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sTFe Mtissbauer study of babingtonite
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Abstract

The M6ssbauer spectra of 5?Fe in babingtonite were taken between 30 K and 6fi) K. Two
doublets were observed and assigned to octahedral Fe2* and Fe3* in distinct crystallographic
sites. Mn2* appears to substitute for Fe2*. No evidence of delocalized electrons can be ob-
served in the M<issbauer spectra even though the Fe2* and Fe3* oxygen octahedra share com-
mon edges in this structure. Quadrupole splittings and isomer shilts of both doublets reveal
no great changes of the crystallographic and electronic structure between 30 and 600 K.

Introduction

Safingtonite is a chain silicate with the chemical
formula Car(Fe2*,Mn,Mg)Fe3*SirO,oOH. According
to Araki and Zoltai (1972), babingtonite is triclinic
with the space group PT. Recently Kosoi (1976) rein-
vestigated the structure and determined the space
group to be Pl. Although the principal topology is
very similar, the two papers present different settings
of the structure and therefore different cell constants,
atomic positions, and distances.

There are two chains of SiOo tetrahedra (5 tetra-
hedra per repeat unit) parallel to [ll0] (Araki and
Zoltai) or to [00] (Kosoi). According to Araki and
Zoltai, these chains are connected by two crystal-
lographic distinct FeOu octahedra differing in the de-
gree of distortion and in the average cation-anion
distance. The average Fe-O distance is 2.1687,4. in
the Fe(l) octahedron and,2.0477A in the Fe(2) oc-
tahedron, indicating that the former is mainly occu-
pied by Fe2* and the latter by Fe3*. Kosoi reports
similar results. The Ca atoms are also located in two
different sites in the large openings between the
chains and the Fe octahedra.

The chemical formula shows that cations other
than those of the pure Ca-Fe silicate can enter the
babingtonite structure. The most important of these
ions seems to be Mn, with some chemical analyses
reporting more than 1.0 weight percent MnO. The
assumption of one Fe2* and one Fe3+ site is sup-
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ported by the room-temperature Mcissbauer spec-
trum of foafingtonite presented by Araki and, Zottai,
which indicates a simple pattern of separated single
peaks for Fe2* and Fe3* at high velocities. No other
M6ssbauer study of babingtonite has been published.

The present study is part of a detailed spectro-
scopic investigation of minerals bearing Fe2* and
Fe'* in adjacent sites, in order to study possible inter-
actions ofthese ions and their spectral features. This
paper reports a Mcissbauer investigation of babingto-
nite at temperatures between 30 and 600 K in order
to study:
(l) The resolution of the spectra and the behavior of

the spectral parameters at different temperatures.
(2) The cation distribution and the substitution of

Mn in fnfingtonite.
(3) Possible electron exchange between Fe2* and

Fe3* similar to that found by the Mcissbauer ef-
fect in other mineral such as rragnetite (Baumin-
ger et al., 1967), ilvaite (Gerard and Grandjean,
l97l), and the hematite-ilmenite series (Warner
et al.,1972).

Experimental methods

The Mdssbauer spectra were taken using conven-
tional techniques ("ColRh source, symmetric tri-
angular velocity wave form, 512 channels per spec-
trum; 5 mg Felcm2 absorber density, refrigerator
cryostat, vacuum furnace). Details of the experimen-
tal apparatus are reported in Amthauer et al. (1976).
Chemical analyses were obtained with a MAC5-SA3
electron microprobe, using the method of Bence and
Albee (1968) for data reduction. The total iron was
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determined with the microprobe as FeO; the Fe2'/
Fe3* ratio was evaluated from the Mdssbauer spectra.

Results

The chemical composition of the samples and their
localities are reported in Table l. Two babingtonites
were studied. The one from Herbornseelbach, Hes-
sen, Germany occurs together with quartz and calcite
in cavities in a massive femrginous quartzite. The
Hampden County, Massachusett's babingtonite is
found together with quartz and calcite at the Lane
trap-rock quarry near Westfield (Smithsonian Insti-
tution, catalog #NMNH 12067 6).

Figure I shows the Mossbauer spectrum of the
Westfield babingtonite taken at room temperature.
Three peaks are resolved, which can be explained on
the basis of two doublets, whose low-velocity com-
ponents strongly overlap. This interpretation is sup-
ported by several data. Figure 2 shows the spectra
taken at 30 and at 525 K. In both spectra four peaks
are resolved and two doublets could easily be fitted
without any constraints. The resolution of the low-
velocity peak into two components starts at 425 K
going to high temperatures and at 150 K going to low
temperatures. Below 30 K the spectrum reveals the
beginning of magnetic ordering. Between 200 and
375 K the fit was started with two doublets, and the
areas of the high- and the low-velocity peaks of each
doublet were set to be equal. During the final fitting

Table l Chemical composition (wt7o) of the babingtonites

Sanple

Veloc  ly  mm/sec

Fig. l. Mrissbauer spectrum of 57Fe in babingtonite at room
temperature. The deviation of the solid line from the data divided
by the square root ofthe background (:residual) is plotted below
the spectrum.

procedure these constraints were removed without
changing the parameters significantly. Nevertheless,
both doublets were found to be essentially area sym-
metric, and at room temperature the area of the un-
resolved low-velocity peaks is equal to the sum of the
areas of the two high-velocity peaks.

Figures I and 2 show that the two doublets differ
in intensity. The lower-intensity doublet has larger
quadrupole splittings and isomer shifts than the high-
intensity doublet. At low temperatures the low-veloc-
ity component of the weaker doublet is located at the
most negative velocity, whereas at high temperatures
this situation is reversed. Quadrupole splittings QS,
isomer shifts [S, peak-widths l, and the relative
areas A of both doublets at temperatures between 30
and 575 K are reported in Table 2. The fits are rea-
sonably good as indicated by the t'. The quadrupole
splittings and the isomer shifts of both doublets are
plotted as function of temperature in Figure 3 and
Figure 4 respectively. Room-temperature spectra
taken before and after the heating experiments re-
vealed no significant differences of the spectral pa-
rameters and particularly the Fe2*/Fe3* tatio.
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Fig. 2. Mcissbauer spectrum of 5?Fe in babingtonite at 525 K
Qower spectrum) and 30 K (upper spectrum). The deviation of the
solid line from the data divided by the square root of the
background (:residual) is plotted below the spectrum. Two
doublets are fitted to the data.

Fig. 3. Plot of the Fe2+ and Fe3* quadrupole splittings eS in
babingtonite against the temperature ?.

Interpretation and discussion

Assignment of the doublets

The spectral features reported in the previous sec-
tion are consistent with the assignment of the doublet
with the smaller quadrupole splitting and the lower
isomer shift to Fe3* and the assignment of the other
doublet to Fe2*. Both Fe ions are in the high spin
state. The strong temperature-dependence of the Fe'*
quadrupole splitting is in agreement with that assign-
ment, as is the nearly complete invariance of the Fe3*
quadrupole splitting with temperature (cf. Fig. 3).
The isomer shift of the Fe2* doublet (IS : I . 18 mm/
sec at 295 K, and l.3l mm/sec at 80 K) is within the
range of isomer shifts of Fe'* in sixfold coordinated
sites in silicates, e.g.tn the Ml position (IS : l.l7
mmlsec LI295K,and,l.29 mm/sec at77 K) and M2
position (IS : l.13 mm/sec at295 K, and 1.26 nn/
sec at77 K) in orthopyroxene (Burnham et aI., l97l),
indicating that Fe'z* also fills 6-fold coordinated sites
in babingtonite. The isomer shift of the Fe3* doublet
(IS : 0.38 mm/sec at295 K and 0.51 mm/sec at 80
K) may be compared with those of Fe3* at the oc-
tahedral positions in garnets (IS : 0.36-0.41 mm/sec
at 295 K, and 0.45-0.50 mm/sec at 77 K; Amthauer
et al.,1976\.

The small line width of each doublet within the
entire temperature range indicates that only one Fe2*
and one Fe'* doublet is present rather than overlap
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Fig. 4. Plot of the Fe2+ and Fe3* isomer shifts IS in
babingtonite against the t€mperature T.

of several Fe3* and Fe'* doublets. No additional ab-
sorption features can be observed within the temper-
ature range, which shows that both iron atoms oc-
cupy distinct positions and are ordered. With respect
to the results of the crystal structure refinements
(Araki andZoltai,l9T2; Kosoi, 1976) it is most prob-
able that Fe'* occupies the so-called Fe(l) sites with
the larger average cation-anion distance of 2.15-
2.17 A and Fe'* the so-called Fe(2) sites with the
smaller average cation-anion distance of 2.04-2.05A.
The relatively high distortion of the Fe(2) or Fe'* site
found by Araki and Zoltai is reflected in a larger
quadrupole splitting of Fe3* in babingtonite (QS :

0.84-0.88 mm/sec), compared to the quadrupole
splitting of octahedral Fe3* in garnets (QS : 0.32-
0.75 mm/sec; Amthauer et al.,1976), or of octahedral
Fe'* in orthopyroxene (QS :0.7M.73 mmlsec; An-
nersten et al., 1978). The differences between the
Mtissbauer paramaters of the two babingtonite sam-
ples taken at room temperature are within the experi-
mental error, except for the areas.

C ation distibution and crystal chemical formula

All the spectra reveal that the areas of the Fe'* and
Fe'* doublets ate not equal, as would be the case for
an ideal babingtonite composition with both Fe(l)
and Fe(2) sites filled completely with iron. This de-
viation can be understood by considering that addi-
tional cations like Mn, Mg, Na, etc. are present in the
samples. However, the question of possible di-fferent
recoil-free fractions must be considered. Theoreti-
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cally, these should be unequal for Fe2* and Fe3* at
different crystallographic positions, as is observed for
Fe2* at the dodecahedral and Fe3* at the octahedral
positions in garnets (Whipple, 1973; Amthauer et al.,
1976); practically these differences are often within
the error of the measurements and can be neglected.

The variations of the relative Fe'* and Fe'* areas
with temperature in the spectra of the Westfield ba-
bingtonite are within the experimental error (cf
Table 2). This can be regarded as an indication of
negligibly small differences of the recoil-free frac-
tions of both Fe ions at their distinct lattice sites.
Nevertheless, the Debye or Mossbauer temperatures
0, of F€* and Fe'* in babingtonite were determined
from the temperature-dependence of the areas l, or
recoil-free fractions /, by the procedure of Herber et
al. (1978). Detafu of the evaluation procedure as well
as tle crystallographic aspects of different 0, in vari-
ous silicates and other inorganic compounds will be
discussed in more detail in a forthcoming paper by
Scheringer and Amthauer (in preparation). In ba-
bingtonite dp,.z* w&s found to be 320+20 K and 0..'*
to be 350+20 K. Thus, with the known 4 one can cal-
culate the relative recoil-free fractions /, or the rela-

Table 2. 5?Fe Mdssbauer parameters in babingtonite at different

temperatures

a saople Nr:  1 = sample f ton Westf ield,  Massachusetts

2 = sanple f  rom Herbornseelbach, Geruny

b  Q S  =  q u a d r u p o l e  s p t i t t t n g  i n  m / s e c . l  0 . 0 I  m / s e c

c Is = isoDer sbi f t  referred to o-Iron at room teePerature

l n  m / s e c  I  0 . 0 1  m / s e c

f = f  ul l  wLdth at hal f  peak height tn m/sec 1 0 '01 m/sec

A = area in Z referred to the total  resonanE absorpt ion

area = IO07 (standard errot t2.00%)

mm/sec
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tive areas A, for Fe2* and Fe3*. If we assume that
Fe2* and Fe3* occupy completely their sites, then
Fe2*/(Fe2* * Fe3*) : 48.4Vo and Fe3*/(Fe'* + Fer*)
: Sl.OVo at 295 K. This is nearly within the experi-
mental error, which is +2.OVo. [n detail the area of
Fe2* is distinctly lower than calculated and also dif-
ferent in the two samples (cf. Table 2). This can be
explained by a partial substitution of Fe2* and to a
minor amount also of Fe'* by other cations such as
Mn, Mg, Al.

The amount of cations is very similar in both sam-
ples except for Fe'* and Mn2*. The number of the Si,
Ca, and Fe3* ions on the basis of 14 oxygens and one
hydroxyl ion is very close to the ideal values of 5,2,
and I respectively, whereas there is a distinct deficit
of cations at the Fe2t position. Therefore I conclude
that, as in other silicates, Mg and Mn enter the Fe2*
sites. On the basis of 29 negative charges most of the
Mn must also be divalent. Thus, the following chem-
ical formulas for both samples can be postulated:

Herbornseelbach:

Ca, r"[Fe3lrMgo,, Mn]lrr] [Fe'o]"rAlo or] Si, o, O,oOH

Westfield:

Ca, o,[Fe]loMgo,rMnSiol[Fe'oirAL *]Si, o2O,oOH

Elements present in wl%o <0.01, e.g. Na, K, Cr, and
Ti (cl Table l) were omitted in the calculation of the
chemical formulas.

Chemicql bonding and crystal structure

The values of the isomer shifts of both Fe ions are
close to those found for Fe2* and Fe3* in other sili-
cates, which indicates normal Fe-O bonds. This con-
clusion is supported by the temperature-dependence
of the isomer shift, which is found to be nearly linear
above 200 K for both Fe'* and Fe3*. D(IS)/dZ is
-(7.68+.02) x l0-4 for Fe2* and -(7.25+.02) x l0-.
mm/sec K for Fe3* and is near to the theoretical
value of -7.32 x 10-a mm,/sec K caused by the sec-
ond-order Doppler shift (Amthater et a1.,1976). This
indicates no change of the chemical bonding with in-
creasing temperature.

In Figure 5 a computer projection (Johnson, 1965)
of the Fe octahedra of one unit cell on the a*b* plane
is shown, using the data of Araki and Zoltai (1972).
One can observe two Fet* and two Fe2* octahedra
which are connected by common edges showing the
sequence Fe'*-Fe2*-Fe2*-Fe3*. The Fe3*-Fe2* dis-
tance is 3.296A; the Fe'*-Fe2* distance is 3.375A.
This first distance is close to the upper limit of Fe-Fe
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F e  s t e s  I n  b o b r n g l o n  t e

Fig. 5. Projection of the Fe-O octahedra in babingtonite onto
the plane a+b+.

distances (3.25A) reported for minerals showing elec-
tron exchange (Loefler et al., 1975). Nevertheless, in
contrast to the optical and near infrared absorption
spectra recently studied by Amthauer and Rossman
(in preparation), the Mdssbauer spectra reveal no
resonant absorption features which could be attrib-
uted to electron exchange or hopping between Fe2*
and Fe'*, although these two ions are located in
neighboring octahedra sharing cornmon edges. The
amount of delocalized electrons, if any, must be very
small and below the detectibility of the Mcissbauer
efect. This can be partly explained on the basis of
the crystal structure. Only the four Fe atoms shown
in Figure 5 are connected by common edges and
there is no further edge-shared connection to the
FeOu octahedra of other unit cells, and no infinite
FeOu chain can be observed as in some other sitcates
(i.e., ilvaite). In addition, Fe2* and Fe'* occupy dis-
tinct crystallographic positions with different poten-
tial energies, unlike magnetite and ilvaite, where
electron exchange is known to occur between Fe2*
and Fe3* occupying crystallographically equivalent
sites. It cannot be totally excluded that in other ba-
bingtonites Fe2* and Fe3* are partially disordered
over the Fe sites or even the Ca sites-as perhaps in
samples formed at high temperatures-and as a re-
sult the extent of electron delocalization may be
larger. On the other hand, charge transfer or electron
hopping features in the optical absorption spectra
may not necessarily be observed in the Mdssbauer
spectra, because in the optical absorption experirnent

"l
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the energy for the intervalence transition is supplied
by the incident light, whereas the delocalization of
electrons requires thermal activation. In addition,
these thermally delocalized electrons can only be ob-
served in the Mcissbauer experiment if the exchange
rate of an electron between Fe'* and Fe3* in adjacent
lattice sites is faster than the mean lifetime of the ex-
cited Fe nucleus. Nevertheless, from the results of
this investigation babingtonite has to be classffied as
a type I mixed valence compound (Robin and Day,
1967), revealing mainly the spectroscopic properties
of the individual Fe atoms. Furthermore, this study
provides a whole set of Mossbauer data as function
of temperature for Fe'* and Fet* in a rrore or less
"ionic" state, which may be used for comparison and
the interpretation of more complicated Mcissbauer
spectra such as deerite (Anthauer, in preparation).
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