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Location of trace Fe3* ions in sanidine, KAlSi3O8
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Institut fiir Mineralogie der Universitat Marburg, Lahnberge, 3550 Marburg, West Germany

AssrRAcr

Electron paramagnetic resonance of single crystals of sanidine was studied at frequencies
of the X band (-9.5 GHz) between 4.2 K and 295 K and the Q band (-35 GHz) at 295
K. Five broad resonance lines ?l B"r = 7.9, 8"u = 4.3, and g"r x 3.7 (X band) and at g"o =
2.04 and &n = 2.003 (Q band) were identified. These five g values refer to the orientation
B parallel to c*. The lines at g"r = 4.3 and g",,. * 3.7 result from transitions rus : +3/2,

those at Bat * 7.9 from the transition m" : 5/2 - 3/2, and those ?l B"r = 2.045 and

&n = 2.003 to transitions ffi,: + l/2. These five lines are due to Fe3* at the tetrahedral
positions Tl and T2 of sanidine. The lines g"tr = 4.3 and g",, = 2.003 were assigned to the
position Tl, the lines g",, = 3.7 and g* = 2.045 to the position T2. The parameters I :

E/D were estimated: tr p 0.32 for Tl and h x 0.22 for T2. An additional, very weak
resonance line at &n r 6 (B parallel to a) in the Q band was attributed to Fe3*O3OH
substitutions at Tl and/or T2, in agreement with a value tr = 0 indicating pseudotrigonal
symmetry.

Fe3* ions in sanidine are disordered over the Tl and T2 positions but show some
preference for T1. The kinetics for Fe3* e [l:+ as well as Fe3* - Siat exchange appear to
be slow, possibly slower than the exchange of Al and Si between these positions.

INrnoouc:ttoN

In the past three decades, order-disorder of (Al3t,Siat)
over the four distinct tetrahedral positions Tl(O), T1(m),
T2(O), and T2(m) in alkali feldspars has been discussed
extensively in many publications. Although important
aspects of this phenomenon may now be clarified, other
questions-e.g., quantitative data on the kinetics of the
Al * Si exchange among the tetrahedral positions-are
still open. However, almost no information is available
at this time on the kinetics of trace ions substituted for
Al or Si at these sites. A possible trace ion substituted for
Al3* is Fe3*, which is found in almost every feldspar in
small amounts. It was shown by electron paramagnetic
resonance (rrn) that in low microcline and low albite,
Fe3* only occurs at one tetrahedral position, which may
be assigned to the position Tl(O) of AF* (Marfunin et
al., 1967;- Gaite and Michoulier, 1970; Michoulier and
Gaite, 1972;, Matyash et al., l98l). No details are known
yet on the distribution of Fe3* over distinct tetrahedral
positions in more or less disordered alkali feldspars, as,
for example, sanidine. Moreover, no information is avail-
able on the kinetics of possible Fe3* * Al3* and Fe3* *
Sia" exchange reactions. For example, it is not known
whether the Fe3* * Sia* exchange is generally faster or
slower than the Al3t * Sia* exchange in alkali feldspars.

Sanidine is monoclinic (space group C2/m), i.e., crys-
tallographically, tl(O) : tl(m) : 11, and t2(O) : t2(m) :
t2. Here, tl(O), etc., refer to the site occupancy of Al at
position Tl(O), etc., respectively. The distribution of Al
and Si over Tl and T2 is generally disordered although
small degrees of partial order may be observed in certain
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sanidines, Al somewhat preferring Tl and Si somewhat
preferring T2, without violation of the monoclinic sym-
metry.

In this paper we present some data obtained from epn
spectra of single crystals of sanidine taken at frequencies
in the X and Q bands. The primary intention was to find
the assignment of the paramagnetic centers produced by
substituted Fe3* ions on the crystallographic positions,
which has to be the basis for any kinetic study from ren
spectra.

SprN H.q.N{rr,ToNIAN oF ds sYSTEMS

For comprehensive representation of the spin Hamil-
tonian for Fe3* (d5) in a noncubic crystalline electric field
(CEF), the reader is referred to the studies of Castner et
al. (1960), Troup and Hutton (1964), Wickman et al.
(1965), and Dowsing and Gibson (1969). Here, the effect
of CEF is considered briefly as far as it applies to the
present study. The CEF, which causes the spin to align
along a preferred crystalline direction in the absence of a
static magnetic field, may be described by the last two
terms (i.e., the "fine structure" terms) in the spin Ham-
iltonian (Brodbeck I 980),

li : epBS + DISzz - YtS(D + l)l + .E(S? - ^S), (l)

where x, y, and z are axes related to the CEF at the Fe3*
ion. B is the Bohr magneton, S the efective spin of Fe3*,
g the electronic g factor, i.e., a tensor ofsecond rank with
the eigenvalues B*, gy, g,, and B the external magnetic
field. The parameter D : 3Bg measures the axially sym-
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Fig. 1. EpR spectrum (X band) ofa crystal ofsanidine from
Volkesfeld, v : 9.3789 GHz, T : 295 K. It shows three typical
signals of Fe3* at g"u = 7.9, g.n = 4.3, and 8"r = 3.7 in sanidine.
Moreover, an additional line at g.o = 2 is probably due to Fe3*
clusters. The external magnetic field B was parallel to the plane
(010). The angle between B and c* was 20'.

metric part of the initial splitting; the parameter E : 82.-
measures the part with orthorhombic symmetry. The or-
bital angular momentum of the Fe3t (ds) free ion is zero,
and the ground state is sixfold degenerate, S : 5/2. If D
and E are zero, an isotropic spn line with a g value slight-
ly greater than 2 is expected. Here, "isotropic" refers to
invariance offield position with respect to the orientation
of the crystal to B. If the CEFis large (D or E > g0B),
the apparent g factor will be different from 2.

Two special cases of the CEF should be considered:
D >> g0B, E : 0; and D : 0, E >> gBB. ln the first case
(D >> g0B, E : 0) for B : 0, the six degenerate spin
states of the free ion are split into three distinct Kramers
doublets with the levels z" : +5/2, +3/2, and +l/2.
The pair atthe m": +l/2level is lowest for D > 0.If a
small magnetic field is applied, each pair splits, but Arn :
+ 1 transitions are allowed only between the m" : + l/2
states. Resonance within the other two doublets is for-
bidden by the selection rule Am : + l. The observed g
factor parallel to the z axis is g": Cll: 2. Perpendicular
to the z axis, it is g, : gy : gt: 6. For the second case
(D : 0, E >> gfiB), there are again three Kramers dou-
blets for B : 0. In case of a small B, they yield g factors
with the principal values g, : 0.607, g" : 0.857, and gn
:9.678 for the upper and lower doublets and an isotropic
factor g : g,: g,: g": 4.286 for the central doublet.
For the interpretation of the Fe3* spectra of sanidine in
the X-band spectnrm, the second case was examined; in
the Q-band spectnrm, the first and the second cases were
examined.

The effective local symmetry of the CEF at the site of
the Fe3t ion may be characterized by the ratio E/D :
Bi/389: I (cf., e.g., Troup and Hutton, 1964; Hutton,
I 969; Brodbeck, I 980), where tr may vary between 0 and
0.33. I : 0 corresponds to the case of an axially sym-
metric CEF (D + 0, E : 0). Then, an increase in tr rep-
resents a deviation from axial symmetry toward ortho-
rhombic symmetry. I : 0.33 corresponds to the case of
maximum possible orthorhombic symmetry with equally

spaced Kramers doublets; values of tr nominally greater
than 0.33 represent a convergence toward axial symmetry
again. If ), : 1, the CEF is entirely axial. Gaite and Mich-
oulier (1970) computed a relationship between g and tr
that allows information on the deviation from axial sym-
metry of the site to be obtained from the observed reso-
nance fields lor feldspar.

Sltrpr,Bs

The investigated crystals of sanidine were from a leu-
cite phonolite tuff near Volkesfeld, Eifel, West Germany
(Bank, 1967; Frechen, 1976). Crystals from this locality
may exceed 20 cm in diameter. They are optically trans-
parent, quite homogeneous, and smoky colored. Speit and
khmann (1982) suggested that the smoky color is pro-
duced by an electron hole on the oxygen anion between
two adjacent Al cations (AI-O-A1 centers). Details of the
optical properties of the natural state and the change of
these properties after various heat treatments between
500 and 1050'C over different periods of time were re-
ported by Bertelmann et al. (1985). The chemical com-
position of sanidine from the Eifel area is about
&ruNao,oAlsiros (Hofmeister and Rossman, 1984), the
nominal amount of FeO being -0.15 wt0/0.

ExpnnrnrnurAl DETAILS

The Epn spectra of single crystals were recorded in the
X band (-9.5 GHz) and the Q band (-35 GHz) with
two Varian E-line spectrometers using 100-kHz modu-
lation over a rarrge of external magnetic fields B from
B : 0 to B = | T and,B : 0 to B = 2T,respectively.
The resonance frequency was determined by a frequen-
cy counter (HP 53404), and the magnetic field was cali-
brated using proton nuclear magnetic resonance. In the
X-band spectrometer, the temperature of the sample could
be varied between 4.2 and 295 K. In the Q-band spec-
trometer, it was 295 K. Single crystals we aligned on a
goniometer in the spectrometer. Because of the good
cleavages parallel to (001) and (010), orientation ofthe a
axis parallel to the external magnetic field B was partic-
ularly straightforward. The crystal could be rotated with-
in the cryostat around an axis perpendicular to B. The
measurements at low temperatures were carried out with
a continuous-flow-type cryostat of Oxford Instruments
(nsn-eoon). The temperature was measured with a linear-
ized digital temperature controller (precision +0.1 K).
The crystals, in the text referred to as natural crystals,
were annealed several hours at 200'C to avoid the influ-
ence of the Al-O-Al centers on the lines zt g* = 2 in the
Q band.

Rrsur,rs
X-band spectra

A typical X-band EpR spectrum of sanidine at 295 K
is shown in Figure l. It exhibits three characteristic res-
onance lines, or groups of lines, dt E"u = 7.9, g,u = 4.3,
and g.,, = 3.7 for B parallel to c*, which are assigned to
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Fig. 2. EpR spectra (X band) ofa nat-
ural crystal of sanidine from Volkesfeld,
v :  9.256 GHz, T:295 K. The crystal
was rotated around a, which was perpen-
dicular to B, B being in the (c*,b) plane
during rotation. The spectra show the as-
signment of the signals &r = 4.3 and
B.n = 3.7 to the tetrahedral positions Tl
andT2, respectively, of the crystal struc-
ture of sanidine, as well as the depen-
dency ofthe signals on the orientation of
the crystal to B.
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Fig. 3. ern spectra (X band) ofthe
crystal used also for Fig. 2. Experi-
mental conditions and signal assign-
ments as in Fig. 2. The crystal was
rotated around b, B being in (010).

geff-

Fig. 4. nrn spectra (X band) of the crys-
tal also used for Fig. 2. Experimental con-
ditions and signal assignments as in Fig. 2.
The crystal was rotated around c*, B being
in (001).

2 cannot be assigned to Fe3* at cation sites in the crystal
structure. It is interpreted as a spin-spin interaction of
iron oxide particles or iron clusters at interstitial posi-
tions (Aharoni and Litt, 197 I ; Friebele et a1., I 97 I ; Gris-
com, 1980; Bart et al., 1982; Calas and Petiau, 1983).

It was found that the two apparent lines at g"r = 4.3
and g.o x 3.7 are in fact split into more lines depending
on the orientation. To investigate this in detail, the region
of the spectrum between g: 5 and g: 3 was studied
systematically. That region is shown in Figures 2,3, and
4 for many different orientations of the crystal with re-
spect to B. Since the lines of sanidine are 10 to 20 times
broader than those of microcline or albite, the resolution
of the shifts of their center positions due to a change of

l l
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Fe3*. The resonance fields ofall these lines depend on the
orientation of the crystal to B. The line g"o = 7.9 varies
generally between &r = 6.8 and g"tt = 9.4; the line g.o =
4.3 is nearly "isotropic," i.e., its position is nearly invari-
ant; and the line 8.o = 3.7 varies betweetr &n = 4.3 and
B* x 3.7. The widths of these lines are substantially
broader than the Fe3* lines in microcline or albite. They
are generally quite anisotr,cpic and vary between 0.02 and
0.05 T for diferent orientations. The broad line at g.u =

soo*
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I
Fig. 5. Predicted splitting ofeen signals due to Tl (solid lines)

and T2 (dashed lines); simplified scheme. The three rotations a,
b, and c* correspond to the orientations described in Figs. 2, 3,
and 4, respectively. Note that in rotation b, the signals of Tl
and T2 should not split.

orientation is reduced substantially. However, the inten-
sities of the lines are quite anisotropic; they are quite
strong for certain orientations (cf., e.g., Fig. 2, -70') while
for others they are rather weak. All spectra for the various
orientations of the crystal confirm the symmetry of the
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Fig. 7. EpR spectrum (X band) of a crystal of sanidine from
Volkesfeld at 4.2 K, c*llB, z : 9.060 GHz, (a) natural crystal,
(b) crystal heated at 1050'C for 1300 h. In (b) the intensity of
Tl is somewhat decreased compared to (a), whereas that of T2
is somewhat increased, indicating a somewhat more disordered
distribution of Fe3* over Tl and T2 after heatine.

monoclinic crystal class 2/m exactly. The principles of
the observed signal splitting are demonstrated in Fig-
ure 5.

X-band spectra were also taken at 4.2 K for further
investigation of the anisotropy of the signal intensities
with respect to crystal orientation. Signal intensities are
enhanced substantially at lower temperatures. The low-
temperature spectra confirmed the general anisotropy at
295 K shown in Figures 2,3,and 4 and the general signal
splitting indicated in Figure 5.

Q-band spectra

Figure 6a shows a typical Q-band spectrum of sanidine
at 295 K. It exhibits two strong resonance lines of Fe3*
at &ff c 2.045 and g"r = 2.003 for B parallel to c*. More-
over, a very weak line exists ot &,, = 6 for B parallel to
a (its position is out of the range of Fig. 6). Spectra of
crystals oriented such that B was in the (c*, b), (010), and
(001) planes yielded quite similar characteristics as the
spectra in Figures 2, 3, and 4. However, quantitative
analysis is not easy since the lines show very weak angular
dependencies and are overlapping in many direc-
tions.The very broad lines (A,B = 0.3-0.4 T) at g"n = 2
may be interpreted as spin-spin interaction of very small
iron oxide particles or iron clusters in the crystal, as in-
dicated also in X-band spectra.

Heated crystals

One of the aims of this study was to obtain information
on possible changes of the Fe3t distribution in sanidine
from the relative intensities ofthe signals. Because ofthe
general anisotropy of the single-crystal spectrum of san-
idine, this goal is not easily accomplished in quantitative

@
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Fig. 6. EpR spectrum (Q band) of a crystal of sanidine from
Volkesfeld at 295 K, c*llB, z : 35.253 GH4 (a) natural crystal,
(b) crystal heated at 1050'C for 1300 h. The assignment ofthe
two Fe3+ signals to Tl and T2 is obtained from the relative
change in intensity after heating, due to the somewhat more
disordered distribution ofFer* over Tl and T2.

9eff  +
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terms. X- and Q-band spectra of the same orientation
were compared by inspection. After heating at 1050 .C

for 360 h, no change in the characteristic resonance lines
of Fe3+ could be observed either in the X or the Q band.
However, a significant change was found after heating at
1050 "C for 1300 h (Figs. 6 and 7).

Drscussrou
Line shapes and line intensities

The typical line shape for the observed resonance sig-
nal of a single crystal is the first derivative of the absorp-
tion signal. The recorded lines of sanidine, however, are
somewhat asymmetric in X- as well as Q-band spectra.
They appear to be mixed with a component of absorption
shape and resemble line shapes in powder spectra. We
interpret the observed complex line shape to be due to
local disorder around Fe3* sites produced by a high degree
of (Al,Si) disorder and possibly by additional defects that
perturb the crystal field at the Fe3* center. Small varia-
tions in the local environment of the Fe3* site cause a
range of different CEFs and produce deviations in the
orientation ofthe principal axes ofthe g tensor (Scala et
al., 1978 Matyash et al., 1981). Such defects may not
necessarily perturb the highly perfect long-range perio-
dicity of the crystal lattice as found from X-ray, neutron,
and gamma diffraction studies by Bertelmann et al. (1985).
For more details on the line shape in EpR spectra of pow-
ders, the reader is referred to Aasa (1970) and Shcher-
bakova and Isotomin (1975). A quantitative analysis in
our case is not easy to carry out, because ofbackground
problems and broad, partly overlapping resonance lines
that may be due to iron at interstitial positions and/or
iron oxide particles or clusters in the crystal.

X-band spectra

The signals ot g"n = 4.3 and Ear = 3.7 are interpreted
in terms of Fe3* at two distinct crystallographic positions
without point symmetry that are assigned to the tetra-
hedral positions Tl and T2 of the monoclinic crystal
structure of sanidine. Note that for certain orientations,
the signals collapse to apparently one signal with in-
creased intensity as shown in Figures 2,3, and 4.

The general orientation dependency of the resonance
fields for a paramagnetic center at positions with different
symmetries was derived by Rae (1969), Weil et al. (1973),
Nisamutdinov et al. (1976), and Meilman and Samoilo-
vich (1977). A case for two distinct Fe3* positions in space
grotp C2/m and point symmetry I is shown in Figure 5,
which illustrates the splittings expected for sanidine.

Thus, for general orientations in Figure 3, two signals
should be observed in our case, whereas in Figures 2 and
4, four signals should be recognized. Apparently "one
intense line" may be produced by four different factors:
(1) Coincidence of signals due to Fe3" at equivalent sites
ofa position for a special orientation, each site exhibiting
the same orientation with respect to B. (2) Accidental
coincidence, or "crossing-over" ofthe signals due to Fe3*
at nonequivalent positions, e.g., Tl and T2. (3) Special
orientation of the CEF splitting (the fine structure terms

TABLE 1. EpR initial field (fine structure) data of alkali feldspars

Site I varue
^: ee/

Band 3Bg Ref.-

Microcline

Albite

Glasses

Sanidine

r1(o)
11(o)
r1(o)

2.000'.
2.002t

2.00311

4.3+

4.3$
2.003$
3.7$
2.045$

5.811

X

X
u
X

032 a
0.31 b

0.07 b

0.33 c

0.32 dT1

r2

FeO"OH

- (a) Marfunin et al. (1 967), (b) Gaite and Michoulier (1970), (c) Bershov
et al (1983), (d) this work.

.' g, : gr: g, = 2.00
f  9| '  :  1.995,  g, :  g, :  2.002.

tl g,: g, : g, : 2.003.
S 9.n
$ 9d (Bllc').
ll 9* (Blla).

of Eq. l) to B, e.9., one of the eigenvectors being about
parallel to B. (4) "Mosaic effect" due to domain structure
in the crystal.

The marked increase in intensity at about 70'in Figure
2, or at about 80'in Figure 4, corresponds most probably
with case 2. The unusually sharp signals in Figure 3 be-
tween l50o and l74 may be due to case 3.

The lines between 8"r = 4.3 and g"'t = 3.7 are of par-
ticular interest. A strong apparent line in this region is
well known. It was reported by Sands (1955) in soda-
lime-silica glass at 8.n x 4.3. Castner et al. (1960) as-
signed that glass line to a Fe3* center with an axial field
parameter D : 0, an orthorhombic field parameter E >>
hv, and a computed field value of I : 30/7 : 4.286.
Castner et al. considered that a small D would have the
effect of broadening the line at geff x 4.3.

In sodium silicate glass, Loveridge and Parke (1971)
found that the line dt S"u = 4.3 results from a paramag-
netic cluster of Cr" symmetry that has the form FeOIO!
(A and B label structurally nonequivalent oxygens). Brod-
beck and Bukrey (1981) made analytical calculations for
the magnitude of the angular and radial distribution of
that cluster in oxide glasses that is required to produce
the frequently observed line at 9"6 = 4.3 in the X-band
spectrum. In the Q-band spectrum, this line cannot be
observed.

Using the diagrams of Gaite and Michoulier ( I 970; Figs.
I and 2), ), : 0.32 and tr : 0.22 were obtained for the
resonance lines at &n E 4.3 and &tt = 3.7, respectively.
This is indicative of a geometrical distinction of the local
symmetry for Fe3t at the Tl andT2 tetrahedra. Whereas
Fe3* at Tl (g"" * 4.3, I :0.32) is apparently subjected
to a field of "pseudo-orthorhombic" symmetry, the sym-
metry of T2 (g,r' = 3.7,^: 0.22) is distinctly more axial.
The ), values of sanidine may be compared with those of
other alkali feldspars and natural acid silicate glasses in
Table l.

Bershov et al. (1983) studied EpR spectra of acid vol-
canic glasses and found I : 0.33 for the respective Fe3*
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Iine at 9"6 = 4.3. Based on the superposition model (New-
man and Urban, 1975; Brodbeck and Bukrey, 1981),
Fe3+O. tetrahedra were considered to be embedded in a
matrix of SiOo tetrahedra with a Si-O distance of 1.62 A.
It was possible to interpret the experimental data in terms
of an FeO, tetrahedron (Fe-O : 1.862 A) with a 9.3'
quasi-orthorhombic distortion from cubic symmetry of
the two opposite tetrahedral angles O-Fe-O. From such
angular distortion, a crystal-field parameter D : 0.42 cm-'
may be computed. The crystal fields at the Tl and T2
positions of Fe3* in sanidine are similar. At any rate, the
magnitudes of D for sanidine are higher than 0. l8 cm-'
since the transition m, : +3/2 can be observed in the
X-band spectrum. The transition is assigned to corre-
spond with the lines ot 9",.' = 4.3 and B.n = 3.7 . Accord-
ingly, the line at g"a = 7.9 should correspond with a
m,:  5/2 -  F l t , :3 /2 t ransi t ion.

Q-band spectra

The lines aI g.r, = 4.3 and g.n x 3.7 observed in the X
band (see above) could not be found in the Q-band spec-
trum. This indicates that the values of D corresponding
with these two lines in the X band must be in the range
0.68 cm-' < D > 0. l8 cm '. At the microwave frequen-
cies of the Q band, the relation D > 0.7 cm ' is not
satisfied by radial distortion of the Newman superposi-
tion model over the full range of the distortion parameter
R,/R0 (1 < R,/R0 < oo) for Fe3* ions with nearest oxygen
ions at R0 : 1.95 A. In general the relation D > 0.7 crn I

readily precludes the observation of the g.n = 4.3 reso-
nance as the microwave frequency is increased (Brodbeck
and Bukrey, 1981). This result also agrees with experi-
mental observation that the B.n = 4.3 resonance disap-
pears when the microwave frequency is increased from
X band to Q band (cf., e.g., Loveridge and Parke, 1971).
Gaite and Michoulier (1970) showed that a line g = 2.6
detected in alkali feldspar generally must result from the
transition between states with ffi": * l/2. The two strong
signals observed in sanidine 4t g.n : 2.003 and g." =
2.0a5 fig. 6) correspond with the transition m": +l/2.
These two lines, therefore, must also be assigned to Fe3t
centers at Tl and T2 positions.

An additional very weak resonance line in the Q band
occurs at &n = 6 for B parallel to a, which is interpreted
to be due to the transitron m,: +3/2. This center must
possess an initial field splitting D = 0.68 cm 1. Friebele
et al. (1971) observed in oxide semiconducting glass at
295 K a line at &n = 4.3 (X band) and at 77 K two
additional lines at g.o = 2 and g",, = 6 (X band). In san-
idine, these latter two lines could not be found through-
out the whole temperature range from 4.2 to 295 K. Ac-
cording to the diagram of Gaite and Michoulier (1970),
tr should be near zero for B"n = 6, i.e., the crystal field of
that Fe3* site should be nearly axially symmetric. Love-
ridge and Parke (1971) found that in potash silicate glass
contaminated with sulfur, a line at g.n = 6 can be ob-
served. The intensity of this line increases with higher
contamination. The authors suggested that Fe3* tetrahe-
dra with axial symmetry result from substitution of oxy-

gen by sulfur. A simple explanation for sanidine would
be a tetrahedral Fe3* site, Tl or T2, with one of the apical
oxygens replaced by OH. In fact, infrared absorption
spectra of sanidine from Volkesfeld yielded bands that
can be attributed to oH groups attached to (Al,si)oo tet-
rahedra and to molecular HrO probably at the position
of the alkali ions (Beran, 1986). The weak line at &r E 6
might be due to a Fe3tOrOH tetrahedron with pseudotri-
gonal symmetry substituted aI a T position. Lehmann
(1984) reported 0.013 wt0/0, Hofmeister and Rossman
(1985) 0.017 wto/0, and Beran (1986) 0.036 wto/o H,O for
the sanidine from Volkesfeld. These values would be in
accord with the relative intensity of the line at 8'.ff = 6
compared to the much stronger lines of Fe3+ at the regular
Tl and T2 sites.

Assignment of Fe3* to Tl and T2

In conclusion ofthe discussion above and the data of
Table l, the resonance lines at 8.n x 4.3 and g"tt = 3.1 rn
the X-band spectrum represent transitions between levels
with m" : +3/2 and the lines at &n r 2.003 and g",, =
2.045 in the Q band between levels with m" : +l/2.
These transitions refer to two distinct Fe3* centers that
must have similar polyhedral geometry. These centers are
assigned to the tetrahedral positions Tl and T2, respec-
tively, of sanidine. Because of the general broadness of
the Fe3* signals in sanidine, it is not possible to determine
the crystallographic-orientation dependency of all signals
on B precisely. Thus the complete initial-field-splitting
tensor D cannot be obtained easily. The broadening of
the lines is due to the local distribution of the crystalline
electric field, which is caused by structural variations in
the environment of the different Fe3* centers. However,
from the data of Table l, it is concludedthat D for the
two positions is of the same order of magnitude as ex-
pected from the rather small difference in geometrical
distortion of the tetrahedra. It should be noted in Table
I that in potassium feldspars, tr at Tl in sanidine is quite
similar to the value in microcline whereas \ at T2 in
sanidine is somewhat smaller. The relative assignment of
the signals as marked in Figures 2, 3, 4, and 5 is con-
firmed also by a heating experiment at 1050 "C for 1300
h. The relative changes in intensity of Fe3* (Tl) and Fe3*
(T2) on heating are shown in Figures 6a and 6b for the

Q band and in Figures 7a and 7b for the X band. The
somewhat more intense line in natural sanidine before
heating corresponds to Tl, in accord with the assumed
location of Fe3* at Tl(O) in microcline or albite. The
Tl(O) or Tl position is the preferable position for Al3*
in alkali feldspars in general.

Fe3* * Al3* exchange

It was shown by ern that in microcline and low albite
there is only one crystallographic Fer* position. However,
there is no experimental proof that Fe3* most probably
substitutes for Al3* at the Tl(O) position in those struc-
tures, because of the somewhat greater volume of the
Tl(O) tetrahedron compared to the Tl(m), T2(O), and
T2(m) tetrahedra that are occupied by Si. This preference
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follows from the relative magnitudes of the ionic radii Ber-shov, L V., Marfunin, A.S , Mineeva, R M., and Nasedkin' V.V' (1983)

aCCOrding tO the Sequen.e Fe3* > Al3* > Sio*. In faCt, ,\llr 
Allsanitisierende Rolle des Eisens in der Struktur von natiir-

Fe3* may be subsrituted at Al3* positions i" -o't eil 
".1|'"iil:j:'J:.?i|:il11Xf$:X.:i,.ti"fflliif5!?t'; 

t","-
bearing silicates and oxides, at least as a trace ion. In prewerhalten von Sanidinen: Die Ausnahmerolle der Eifel sanidin-
sanidine, Fe3* occurs at T I as well as at T2 positions. The Megakristalle. Neues Jahrbuch {iir Mineralogre Abhandlungen 152, 123-

nearly disordered distribution of Fe3t observed in natural _ t4] ^. .
sanidine is indicative ofrather slow kinetics ofth;i;r; : Brodbeck' c'M (1980) Investigations ofg value correlations associated

Al3* exchange among Tr and 12 in the s.rusotioi,s iarrge illlI5f,;J;:Jii 
signar orFe3* in grass' Journar orNon-crysta'ine

of temperatures in alkali feldspars. This was confirmed Brodbeck, C M., and Bukrey, R R. (1981) Model calculations for the co-

by two heating experiments at 1050.C that were kindly ordinationof Fe3*andMn2*ionsinoxideglasses PhvsicalReviewB'

carried out by Dr. H. Bernotat in Karlsruhe. Although no ^?4' 
2:34-2?:2

signincant change of the rerative intensiries 
"f th;;i';; t"iil;f;3i1.lll'1lal,tl,?j?jH,ffi:l,:#"*'"T:-Hi'ffi;[:

T2 could be observed by inspection of either the X-band rions Bullerin de la Soci6t6 Frangaise de Min6ralogie et de Crisrallo-
or the Q-band spectra after heating at 1050'C for 360 h, graphie, 106,33-55.

a relative increase in intensity of the T2 signal was de- Castner, Th , Newell, G'S.' Holton, W'C'' and Slichter' C'P' (1960) Note

tected after heating at the same temperature ror r ioo ir. ;l*:.:i'jHtJ:[."'onun" 
of iron in glass Joumal of chemical

More quantitative details of the kinetics are still open, Do*.ine, R.D.,andGibson,J.F (1969)Electronspinresonanceof high-
but it appears that the Fe3* - Al3t as well as Fe3+ e Si4+ spin d5 systems Journal of Chemical Physics, 50,294-303

exhanges are comparable, or even slower than the Alr* - Frechen, J. (1976) Siebengebirge am Rhein-Laacher vulkangebiet-Maar-

Sio* exchange. wones and Appleman (1961, 1963) found t.t":i:: o"'westeifel' Sammlung Geologischer Fiihrer 56' Borntraeger'

that synthetic KFe3*SirO, (microcline structure) is triclin- r."i"i".'e .:.. wilson, L K. Dozier, A.w., and Kinser, D.L. (1971) An-
ic and well ordered. It appears to remain ordered as tem- riferromagnetism in an oxide semiconductingglass. Physica Status Soli-
perature and pressure are increased until a phase transi- di (b), 45, 323-331.

tion to a monoclinic phase occurs at 704.C and 2 kbar. Gaite, J.lvI., and Michoulier, J. (1970) Application de la r6sonance para-

Inrermediate stages o1 partial (Fe3*,Sia*) aisoroei co"ro ;:?il:T:iliT.l:1':t:#H"l'il,3J;:'ff l!,'ffiil"JiT"t3l,f#:
not be detected. The transition temperature is signifi- lographie,93,34t-356.
cantly (more than 100 'C) higher than that of microcline Griscom, D.L ( I 980) Electron spin resonance in glasses. Journal of Non-

to sanidine. Crystalline Solids, 40, 2ll-272'

It would be interesting to compare the Al and Si site Hofmeister, A'M., and Rossman G' (1984) Determination of Fe3* and

occupancies obtained from accurate determinations of the :::..t:T:"1::tttns 
in feldspar bv optical absorption and Epn spectros-

lauice consranrs with EpR spectra orrhe same h";i:;;; --;r,?',]',i i#ffili1 ;:#"ff1?1"11;"111;'ir'smoky rerdspar
crystal. There is no information on whether it is possible and the inhibiting influence of water Physics and Chemistry of Min-

to obtain potassium feldspar more ordered in Fe3*, e.g., erals, 12, 324-332-

by hydrothermal recrystallizalion. Huuon, G.J (1969) Rotational properties of electron spin resonance spec-
tra Journal of PhYsics C,2, 673-679.
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