphiboles. An example
is known in the structurally related trioctahedral micas:
in high-Ti phlogopite, the OH-stretching wavenumber (v-
OH) is close to 3640 cm~!; in this phase, hydroxyl ions
are bonded to 2Mg + ITi.

The decrease in intensity of the 3735 and 3730 cm™!
doublet to a point where it is not observable is consistent
with a progressive migration of the K ion from the A(m)
site to the central A(2/m) position as the Ti content in-
creases.

Figure 1 illustrates the expansion in all lattice param-
eters with increasing Ti content. Following the model al-
ready proposed by Robert et al. (1989), we conclude that,
owing to a larger A site, the splitting of the K ion site
into two positions is not required. In other words, in the
present case, the A-cation positional disorder may be in-
terpreted as a function of the local polyhedral geometry
in addition to factors proposed by previous authors (see
Docka et al., 1987, for a compilation).

The progressive decrease in intensity of the 3670 cm™!
band suggests that even the overall occupancy of the A
site is a consequence of the polyhedral geometry. Robert
et al. (1989) have discussed the possibility that the trem-
olite-type band in synthetic and natural richterite samples
must be assigned to an amphibole component with a va-
cant A site.

On the basis of careful experiments carried out to pre-
vent any alkali leaching during syntheses, those authors
concluded that, at least for the experimental conditions
used (600 °C, 800 °C, 1 kbar), the presence of apparently
vacant A sites in richterite could be explained by local
geometrical constraints, especially the delocalization of
the A cation over A(2/m) and A(m) subsites. The same
argument has been proposed by Della Ventura and Ro-
bert (1990) for Sr-rich synthetic richterite. The present data
provide us with additional arguments to support the pre-
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Fig. 2. Evolution of IR spectra of synthetic potassium rich-
terite samples, with increasing Ti** content (in apfu) in the OH-
stretching region.

vious conclusions: I Ti for ¥ISi substitution causes expan-
sion of the structure that allows the alkali cations to pro-
gressively fill the A(2/m) site.

The present state of the art does not permit unequiv-
ocal assignment of the new 3728 and 3710 ¢cm~! shoul-
ders. Such minor wavenumber shifts cannot be assigned
to any major change in the charge balance around the
proton. Negative OH-stretching wavenumber shifts im-
ply increased interaction between the OH proton and
nearest neighbor O atoms (Della Ventura and Robert,
1990) and less repulsive interaction between the OH pro-
ton and K in the A(m) site (Robert et al., 1989). In the
present case, the cause of these minor low-wavenumber
shifts must be found in a second nearest-neighbor effect
related to changes in the polyhedral geometry produced
by substitution of Ti*+ for Si** and to the resulting in-
creased regularity of the A site.

These infrared data also rule out the presence of Ti**
in the OH-free octahedron M2 because such occupancy
would imply an equivalent amount of tetrahedrally co-
ordinated Mg>* to maintain full occupancy of tetrahedra;
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Fig. 3. Evolution of Raman spectra of synthetic potassium
richterite, with increasing Ti** content (in apfu) in the range
1200-0 cm~.

the structural formula of the theoretically corresponding
end-member would be K(NaCa)(Mg,Ti)(Si,Mg)O,,(OH),.
An example of a tetrahedrally coordinated divalent cat-
ion in amphibole (Be2*) is known only in joesmithite,
(Ca,Pb)Ca,(M?*),(SisBe,)0,,(OH), (Moore, 1969). How-
ever, other occurrences are provided by trioctahedral mi-
cas related to phlogopite (Seifert and Schreyer, 1971; Ta-
teyama et al., 1976; Robert, 1981).

In trioctahedral micas containing a tetrahedrally co-
ordinated divalent cation, a negative OH-stretching
wavenumber shift (up to =35 cm™') is observed (Tate-
yama et al., 1976; Robert and Kodama, 1988) resulting
from increasing interaction through H bonding between
the OH proton and the underbonded O atoms of (M**Oy)
octahedra; furthermore, a significant broadening of the
corresponding OH-stretching band is observed (Robert,
1981). The similarities between local environments of the
OH dipole in clinoamphiboles and trioctahedral micas
lead us to expect a similar behavior in tetrahedrally co-
ordinated Mg in Ti-rich richterite; however, that is not
observed. We therefore conclude that Ti¢* is entirely in-
corporated in the fourfold coordinated sites.
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RAMAN SCATTERING DATA

In the OH-siretching region, Raman scattering gives
the same results as FTIR spectra; because this is common
in amphiboles, these results are not given.

The evolution of the Raman spectrum in the wave-
number range 1200-0 cm™! as a function of Ti content is
represented in Figure 3. No data are available concerning
the interpretation of Raman spectra of clinoamphiboles
with filled A sites. In a recent paper, Gillet et al. (1989)
discussed the Raman spectrum of glaucophane
[Na,Mg,AlLSi,0,,(OH),] and proposed a band assignment
valid for richterite solid solutions of the present study;
glaucophane and richterite have the same space group,
C2/m.

High-wavenumber bands (above 600 cm™') result from
vibrations involving tetrahedra. The very intense band
observed at 681 cm™! is assigned to the symmetrical Si-
0,-Si vibrations. The wavenumber bands above 800 cm™!
are principally related to Si-O,-Si and O,-Si-O, asym-
metrical vibrations and to Si-O,, stretching vibrations
[O,, for bridging O atoms O(5), O(6), O(7) and O,,, for
nonbridging O atoms O(1), O(2)]. In the spectrum of Ti-
free richterite, two main sharp bands are observed in this
range (at 1080 and 950 cm!), with minor-intensity broad
shoulders centered around 1030 and 929 cm~'. A high-
intensity shoulder is clearly visible at about 1090 cm™!
on the high-wavenumber side of the 1080 cm~' band.
Such high-wavenumber bands (around 1100 cm~' and
above) with high intensities are typical of tetrasilicic min-
erals with filled A sites; examples are tetrasilicic micas
and amphiboles (Robert, 1988). They can be assigned to
T-O_L stretching vibrations, corresponding to very short
T-O_L bonds; | means that the vibrations are approxi-
mately perpendicular to the plane of layering in micas
(001) and to the plane of the double chain in amphiboles
(100). In the present case, it seems reasonable to assign
this high-wavenumber, high-intensity band to the
stretching vibration of the T(1)-O(1) bond, since T(1)-
O(1) is a very short Si-O bond in Ti-free potassic richter-
ite (1.599 A, Papike et al., 1969), perpendicular to the
(100). In the wavenumber range below 600 cm™!, the
bands result from angular distortions of the double chain
and from valence vibrations (stretching) in the high-co-
ordination polyhedra, that is, in M and A sites.

For spectra of samples along the join richterite—tita-
nium richterite, the low-wavenumber region (below 600
cm-') remains essentially unchanged, whereas significant
modifications are observed in the high-wavenumber re-
gion (above 600 cm~!). In this range, new bands appear
whose intensity increases with increasing Ti content: a
sharp band at 897 cm~' and broad bands and shoulders
at 853, 839, and 779 cm™'. Furthermore, the intensity of
the band at 926 cm™! increases significantly, suggesting
the superposition of two bands: the band previously ob-
served at 929 cm™! in the Ti-free richterite end-member
and a new band generated by the Ti substitution. The
intensity of the main high-wavenumber band (1080 cm™")
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remains approximately constant; only a minor shift to
1074 cm™! is observed (Fig. 3).

The general features of spectra in the high-wavenum-
ber range suggest a correspondence between the main new
bands and those observed in the Ti-free richterite end-
member. The new sharp band at 897 cm™! can be related
to the band at 950 cm! in the spectrum of the Ti-free
richterite; the shift factor, calculated as the ratio 897/950,
is 0.94. Similarly, the new band at 926 cm~' corresponds
to the band at 1030 cm~' (926/1030 = 0.90), and the new
broad band centered around 850 cm ! corresponds to the
broad band at 929 cm! in the spectrum of Ti-free richter-
ite (850/929 = 0.92). These ratios are not fortuitous; they
closely correspond to the calculated ratio from the re-
duced masses, u, of the couples Si-O and Ti-O: (ug.o/
brio)? = 0.92, with p, = m,-my/(m, + my). From
these observations, we conclude again that Ti** is absent
from octahedral sites and substitutes for “ISi in potassium
richterite.

The constant intensity of the high-wavenumber band
(1080 cm™!) and its small shift to 1074 cm~! with Ti sub-
stitution deserve comment. According to previous obser-
vations, a new band at 994 cm~' should be expected (cal-
culated value assuming 0.92 as the theoretical
wavenumbers ratio); it is not observed (Fig. 3), indicating
that this band is not affected by the “ISi — “ITi substi-
tution. On the basis of crystal structure refinements, Un-
garetti (1980) alloted Ti** to the T(2) tetrahedron in nat-
ural Ti-bearing potassic richterite; therefore, no major
change is expected for the 1080 cm~! band, since we have
assigned this band to T(1)-O(1) vibrations. The origin of
the minor shift may be in minor changes in the geometry
of tetrahedron T(1).

The new weak broad band at 779 cm~! (Fig. 3) is evi-
dently related to Ti, since it is not visible in the spectrum
of Ti-free richterite, but it cannot be related to any band
observed in the spectrum of the Ti-free richterite end-
member. Therefore, no satisfactory explanation of this
weak band can be offered now. However, it could be
caused by a very long Ti-O bond; in tetrahedron T(2), for
example, the T(2)-O(6) bond is significantly longer than
other T-O bonds in potassium richterite (Papike et al.,
1969).

CONCLUSIONS

The substitution limit of Ti in potassium richterite ob-
served during this study (0.6 < Ti < 0.8 Ti apfu) closely
agrees with the compositional data given by several au-
thors for natural potassium richterite (Mitchell and Lewis,
1983; Wagner and Velde, 1986; Thy et al., 1987); these
extensive data are consistent in indicating a maximum
content of 0.6-0.7 apfu. Ti in amphiboles can be regard-
ed as a promising geothermometer, since its substitution
limit increases drastically with increasing temperature;
this makes it necessary to define the role played by Fe in
the substitution of Ti. This increase in the substitution
limit with increasing temperature has already been rec-
ognized in micas: phlogopite (Robert, 1976), biotite
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(Abrecht and Hewitt, 1988), and muscovite (Monier and
Robert, 1986). There is strong evidence that increasing
Fe content facilitates substitution of Ti in ferromagnesian
micas (Czamanske and Wones, 1973; Abrecht and Hew-
itt, 1988), but no equivalent data are available for am-
phiboles. Likewise, no experimental data are available on
the effect of pressure on Ti substitution in potassium rich-
terite, but there are indications that pressure causes a
decrease in the limits of substitution. In fact, all natural
occurrences of Ti-rich potassium richterite are from rocks
that crystallized under near-surface conditions (Wagner
and Velde, 1986) or, at most, under 1-2 kbar pressure
(Thy et al., 1987). The negative pressure dependence of
Ti substitution has been recognized by Oba et al. (1982)
in natural as well as synthetic kaersutite. It is also well
known in synthetic phlogopite (Robert, 1976; Foley,
1990).

The various amphiboles and micas exhibit very differ-
ent substitutional schemes involving Ti, as noted in ref-
erences cited above and in this work. However, it is in-
teresting to observe that the effects of temperature and
pressure on substitution of Ti are qualitatively the same,
whatever the substitutional mechanism.

All data provided by XRD, FTIR absorption, and Ra-
man scattering spectroscopy, as well as recent EXAFS
and XANES spectroscopic data obtained for the synthetic
samples described in the present work (Mottana et al.,
1990; Paris et al., 1990) collectively demonstrate that Ti¢*
is tetrahedrally coordinated and replaces Si** in potassic
richterite. Tetrahedral coordination of Ti*" is uncommon
in silicates and in other compounds. Among silicates, only
garnets have significant amounts of ¥ITi‘t (see Waychu-
nas, 1987, for a compilation). Trace amounts of “'Ti ap-
parently replace “Si in diopside (Carbonin et al., 1989).
The rare mineral sillenite Bi,,O,;-(S1,Ti)O, (Tarte, per-
sonal communication, 1988) is a third example of that
substitution. A few nonsilicates also contain “Ti** as a
major component, including Ba,TiO, (Tarte, 1961),
Rb,TiO; (Schartau and Hoppe, 1974), and NiTi spinels
(Lager et al., 1981). Potassium richterite is therefore the
first clearly defined example of a polymerized silicate
containing “'Ti** as a major component.
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