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Electronic absorption spectra of phosphate minerals

Electronic Absorption Spectra of Phosphate Minerals with Olivine-Type Structures: I. Members of the Triphylite-Lithiophilite Series, M1[6]LiM2[6](Fex2+Mn1-x2+)[PO4]

Klaus Langer1, Michail N. Taran2* and Andrè-Matheu Fransolet3
1Institute of Applied Geosciences, Technical University Berlin,

Ernst Reuter-Platz 1, D-10587 Berlin, Germany

2Institute of Geochemistry, Mineralogy and Ore Formation, National Academy of Sciences of Ukraine, Palladin Ave. 34, 03680 Kyiv-142, Ukraine

*Corresponding author, e-mail: taran@igmr.relc.com
3Laboratory of Mineralogy, University of Liège,  Sart Tilman Bldg. B18, B-4000 Liège, Belgium

Abstract

Electronic absorption spectra of the orthorhombic olivine-type phosphate minerals of the triphylite-lithiophilite series, M1[6]LiM2[6](Fex2+Mn1-x2+)[PO4], were obtained on members with xFe = 0.195 (p, rs), 0.326 (sc, ps), 0.500 (p, rs), 0.564 (sc, ps), 0.708 (sc, ps), 0.750 (p, rs). Polarized spectra, ps, were measured on properly oriented single crystal slabs, sc, while powder remission spectra, rs, were scanned on unoriented fine grained powders, p. In all cases, microscope-spectrometric methods were used.

All triphylite-lithiophilite spectra show the following features: (i) a nearly unpolarized absorption edge at around 30000 cm-1, which shifts slightly towards higher energies on increasing xFe,  (ii) very weak and sharp bands at 24200 and 23800 cm-1  (cba) typical of spin-forbidden dd-bands in Mn2+, and a series of very weak, differently polarized bands in the range 19000 -15000 cm-1, (iii) an intense band system in the NIR typical of spin-allowed dd-transitions in octahedral Fe2+, consisting of two strongly polarized bands, I. at around 9100-9400 cm-1  (cab) and II. at around 7400-7200 cm-1 (c((a(b) attached as a strong shoulder to I.

Energies and polarization behavior of band I. correspond closely to those of the strong Fe2+ -band in M2-octahedra of silicate olivines when the permutation of axes in Pmnb (ortho-phosphates) compared to Pbnm (orthosilicates) are taken into account. Band no. II originates also from Fe2+ in M2, as no other transition metal ions are present eventually giving rise to absorptions in the NIR. Both bands, I. and II. are assigned to the 5A1(5T2g)(5A1(5Eg), (5B1(5Eg) transitions of Fe2+ in M2 under pseudosymmetry mm2, which is usually adopted for M2 in silicate olivines. The energy difference, δe, between I. and II. represents the low symmetry splitting of the excited state 5Eg of octahedral  Fe2+ under m3m. Polarization-averaged energies of the above transition I. and of δe increase with iron contents xFe as
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I. = 8906.5+ 669.7  xFe     (r = 0.949)
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e = 1749.2 + 525.7  xFe     (r = 0.923)  
In difference to silicate olivines, where energies of the spin-allowed bands of both Fe2+(M1) and Fe2+(M2) decrease with Fe-content, in phosphates studied energy of the barycenter, (
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II)/2, increases with xFe. This is evidently caused by the fact that in triphylite-lithiophilites Fe2+ substitutes lager ion, Mn2+ (ionic radius, r, is 0.78 Ǻ and 0.83 Ǻ, respectively), whereas in forsterite-fayalites – the smaller one, Mg2+ (r=0.72 Ǻ).

Adopting the energies of the 5T2g ground-state splitting, δg, in Fe2+ (M2) of silicate olivines also for the phosphates, then the crystal field parameter, 10Dq, of Fe2+(M2), is obtained as 10Dq = 
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e /2 - 2δg/3 with values increasing on xFe as




10DqFe2+ = 7031.9 + 406.7( xFe
    (r = 0.948)             
Using this 10Dq = f(xFe) relation, local mean octahedral (Fe2+-O) distances in the phosphate olivines are calculated as
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 (Fe-O)local  = 2.175 - 0.024xFe    (r = 0.972)
From this, we obtain the local relaxation parameter ε = - 0.40.

The splitting 
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e ( 2000 cm-1 found here for Fe2+(M2) in phosphate olivines is much higher than 
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e ( 400 cm-1 published for silicate olivines, despite the geometry of the M2-octahedra in the present phosphate olivines and in (Mg, Fe)-silicate olivines are very similar, especially the (Fe-O) distances. This discrepancy needs further study.
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Introduction

The primary phosphate minerals of the triphylite-lithiophilite series, Li(Fex2+Mn1-x2+) [PO4], are isotypic with olivines (Goßner & Strunz, 1932) as confirmed by the structure determinations and refinements on triphylites with iron fractions xFe2+ well above 0.5 (Björling & Westgren, 1938; Destenay, 1950; Finger & Rapp, 1970) and also on synthetic end member lithiophilite, LiMn2+[PO4] (Geller & Durand, 1960).

In such structural work, the setting Pnmb of the orthorhombic space no. 62 was adopted, which is derived by permutation from Pbnm used by Bragg & Brown (1926) in their structure determination of olivine and in all subsequent structural work on olivine. This permutation implies that (a, b, c) of olivine are (c, b, a) in minerals of the triphylite-lithiophilite series. Thus, the structural direction of the serrated octahedral chains made up of straight chains of edge-connected M1-octahedra to which the M2-octahedra are attached on alternative sides, is [001] in olivine and [100] in triphylite-lithiophilite. In the latter minerals, the M1-octahedra with site symmetry 
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, are occupied by lithium, Li+, while iron and manganese, (Fex2+Mn1-x2+), are allocated in M2-octahedra with site symmetry m.

Because of their olivine structure type the phosphate minerals briefly described here, may be useful model substances to gather additional information on physical and crystallochemical peculiarities of silicate olivines. Thus, the primary olivine-type phosphate minerals, containing ferrous iron in M2 sites exclusively are well suited to help in the evaluation of the dd-transitions of Fe2+-ions in M2-sites in the electronic absorption spectra, EAS, of silicate olivines, where they form bands overlapping with those from Fe2+ in M1 (e.g. Burns et al., 1972). This may help to discriminate between these two sites and to investigate in more detail the site occupancies of Fe2+ that are slightly influenced by temperature, composition and maybe oxygen fugacity (e.g. Princivalle, 1990, Ottonello et al., 1990). 
To our best knowledge, optical absorption spectra of triphylite and lithiophilite were so far studied only by Keester & White (1968) and Leckerbush & Recker (1973). The latter authors measured powder remission spectra of two natural samples with 3.9 and 25.1 wt. % FeO. A notice is found in Burns (1985) who mentions a paper including EAS on triphylite, by Goldman & Rossman (1985) as in press in Physics and Chemistry of Minerals. This paper is apparently not published.

It is the aim of the present paper to obtain and interpret the electronic absorption spectra of members of the triphylite-lithiophilite series with different iron contents, xFe, in the M2-sites.

Samples studied and Methods

The minerals and their synthetic equivalents are listed in Table 1. The Table presents the origins of the samples, the material, as well as the iron fractions, xFe, as recorded in the available literature. The spectroscopic methods used are mentioned in the last column of the Table.

Transparent single crystal fragments, when large enough, were oriented by means of conoscopic observation with a polarizing microscope calibrated against slabs of triphylite P100 that were oriented by X-ray precession photograph and the lattice constants evaluated, a = 6.048 Å = Y; b = 10.337 Å = Z; c = 4.704 Å = X. The latter method was adopted due to difficulties to find the proper relations of the optic indicatrix axes X, Y and Z to the crystallographic axes for the whole triphylite-lithiophylite series. Such difficulties originate from rotations of the indicatrix that are dependent on xFe where two or even three values of xFe give rise to uniaxiality shown by Tröger (1971) or Rossman (personal communication, 2001). Our crystallographic orientation adopts the Pnmb setting of the orthorhombic space group no. 62, as was the case in the structure determinations (cf. Introduction). To compare the polarized spectra of this paper with those of silicate olivines, where mostly the Pbnm setting is used, we have to take into account that (a, b, c)P-olivine is equivalent to (c, b, a)Si-olivine. In the latter case is c||Y, b||X and a||Z within the whole forsterite-fayalite series (Tröger, 1971). Two properly oriented crystal fragments - if these were available (cf. Table 1) - were ground and polished from two faces perpendicular to one of the crystallographic axes to obtain plane parallel plates of proper thicknesses for measuring polarized single crystal spectra. Where only fine grained material was available (cf. Table 1), powder remission spectra of the finely ground materials were taken.

The electronic absorption spectroscopy (EAS) set-up as well as the measuring procedure used in single-crystal micro-spectroscopy has been described in several recent papers (e.g. Langer et al., 1997, Platonov et al., 2000; Taran & Langer, 2001; Taran et al., 2002). Powder remission spectra were measured in the same microscope-spectrometric set-up with a newly developed powder-remission device operating in the 45º/0° standard of illumination and observation and MgO as the white standard (Taran et al., 2004). The micro-methods using this device were tested by measuring transmission spectra and powder remission spectra of a natural Cr3+-bearing garnet. The remission spectra were, in all details, in accord with the transmission spectra except for slightly enhanced values of the Kubelka-Munk function (see below) towards the UV starting from about 20000 cm-1.

The spectra obtained were fitted in the NIR range ca. 13000-5000 cm-1 with Gaussian components using Jandel Scientific software Peakfit 4.0. In this range the absorption backgrounds are well approximated by straight, slightly inclined lines that make the analyses relatively simple. In all cases, a residual after subtraction of the background absorption envelope was well fitted by two Gaussians under the assumption that only two spin-allowed bands of Fe2+ caused by electronic transitions to split 5Eg-level of [6]Fe2+, occur in this range. The coefficient of determination, r2, which determines a goodness of fit, where r2 = 1.0 is a perfect fit, r2 = 0.0 is a complete lack of fit, was always higher than 0.996.
Experimental Results
Polarized single crystal spectra scanned at room temperature in the spectral range 30000-5000 cm-1 with the electrical vector of the measuring radiation set parallel to the respective crystallographic axis are displayed in Fig. 1. Ordinate values are thickness normalized absorbancies, α = (1/t)log(I0/I) in [cm-1]. Powder remission spectra of those samples where only fine grained material was available (Table 1), are shown in Fig. 2. Here, the values of the Kubelka-Munk function, F(R(), which is directly proportional to the absorbance, log(I0/I), (Kortüm, 1969; Kortüm & Oelkrug, 1966) have been used as ordinate values. 

From 30000 to 5000 cm-1, the single crystal spectra show three major features:

(i) A nearly unpolarized absorption edge at about 30000 cm-1, the energy of which slightly increases with iron contents, xFe, of the minerals (Fig. 1a).   

(ii)  Very weak and sharp bands at 24200 and 23800 cm-1, weakly polarized cb(a, and a number of very weak and differently polarized bands in the range 19000-15000 cm-1 (Fig. 1b). Small intensities and half band widths as well as energies of these bands are typical of spin-forbidden dd-transitions of Mn2+ and Fe2+.

(iii) An intense band system in the NIR (Fig. 1a), typical of spin-allowed octahedral Fe2+. This band system consists of a very strong and strongly polarized, cab, band I. at around 9100-9400 cm-1, depending on the iron concentration xFe, and with half band widths near 1800 cm-1. A weaker band II. at around 7300 cm-1 is attached as a shoulder to the low energy wing of band I.  The polarization of band II., ca(b, differs from that of band I. (Fig.1a). The energy difference between bands I. and II. corresponds to the low-symmetry splitting, 
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e, of the excited 5Eg-state of Fe2+ in a distorted octahedra.

The powder remission spectra of the synthetic samples (Table 1) are displayed in Fig. 2. It is obvious from a comparison of Fig. 2 with Fig. 1a, that the absorption edge (i) has different shape and occurs at lower energies in the remission than in the single crystal spectra. Increasing scattering on increasing energy or - correspondingly - decreasing wavelength of the measuring radiation may explain the effect observed in the remission spectra. The weak and sharp bands (ii) observed in the polarized single crystal spectra, are hardly to be seen in the remission spectra. However, the NIR band system of bands I. and II. originating from spin-allowed dd-transitions of octahedral Fe2+, is displayed equally well in the powder spectra. Because powder remission spectroscopy averages over all orientations of the micro-crystallites in the powder mounts, the energies of bands I. and II. are intermediate between those of the three polarizations of the respective polarized spectra.

Table 2 lists the major properties of bands I. and II. in the NIR band-system of octahedral Fe2+ in M2: The energies of bands I. and II. at a given xFe differ slightly in energy depending on polarization. To have them comparable with the crystallite-orientation averaged values from the remission spectra, mean values, 
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 = (||a+||b+||a)/3 were calculated and included in Table 2. The last column of this Table presents the low-symmetry splitting of the excited 5Eg state obtained as the difference 
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e of the polarization averaged I. and II. The integrated intensities of the NIR band system, αint(I.+II.) = (1/3)  Σ[(1/t)log(I0/I)](||c, ||b, ||a), in the different samples with their different iron contents xFe are also included in the Table. Such values are expected to increase on increasing xFe. This is - at least qualitatively - shown by the respective data in Table 2. However, a clear correlation was not obtained. This may be due to slightly different chemical compositions of the crystal fragments from a sample studied here compared to the averaged composition of powdered material of the same sample used in the chemical analyses (Fransolet et al., 1984). Another uncertainty may result from the thickness determinations of the thin platelets, prepared for spectroscopy. This latter point may be especially important in the case of the very thin plates prepared for measuring the E||c spectra with the high intensity NIR-band-system. 
In Fig. 3, 
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I. and 
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e are plotted as functions of the iron fraction xFe of the triphylite-lithiophilite solid solutions studied. As in their structure the M1 sites are fully occupied by lithium (see Introduction), xFe represents not only the iron fraction of the bulk solid solution but also the site fraction of Fe2+ in M2 sites. Fig. 3 shows that both spectral features are represented by linear functions. These are:
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I. = 8906.5+ 669.7  xFe     (r = 0.949)                              (1)
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e = 1749.2 + 525.7  xFe     (r = 0.923)                              (2)

Table 3 lists the very weak and in most instances weakly polarized, relatively sharp bands typical of spin-forbidden bands, for the example of triphylite P100. The linear intensities and half band widths do not exceed 8 cm-1 to 600 cm-1, respectively, as is typical for such type of transitions.
Evaluation and Discussion

Since in triphylite-lithiophilites divalent iron ions enter predominantly the M2 structural sites (about 92 % of total iron, as estimated by Li and Shinno (1997) for a natural triphylite from Xinjiang province, China), the olivine type triphylite-lithiophilite solid solutions which structure is in most respects very similar to that of silicate olivines (Fig. 4), give an opportunity to define more accurately the assignment of the absorption bands caused by electronic spin-allowed dd-transitions of Fe2+(M2) in silicate olivine spectra as well. Note that in a similar way Burns (1974) used monticellite, Ca(Mg, Fe)SiO4, where all ferrous iron enters the M1 octahedra of the olivine structure, to discriminate between contributions of Fe2+(M2) and Fe2+(M1) in the olivine spectra.
First, it must be emphasized that other than in silicate olivines of the forsterite-fayalite series, where energies of the spin-allowed bands of both Fe2+(M1) and Fe2+(M2) decrease with Fe-content (e.g. Burns et al. 1970, Burns 1993), in the spectra of olivine-type phosphates of the triphylite-lithiophilite series the band energies increase with xFe (Tab. 2). This is obvious for band I., while the energy of band II. remains nearly constant (Tab. 2). This causes the splitting between 
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I and 
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II, 
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e, increases with xFe (Fig. 3b). The energy of the barycenter, (
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II)/2, increases with xFe. Such difference between silicate olivines and olivine-like phosphate minerals is evidently caused by the fact that in triphylite-lithiophilites Fe2+ substitutes lager ion, Mn2+ (ionic radius, r, is 0.78 Ǻ and 0.83 Ǻ, respectively (e.g. Burns 1993)), whereas in forsterite-fayalites – the smaller one, Mg2+ (r=0.72 Ǻ). In the former case Mn2+→Fe2+ substitution leads to decrease of Fe-O distances in FeO6-octahedra and, thus, to increase of crystal field strength, Dq, of Fe2+ and, consequently, energy of 5T2g→5Eg electronic transition of Fe2+ (see below), whereas in forsterite-fayalites the effect of Mg2+ to Fe2+ substitution is opposite.
The M2 site in the olivine type structure of the triphylite-lithiophilite solid solutions, M1[6]LiM2[6](Fex2+Mn1-x2+)[PO4], allocating the Fe2+-ions giving rise to the strong NIR-band system, have site symmetry m. This symmetry would in principle allow for excitation of the respective dd-transitions of Fe2+ along all three internal axes (crystal field axes), x, y, z, of the M2O6-polyhedron. However, we do not see such band behavior. We see strong polarization of bands I. and II. Hence, a pseudosymmetry higher than m should be used. The geometry of the Fe2+-centered M2O6 octahedron in olivine-type triphylite is in all aspects nearly the same as that in olivine-type fayalite as demonstrated in Fig. 4 showing the serrated M1M2 octahedral chains according to the structure determinations of Finger & Rapp (1970) and Birle et al. (1968). Runciman et al. (1973) and subsequently Taran & Langer (2001) based the assignment of the strong spin-allowed NIR bands of Fe2+ in M2 of silicate olivines on a pseudosymmetry of mm2 - C2v of the M206 polyhedron. We follow here the same treatment for the case of the present phosphate olivines.

 In the mm2 pseudosymmetry, the "octahedral plane" is spanned by the four O3 (Fig 4), the internal "octahedral axis" is O1-O2. The crystal field axis z, identical with the twofold axis in mm2, lies in the “octahedral plane” between the two pairs of O3 connected by the mirror plane m of the space group no. 62. The crystal field y-axis is the “octahedral axis” and the crystal field x-axis lies perpendicular z in the 03 “octahedral plane”, but perpendicular to the m of space group no 62 (see Runciman et al. 1973 and the deductions of Rossman 1988). With such a pseudosymmetry we assign the strong band I. at around 9200 cm-1 (cab) and the weaker shoulder at 7200 cm-1 (ca(b) to the electronic transitions from the ground state 5A1 of Fe2+(M2) to the excited 5A1, and 5B1, derived from the excited 5Eg state of octahedral Fe2+, split by the low symmetry crystal field, approximated as mm2. Runciman et al. (1973) calculated the direction cosines for M2 site of mm2-symmetry in olivine which combines the crystal field axes x, y, z with the axes of the optical indicatrix. This explained the predominant -polarization of 5A1(5A1 band in olivine spectrum rather well. Taking into account that (a, b, c)P-olivine is equivalent to (c, b, a)Si-olivine, the band I. in spectra of triphylite-lithiophilites should predominantly be E||c-polarized that does take place (Fig. 1).

 Formally, the second transition, 5A1(5B1, is allowed along the crystal field x-axis of the M2 octahedron (Runciman et al. 1973). Taking into account both the direction cosines for M2 site of mm2-symmetry and the permutation of the crystallographic axes in Pmnb (ortho-phosphates) against Pbnm (orthosilicates), one should expect that the proper band, II., in the triphylite-lithiophilite spectra should have the predominant E||a-polarization. However, as seen from Fig. 1, band II. gains maximum intensity with E||c, similar to band I. From these observations one can draw two important conclusions: first, the model of mm2-symmetry crystal field can not in all aspects adequately explain the polarization properties of the two bands originating from the spin-allowed dd-transition of Fe2+(M2); second, the assignment of such bands in polarized spectra of Mg, Fe2+-bearing silicate olivines (e.g. Burns 1970, Taran & Langer 2001) needs reconsidering in view of the results obtained here. Now it seems quite reasonable to assume that in silicate olivine spectra the most intense band, b-band in designation by Taran & Langer (2001), and attached to it the strong low-energy shoulder, both predominantly -polarized, are caused by 5A1(5A1 and 5A1(5B1 transitions of Fe2+(M2) at mm2-symmetry approximation. In this case the splitting of the excited 5Eg state of Fe2+(M2) is ~1550 cm-1 that is quite commensurable with that of triphylite-lithiophilite, 2000 cm-1, and differs significantly obtained in the assignment  of Runciman et al. (1973) and Taran & Langer (2001), ~400 cm-1. These deductions may suggest that the assignment of M2-transitions might to be reconsidered for Fe2+ in silicate olivines where they are superimposed by transitions of Fe2+ in Ml.

Adopting the mm2-C2v pseudosymmetry for the M206-polyhedron implies a 2:1 splitting of the 5T2g ground state of m3m octahedral Fe2+ into an 5A1-ground state and a slightly higher (5A2, 5B2,) state. Burns (1985) determined this ground state splitting, (g, to be about 1600 cm-1 in M2 of silicate olivines. Thus, the 5A1 ground state of mm2 Fe2+ in silicate olivines is lower by about 1000 cm-1 relative to the 5T2g ground state of m3m Fe2+. Assuming that this value does not greatly differ in the olivine-type phosphates of this study from that of silicate olivines, the crystal field parameter l0Dq of Fe2+ in M2 of the phosphates is obtained as
10DqFe2+ = 
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I  – 
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e/2 - 2g/3
(3)
where 
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I and 
[image: image26.wmf]d

e can be taken for any xFe from Fig 3 and eqns. (1) and (2) while 2g/3 is assumed to be about 1000 cm-1. The values of l0Dq are then obtained as the linear function
10DqFe2+ = 7031.9 + 406.7( xFe
(r = 0.948)             (4)
From the 10Dq-values of eqn. (4), local mean distances, 
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(Fe-O)[6]local, of the Fe2+-centered mm2 “octahedra” of the solid solutions were calculated (cf. Langer, 2001, eqn (4)); Langer et at. 2004, eqn. (2) using the following reference values: (i) 
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(Fe-O) = 2.15 Å for the triphylite end member with xFe = 1.0, as extrapolated from mean M2-O distances of lithiophilite (Geller & Durand, 1960) and of triphylite (Finger & Rapp, 1970) and (ii) 10Dq = 7438 cm-1 extrapolated for xFe = 1.0 from eqn (4). Local mean Fe-O distances of the Fe2+-centered mm2 polyhedra are plotted in Fig. 5 over the Fe2+-fraction xFe and are compared with the crystal averaged distances obtained in the structure determinations by diffraction methods. The deviation between the two types of distances reflects the local relaxation around Fe2+ in M2. The relaxation coefficient,  (Urusov, 1992), is calculated from the data in Fig. 5 as

 lim xFe(0 = -0.40,
intermediate between full relaxation of the hard sphere structural model and absent relaxation of the “virtual crystal” model.
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Table 1. Samples of the triphylite-lithiophilite series, Li(Fex2+ Mn1-x2+)[PO4], studied and microscope-spectrometric methods used


	Sample

No
	Origin
	Material
	xFe
	microscope-spectrometry

	P98
	Tanco pegmatite, Manitoba, Canada
	fine grained powder
	0.1952
	powder remission (unoriented  grains)

	P26/

CGA1371
	Buranga pegmatite, Rwanda
	single crystal fragments + fine grained powder
	0.3262
	polarized single-crystal spectroscopy

	-
	Synthesis1
	fine grained powder
	0.500
	powder remission (unoriented  grains)

	P100
	Sera Branca pegmatite, Picuí, Paraíba, Brazil
	single crystal fragments + fine grained powder
	0.5462
	polarized single-crystal spectroscopy

	P95
	Hagendorf-Süd pegmatite, Germany
	single crystal fragments + fine grained powder
	0.7082
	polarized single-crystal spectroscopy

	-
	Synthesis1
	fine grained powder
	0.750
	powder remission (unoriented  grains)


1 Antenucci (1981),   2Fransolet et al. (1984) 
Table 2. Spectroscopic data of spin-allowed dd-bands of octahedral Fe2+ in M2-sites of members of the triphylite-lithiophilite series, Li(Fex2+ Mn1-x2+)[PO4] (Table 1). The orientations are quoted for the space group Pnmb, adopted in the structure refinements of triphylite (xFe=0.76; Finger and Rapp, 1970) and lithiophilite (xFe=0.00; Geller & Durand, 1960). (int(I+II) are integrated intensities of bands I+II (cf. text), n.m. = not measured

	Sample

No
	Thick-ness

[mm]
	xFe
	Band I
	Band II
	
[image: image29.wmf]d

e [cm-1]

(mean)

	
	
	
	Energy [cm-1] in polarized spectra
	Mean
	Polarization
	Energy [cm-1] in polarized spectra
	Mean
	Polarization
	

	P98
	
	0.195
	
	9025
	
	
	7210
	
	1815

	P26/

CGA1371
	0.045

0.072
0.072
	0.326
	E||c    9130
E||b    9130
E||a ~9260
	9170
	cab
	~7400

~7310

   6820
	7173
	cab
	1996

	
	
	
	(int(I+II) =255200 cm-2
	

	synthetic
	
	0.500
	
	9190
	
	
	~7210
	
	1980

	P100
	0.10
0.30

0.30
	0.546
	E||c     9250
E||b  ~9280
E||a     9250
	9260
	cab
	~7400

  7050

  7290
	7250
	cab
	2010

	
	
	
	(int(I+II) =204300 cm-2
	

	P95
	0.056
0.056
	0.708
	E||c     9310
E||b  ~9580
	9450
	cb
	   7400

   7130
	7285
	cb
	~2165

	
	
	
	(int(I+II) =664000 cm-2
	

	synthetic
	
	0.750
	
	9370
	
	
	~7250
	
	2120


Table 3. Spin-forbidden bands of Mn2+ and Fe2+ in polarized spectra of triphylite P100 with xFe=0.546 (Tab. 1). e-values are measured over background defined as tangent to next minima in the respective spectral curve

	No.
	Energy

[cm-1]
	Polarization
	Maximum intensity e (E||a, b or c) [cm-1]
	FWHW1
 [cm-1]
	Assignments

	a
	29000
	a ( b ( c
	1.5 (E||a)
	330
	Mn2+: 6A1g (4Eg (4D)  2,3

	b
	27710
	a ( c ( b
	1.3 (E||a)
	440

440

500
	Mn2+: 6A1g (4T2g (4D)  2,3

	c
	27260
	a ( b ( c
	1.5 (E||a)
	
	

	d
	~26800
	c ( b ( a
	0.5 (E||c)
	
	

	e
	25490
	a ( c ( b
	1.0 (E||a)
	450
	Mn2+   2

	f
	24510
	a ( c ( b
	8.0 (E||a)
	110
	Mn2+: 6A1g (4Eg, 4A1g(4D)  2,3

	g
	24370
	a ( b ( c
	5.0 (E||a)
	100
	

	h
	23300
	a ( b ( c
	0.2 (E||a)
	400
	Fe2+  3

	i
	22380
	c ( a ( b
	0.8 (E||c)
	500

450   

550
	

	j
	22040
	b ( c ( a
	1.4 (E||b)
	
	Mn2+: 6A1g (4T2g (4G)  2,3

	k
	21760
	b ( a ( c
	1.9 (E||b)
	
	

	l
	21190
	a ( c ( b
	4.0 (E||a)
	220
	Mn2+  3

	m
	20240
	a ( b ( c
	1.7 (E||a)
	220
	Fe2+   3

	n
	20090
	a ( b ( c
	2.1 (E||a)
	250
	Fe2+   3


1Full band width at half peak height, 2,3 band assignment based on rhodonite spectra of Manning (1968) and Marshall & Runciman (1975), respectively  
Figure Captions
Fig. 1. Polarized single crystal spectra of three members of the triphylile-Iithiophilite series (cf. Table 1) Full, dashed and dotted spectral curves represent spectra E||c, E||b or E||a, respectively (Pnmb setting of space group no. 62 of the olivine-type phosphate minerals), a: Measurements in the whole spectral range accessible, 30000-5000 cm-1, b: Ordinate-expanded spectra in the range 30000-11000 cm-1 of sample P100 (Tab. 1), displaying the spin-forbidden bands of Mn2+ and Fe2+.
Fig. 2. Powder remission spectra of fine grained synthetic members of the triphylite-lithiophilite series (Tab. 1).
Fig. 3. Polarization averaged energies of the strong NIR-band I., 
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I = (||a+||b+||a)/3, caused by spin-allowed transition of Fe2+ in M2-siles, and polarization averaged ground state splitting, 
[image: image31.wmf]d

 = (I. - (II. of octahedral Fe2+ in the symmetry reduced M2-sites. Data from polarized single crystal spectra or unpolarized powder remission spectra (Tab. 2) are represented by closed or open symbols, respectively.
Fig. 4. The serrated M1-M2 chains in the olivine-type structures of triphylite and fayalite, after the results of structure determinations by Finger & Rapp (1970) and Birle et al. (1968), respectively. Some structural data of these authors are also shown (cf. Text).
Fig. 5. Mean Fe2+-oxygen distances in M2-centered polyhedra of olivine-type triphylite-lithiophilite solid solutions dependent on their Fe2+-fractions. Open circles and the interconnecting dashed line extrapolated to 2.15 Å for xFe = 1.00, represent data obtained by the crystal averaging diffraction methods of structural research, i.e. the "virtual crystal" without structural relaxation around the M2 sites on Mn2+-Fe2+ substitution. (G. & D., I960) = structure determination of synthetic lithiophilite by Geller & Durand (I960), (F & R, 1970) = structure determination of natural triphylite with xFe = 0.76 by Finger & Rapp (1970). Black circles and the interpolating solid line represent local mean distances of Fe2+-centered M2-polyhedra, 
[image: image32.wmf]R

(Fe-O)M2local, as obtained by electronic absorption spectroscopy (cf. Langer, 2001; Langer et al., 2004) in this study. The different slopes of the two lines indicate significant deviation by local relaxation on substitution from the "virtual crystal" model (cf. Text). 
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Fig. 1. Polarized single-crystal spectra of three members of the triphylile-lithiophilite series (cf. Table 1). Full, dashed and dotted spectral curves represent spectra E||c, E||b or E||a, respectively (Pnmb setting of space group no. 62 of the olivine-type phosphate minerals). a, left: Measurements in the whole spectral range accessible, 30000–5000 cm-1. b, right: Ordinate-expanded spectra in the range 30000–11000 cm-1 of sample P100 (Table 1), displaying the spinforbidden bands of Mn2+ and Fe2+.
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Fig. 2. Powder remission spectra of fine grained synthetic members of the triphylite-lithiophilite series (Tab. 1).
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Fig. 4. The serrated M1-M2 chains in the olivine-type structures of triphylite and fayalite, after the results of structure determinations by Finger & Rapp (1970) and Birle et al. (1968), respectively. Some structural data of these authors are also shown (cf. Text).
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Fig. 3. Polarization averaged energies of the strong NIR-band I., 
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I = (||a+||b+||a)/3, caused by spin-allowed transition of Fe2+ in M2-siles, and polarization averaged ground state splitting, 
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 = (I. - (II. of octahedral Fe2+ in the symmetry reduced M2-sites. Data from polarized single crystal spectra or unpolarized powder remission spectra (Tab. 2) are represented by closed or open symbols, respectively.
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Fig. 5. Mean Fe2+-oxygen distances in M2-centered polyhedra of olivine-type triphylite-lithiophilite solid solutions dependent on their Fe2+-fractions. Open circles and the interconnecting dashed line extrapolated to 2.15 Å for xFe = 1.00, represent data obtained by the crystal averaging diffraction methods of structural research, i.e. the "virtual crystal" without structural relaxation around the M2 sites on Mn2+-Fe2+ substitution. (G. & D., I960) = structure determination of synthetic lithiophilite by Geller & Durand (I960), (F & R, 1970) = structure determination of natural triphylite with xFe = 0.76 by Finger & Rapp (1970). Black circles and the interpolating solid line represent local mean distances of Fe2+-centered M2-polyhedra, 
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(Fe-O)M2local, as obtained by electronic absorption spectroscopy (cf. Langer, 2001; Langer et al., 2004) in this study. The different slopes of the two lines indicate significant deviation by local relaxation on substitution from the "virtual crystal" model (cf. Text). 
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