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ABSTRACT

Sequences of four edge-shared FeO, octahedra in the babingtonite structure are inter-
rupted by the substitution of Mn2* ions for Fe?* and by Mn-induced stacking faults. These
compositional and structural features influence Mossbauer spectral parameters of babing-
tonite, particularly at low temperatures where magnetic ordering of Fe occurs. In babing-
tonite from Massachusetts containing small amounts of Mn, the temperature of magnetic
ordering, T\, is as high as 18.9 K. However, T,, decreases with increasing Mn content
and is lowest in Norwegian babingtonite (T, = 14.5 K) known to contain high densities
of chain periodicity faults (CPFs). The magnetic hyperfine splitting parameter, H, deter-
mined from 4.2-K Mdéssbauer spectra is highest for Massachusetts babingtonite, but de-
creases in other specimens containing progressively higher Mn concentrations. Ratios of
Fe*t/(Fe?* + Fe**) determined from computed peak areas of 4.2-K and 295-K spectra are
highest in Mn-rich babingtonite. Correlations of isomer shift parameters for Fe?+ and Fe**
in babingtonite with other mixed valence Fe?+-Fe3+ minerals indicate that the low velocity
Fez* and Fe** peaks are almost exactly superimposed in 295-K Mossbauer spectra of

babingtonite.

INTRODUCTION

Babingtonite is the state mineral of Massachusetts. It
occurs in low-grade alteration assemblages in metabasalts
throughout the state (Palache and Gonyer, 1932; Palache,
1936), including several localities in the Boston area no
doubt visited many times by Jim Thompson and his stu-
dents. Babingtonite also occurs elsewhere in skarns (Pa-
lache and Gonyer, 1932), leading to investigations of the
mineralogical and geochemical relations of Ca-Fe-Si skarn
deposits (Burt, 1971a, 197b, 1972, 1974) commenced at
Harvard under Jim Thompson’s supervision. Further-
more, babingtonite typically contains a high density of
planar faults involving chains of silicate tetrahedra (Czank,
1981), as do the pyribole minerals such as jimthompson-
ite. It is appropriate, therefore, to dedicate this paper ex-
amining the effects of chain periodicity faults and com-
positional variations on the M&ssbauer spectra of
babingtonite to the investigative genius of Jim Thomp-
son.

Babingtonite possesses the idealized formula
Ca,Fe**Fe**Si;0,,(OH). Dark-green to black euhedral
prismatic crystals of this mixed-valance, unbranched
Jiinfer single-chain pyroxenoid (Liebau, 1980) have en-
gendered several investigations of its crystal structure
(Araki and Zoltai, 1972; Kosoi, 1975), Mssbauer spectra
(Araki and Zoltai, 1972; Amthauer, 1980; Burns and Dyar,
1982; Amthauer and Rossman, 1984), and optical ab-
sorption spectra (Amthauer and Rossman, 1984). All of
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these studies demonstrated that the Fe2* and Fe3* ions
occupy distinct crystallographic sites in babingtonite with
little evidence of electron delocalization between adjacent
Fe cations. The latter feature is in marked contrast to
other Fe?*-Fe3* minerals, such as ilvaite [Ca-
Fez+Fe?**Si,0,(OH)], members of the acmite-augite series
[(Na,Ca)(Fe>*,Fe**)Si,0,], and magnetite [Fe**Fe?*+,0Q,],
with which babingtonite is associated in skarn deposits
(Burt, 1971a, 1971b). The opacities of the former min-
erals are caused by thermally induced electron hopping
(Burns, 1981). Although an optically induced Fe2+-Fe3+
intervalence charge transfer transition occurs in babing-
tonite at 680 nm and is responsible for its dark green
color in transmitted light (Amthauer and Rossman, 1984),
electron delocalization appears to be less extensive in ba-
bingtonite than it is in associated minerals.

In the babingtonite crystal structure (Araki and Zoltai,
1972; Kosoi, 1975), which has structural similarities to
rhodonite (Peacor and Niizeki, 1963), the Ca and Fe cat-
ions are each located in two crystallographically distinct
positions, labeled Ca(1), Ca(2) and Fe(1), Fe(2). Average
Fe-O distances in the [Fe(1)O,] and [Fe(2)O;] octahedra
are approximately 2.17 and 2.05 A, indicating that larger
Fe** and smaller Fe** ions are concentrated in the cor-
responding Fe(1) and Fe(2) sites. In the ideal babingtonite
structure, the Ca coordination polyhedra and FeO; oc-
tahedra share edges forming chains eight polyhedra long
in the sequence Ca(2)-Fe**-Ca(l)-Fe2*-Fe2+-Ca(1)-Fe’+-
Ca?* along the ¢ axis. These chains are cross linked by
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further edge sharing with adjacent polyhedral chains so
that double bands of edge-sharing Fe and Ca coordina-
tion polyhedra extend en echelon along the ¢ axis, as shown
in the upper and lower portions of Figure 1. In these
bands, adjacent Fe atoms occur as isolated staggered tet-
rameric units in the sequence Fe3*-Fe2*-Fe?*-Fe3*; these
units are separated by the Ca?* ions (Fig. 1). Metal-metal
distances across the shared edges are Fe3~-Fe* ~ 3.30 A
and Fe**-Fe?* ~ 3.38 A, and lie within the range where
Fe?*-Fe** intervalence charge transfer transitions are in-
duced in the visible region (Burns, 1981; Amthauer and
Rossman, 1984). However, because Ca2* ions separate
the FeOQ, tetramers (Fig. 1), electron delocalization along
infinite bands of edge-shared FeO, octahedra, such as
those occurring in ilvaite, aegerine-augite, magnetite,
deerite, and riebeckite, is precluded in the ideal babing-
tonite structure.

High-resolution transmission electron microscopy
(HRTEM) studies of babingtonite (Czank, 1981) have re-
vealed errors in the periodicity of the fiinfer single-chain
linkages of [SiOQ,] tetrahedra, analogous to those observed
in isotypic rhodonite and other pyroxenoids (Czank and
Liebau, 1980; Ried and Korekawa, 1980; Franco et al.,
1980). Examples of such chain periodicity faults (CPFs)
are shown schematically in Figure 1. Here, siebener and
dreier chain units are seen to interrupt the flinfer silicate
chains of babingtonite. These CPFs affect the sequence of
edge-shared Ca and Fe coordination polyhedra, causing
kinks and shortening the polyhedral chains where sieb-
ener chains occur (Fig. 1, left), but extending the sequence
of edge-shared FeO, octahedra where dreier chains exist
(Fig. 1, right). Babingtonite from hydrothermal vein lo-
calities in Massachusetts was found to contain fewer CPFs
than crystals from Norwegian skarn deposits (Czank,
1981). However, the Mossbauer spectra of these samples,
presumably measured at ambient temperatures, were re-
ported to be nearly identical to one other (Czank, 1981)
and to two other babingtonite samples previously studied
(Amthauer, 1980). No evidence was found for Fe atoms
in Ca sites or for disordering of Fe?* and Fe’* over their
sites.

Since magnetic interactions between adjacent Fe atoms
are likely to be affected by high densities of CPFs, we
investigated magnetic ordering of Fe?* and Fe** ions in
the babingtonite structure by carrying out Mossbauer
spectral measurements of babingtonite at temperatures
lower than those previously reported. In the course of our
investigations, we encountered inconsistencies in peak
positions determined in earlier Mdssbauer spectra mea-
sured at ambient temperatures (Amthauer, 1980; Am-
thauer and Rossman, 1984). We describe here measure-
ments of room-temperature and 4.2-K Mdssbauer spectra
of a suite of babingtonite samples having a range of
chemical compositions and different parageneses.

EXPERIMENTAL DETAILS

The chemical compositions and sources of 12 babing-
tonite samples assembled for the present study are sum-
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Fig. 1. Schematic representation of the babingtonite struc-
ture (modified from Czank, 1981). The projection along [110]
shows the repeat sequence of five tetrahedra in the silicate chains
occurring in the ideal babingtonite structure. Note the ideal se-
quence of cations in the staggered bands of eight edge-shared
coordination polyhedra, Ca-Fe*-Ca-Fe?*-Fe**-Ca-Fe**-Ca and
the zig-zag tetramers of edge-shared FeO, octahedra (labeled as
3-2-2-3) which are separated by the Ca polyhedra (C). These
sequences become disrupted by chain periodity faults. For ex-
ample, siebener linkages shorten (left) and dreier linkages elon-
gate (right) the sequencers of edge-shared FeO, octahedra.

marized in Table 1. Many of the babingtonite samples
came from hydrothermal veins and contact skarn depos-
its that had been the sources of specimens used in earlier
investigations. Thus, the Norwegian and West Springfield
babingtonite samples were used in the HRTEM study of
chain periodicity faults (Czank, 1981); specimens from
Westfield, Germany, and India had figured in earlier
Mbossbauer spectral studies (Amthauer, 1980; Amthauer
and Rossman, 1984); and Japanese babingtonite from the
Yakuki Mine used in the crystal structure determination
(Araki and Zoltai, 1972) had also been examined by
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TaeLe 1. Chemical compositions, formulae, and sources of babingtonite samples*
1
W. 3 4 6 7 10
Spring- 2 West- Win- 5 Penn- Ger- 8 9 Aus- 1 12
field Holyoke field chester Virginia  sylvania many Sweden India tralia Japan Norway
49.59 52.00 52.27 52.30 52.58 52.40
Si0, 63.15 53.26 51.58 51.07 52.14 51.96 0 0 0 0.01 0 —
TiO, — 0 0.08 0 0 0 0.11 0.58 1.81 0.33 0.22 0.20
AlLO, 0.39 0.49 0.50 0.53 0.38 0.24 13.80 13.57
FeO* 21.25 22.59 22.61 22.06 22.62 17.64 19.58 19.52 20.92 9.60 21.04 6.79
MnO 0.72 0.79 0.72 0.82 1.06 5.39 3.27 274 1.02 1.91 3.83 4.12
MgO 1.32 0.74 0.57 1.05 0.94 1.40 1.44 1.63 1.02 0.84 0.24 0.90
Ca0o 19.80 19.57 19.23 19.67 19.32 19.29 18.73 19.18 9.42 19.70 19.45 19.50
Na,O —_ 0 0.02 0 0.01 0 0.01 0.02 0 0.23 0.04 —_
K0 — 0 0 0 0.01 0.02 0.03 0 0 0 0 -
Others 0.12 1.7 0.02
Total 96.75 97.44 95.31 95.20 96.48 95.94 92.76 95.67 96.46 100.42 97.40 97.50
Si 5.00 5.00 5.00 5.00 5.00 5.00
Al 0.05 0.08 0.06 0.06 0.03 0.03 5.00 5.00 5.00 5.00 5.00 5.00
Ti — 0 0.01 0 0 0 0.01 0.07 0.20 0.04 0.02 0.02
Fe3+ 0.92 0.92 0.99 0.98 0.87 0.94 0.99 0.91 0.79 0.99 1.00 0.97
Fe?+ 0.78 0.85 0.84 0.83 0.94 0.48 0.66 0.66 0.89 0.76 0.67 0.54
Mn 0.06 0.06 0.06 0.07 0.09 0.44 0.28 0.22 0.08 0.15 0.31 0.33
Mg 0.19 0.11 0.08 0.29 0.13 0.20 0.22 0.23 0.14 0.12 0.06 0.21
Ca 2.00 1.97 2.00 2.02 1.99 1.99 2.02 1.98 1.99 2.00 1.99 1.99
Na — 0 0.01 0 0 0 0 0 0 0.04 0.01 0
%Fe** 55 52 54 53 48 66 60 58 47 54 60 64

Note: 1 = West Springfield, Massachusetts: veins in diabase; donated by F. Liebau (Czank, 1981). 2 = Holyoke, Massachusetts: veins in diabase;
Harvard no. 91538. 3 = Westfield, Massachusetts: veins in diabase; Harvard no. 92501. 4 = Winchester, Massachusetts: with epidote and prehnite,
veins in diorite and granite; collected by R. G. Burns. 5 = Virginia, Gainsville Quarry, Prince William Co.: with calcite; USNM no. 117846. 6 = Pennsylvania,
Dillesberg: skarn; Wellesley College Collection. 7 = Germany, Nassau: skarn, contact diabase and slate; Wellesley no. 2747. 8 = Sweden, Dannemora:
with albite and calcite; USNM no. B18582. 9 = India, Bombay: with laumontite and quartz; USNM no. 151461. 10 = Australia, Black Perry Mt., New
South Wales: skarn, granite-metasediment contact; Macquarie University no. M12704 (Gole, 1981). 11 = Japan, Yakuki Mine, lwaki Prov.: skarn,
contact granodiorite-slate and limestone; MIT Collection (Araki and Zoltai, 1972) 12 = Norway, Arendal: magnetite skarn deposit; donated by F. Liebau

(Czank, 1981).

* Electron microprobe analyses by V. Ryan at MIT, except specimens 1, 11, and 12; Fe expressed as FeO; %Fe** estimated from Mdssbauer spectra.

Maossbauer spectroscopy (Araki and Zoltai, 1972). Chem-
ical analyses of the babingtonite samples are given in Ta-
ble 1. The chemical formulae listed in Table I were cal-
culated on the basis of five Si atoms per formula unit,
and utilized %Fe3+/(Fe** + Fe?*) data derived from the
Mossbauer spectra described later. Note that the Mn con-
tents are significantly higher in babingtonite from Japan,
Germany, and Pennsylvania, as well as in the Norwegian
specimen with a high density of CPFs.

Maossbauer spectral measurements and spectrum-fit-
ting procedures are described elsewhere (Dyar, 1984; Dyar
and Burns, 1986). Specimen mounts were prepared by
mixing 50 mg of powdered babingtonite with 300 mg of
sucrose to minimize preferred orientation of the mineral
crystallites. MOssbauer spectra acquired at room temper-
ature were obtained with a constant acceleration Austin
Science Associates spectrometer at MIT, using 512 chan-
nels of a 1024-channel Nuclear Data multichannel ana-
lyzer and a 50 mCi source of ¥Co in a Rh foil. Baseline
counts exceeded 105 and the spectra were calibrated
against a-Fe foil (6 mm thick, 99.99% purity). Spectra
were transferred to a MINC LSI 11/73 minicomputer,
where interactive curve fitting was executed. Spectra were
fitted using a Gaussian nonlinear regression procedure
with a facility for constraining any set of parameters or
linear combination of parameters (Stone et al., 1984).
Lorentzian line shapes were used for resolving the peaks.
Cryogenic facilities in the Francis Bitter National Magnet

Laboratory at MIT were used to acquire low temperature
spectra in the temperature range 77-4.2 K. Here, the 50
mCi 5"Co in Rh source was maintained at ambient tem-
peratures and the babingtonite samples were cooled down
to temperatures as low as 4.2 K for each 9-h period taken
to acquire approximately 10¢ baseline counts. The spectra
were downloaded by modem hookup to the MINC com-
puter for interactive curve fitting.

RESULTS
Room temperature spectra

Because the babingtonite structure contains Fe?* and
Fe3+ ions each located in a single structural position,
Maéssbauer spectra measured at ambient temperatures,
such as the one illustrated in Figure 2, are particularly
simple and consist of just one ferrous doublet and one
ferric doublet. The high-velocity peaks of each doublet
are well separated, the Fe3* peak at 0.85 mm s~! being
invariably more intense than the Fe?* peak at 2.4 mm
s~'. However, the low velocity peaks of the two doublets
overlap near 0 mm s-! causing ambiguity over the rela-
tive positions of the Fe?* and Fe’* peaks in this band in
earlier published spectra (Amthauer, 1980; Amthauer and
Rossman, 1984). To resolve these ambiguities, three ap-
proaches were used to fit the Méssbauer spectra. The first
method, labeled fit A in Table 2 and illustrated in Figure
2a, involved fitting three unconstrained peaks at approx-
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TABLE 2. Mossbauer parameters for babingtonite from 295-K spectra*

Ferric doublet

Statistical parameters
%

Ferrous doublet

Specimen 18 Qs HW Yo\ 1S Qs HW YA x? MISFIT  Uncertainty

W. Springfield

Fit A 0.40 0.84 0.30 57 1.20 2.44 0.32 43 418 —-0.06 ~0.01

Fit B 0.42 0.80 0.29 55 117 2.49 0.30 45 598 0.05 0.01

Fit C 0.38 0.88 0.29 54 1.22 2.38 0.30 46 586 0.04 0.01
Holyoke

Fit A 0.40 0.84 0.32 52 1.20 2.44 0.34 48 766 0.0¢ 0.01

Fit B 0.42 0.79 0.31 52 117 2.50 0.32 48 1337 0.32 0.02

Fit C 0.37 0.89 0.30 52 1.22 2.38 0.33 48 1295 0.30 0.02
Westfield

Fit A 0.41 0.85 0.34 52 1.19 2.39 0.34 48 393 ~-0.08 —0.05

Fit B 0.43 0.79 0.32 54 1.16 2.44 0.31 46 946 0.30 0.03

FitC 0.39 0.88 0.30 54 1.22 2.34 0.33 46 918 0.28 0.02
Winchester

Fit A 0.40 0.84 0.31 53 1.20 244 0.34 48 401 -0.05 -0.01

Fit B 0.43 0.79 0.30 54 1.17 2.50 0.32 48 743 0.12 0.02

Fit C 0.38 0.89 0.29 53 1.23 2.38 0.32 47 621 0.05 0.01
Virginia

Fit A 0.40 0.84 0.35 48 1.19 2.41 0.38 52 441 -0.05 —0.01

Fit B 0.43 0.78 0.33 49 1.16 2.48 0.35 51 829 0.23 0.03

Fit C 0.37 0.90 0.31 47 1.22 2.35 0.37 53 742 0.17 0.02
Pennsylvania

Fit A 0.40 0.82 0.38 66 1.20 2.43 0.29 34 523 0.07 0.04

Fit B 042 0.79 0.36 67 1.18 2.49 0.28 33 524 0.07 0.04

Fit C 0.38 0.85 0.35 66 1.23 2.38 0.31 34 539 0.15 0.06
Germany

Fit A 0.41 0.84 0.34 60 1.20 2.43 0.32 40 535 0.02 0.01

Fit B 0.42 0.81 0.33 60 1.18 2.48 0.30 40 557 0.04 0.01

Fit C 0.39 0.87 0.32 61 1.22 2.39 0.31 39 567 0.04 0.01
Sweden

Fit A 0.39 0.86 0.32 58 117 2.41 0.33 42 669 0.09 0.01

Fit B 0.41 0.82 0.32 58 1.14 247 0.32 42 835 0.19 0.02

Fit C 0.37 0.90 0.31 58 1.20 2.35 0.32 42 831 0.19 0.02
India

Fit A 0.38 0.87 0.32 46 117 243 0.36 54 469 —-0.05 —0.02

Fit B 041 0.81 0.32 47 1.14 2.49 0.34 53 427 -0.09 —0.02

Fit C 0.35 0.93 0.29 47 1.20 2.37 0.34 53 451 -0.07 -0.02
Australia

Fit A 0.39 0.84 0.35 53 1.18 2.42 0.33 47 783 0.1 0.01

Fit B 041 0.80 0.31 54 1.15 247 0.31 46 1199 0.29 0.02

Fit G 0.37 0.89 0.30 53 1.21 2.36 0.33 47 1131 0.26 0.02
Japan

Fit A 0.41 0.86 0.30 60 1.20 2.44 0.29 40 567 0.03 0.01

Fit B 0.42 0.83 0.29 61 1.18 2.49 0.28 39 647 0.07 0.01

Fit C 0.39 0.89 0.28 60 1.22 2.39 0.29 40 629 0.06 0.01
Norway

Fit A 0.40 0.85 0.33 62 1.18 2.41 0.31 38 657 0.06 0.01

Fit B 0.41 0.82 0.29 64 1.15 247 0.29 36 1330 0.37 0.02

Fit C 0.38 0.88 0.28 62 1.21 2.36 0.31 38 1263 0.33 0.02
Averages

Fit A 0.40 0.84 0.33 1.20 2.43 0.33

Fit B 0.42 0.80 0.31 1.16 2.48 0.31

FitC 0.38 0.88 0.30 1.22 2.37 0.32
Amthauer (1980)

Westfield 0.38 0.88 0.28 55.7 1.18 2.42 0.29 443 646

Germany 0.40 0.87 0.29 59.6 1.19 243 0.28 40.4 679
Amthauer and Rossman (1984)

India 0.39 0.90 0.27 51.4 1.22 2.4 0.30 48.6 563

* Isomer shift (1S), quadrupole splitting (QS), and halfwidth (HW) parameters in mm s-". Isomer shifts relative to a-Fe.

imately 0, 0.85, and 2.4 mm s ! corresponding to the
positions seen in each spectrum profile. Isomer shift (IS)
and quadrupole splitting (QS) parameters for the ferrous
and ferric doublets were obtained by pairing the band at
zero velocity with each of the well-resolved Fe3+ and Fe?*
peaks at higher velocities. Relative proportions of Fe?*
and Fe** ions were estimated from computed areas of the
two high velocity peaks alone. The Mdssbauer spectral
parameters for fit A are summarized in Table 2.

The other two methods for fitting the Mdssbauer spec-
tra involved four-peak fits in which the band at zero ve-
locity was resolved into two peaks. Each of these peaks
was matched with one of the two well-resolved peaks at
higher velocities. In fit B, adopted by Amthauer (1980),
the ferrous doublet consisted of the outermost peaks with
the ferric doublet positioned between them (Fig. 2b). Peaks
of each doublet were constrained to have equal half-
widths (HW) and peak areas (%A). In fit C, used by Am-
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Fig. 2. Mossbauer spectrum of the Norwegian babingtonite.
The three methods of fitting the 295-K spectrum are described
in the text.

thauer and Rossman (1984), the Fe?* peak resolved in
the band near 0 mm s~! was positioned at a velocity lower
than the Fe?* peak (Fig. 2¢), and component peaks of each
ferrous and ferric doublet were again constrained to have
equal HW and %A. Mossbauer parameters obtained from
fit B and fit C for each babingtonite sample are summa-
rized in Table 2. This table also lists the mean values of
the IS, QS, and HW parameters for each fitting procedure
averaged over all 12 babingtonite samples, and compares
the results with published data (Amthauer, 1980; Am-
thauer and Rossman, 1984). Note that the HW parame-
ters are consistently small, so that attempts to resolve
additional ferrous and ferric doublets were unsuccessful,
in accord with earlier reports (Amthauer, 1980; Czank,
1981), indicating that the Fe?* and Fe3* occupy distinct
positions and are ordered.
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Fig. 3. Isomer shift parameters for Fe?>* and Fe’* in mixed

valence minerals containing coexisting Fe?* and Fe** ions ob-
tained from their 295-K Mdéssbauer spectra. Average values for
babingtonite determined from the three spectrum-fitting proce-
dures are plotted (crosses), together with literature data (open
squares). The key to the symbols is given in Table 3.

It is apparent from Table 2 that each spectrum-fitting
method gives comparable percentages of Fe3* and Fe?*
ions for individual babingtonite samples. However, the
proportion of Fe?* is generally lower than Fe’*, particu-
larly in the Norwegian, Japanese, German, and Pennsyl-
vanian babingtonite samples, which may be attributed to
atomic substitution of Mn2* and Mg2* for Fe?*. The Mas-
sachusetts babingtonite generally has higher percentages
of Fe** ions.

The statistical-fitting parameters x?, MISFIT, and %
Uncertainty MISFIT (Ruby, 1973; Dyar, 1984) are best
for fit A, but this is to be expected since no constraints
were imposed to fit these three-peak spectra. The statis-
tical parameters for fit C are generally marginally lower
than those for fit B. However, the mean isomer shift pa-
rameter for the ferrous doublet obtained from fit C (1.22
mm s-!) is significantly higher than more typical values
found for Fe2* ions in octahedral coordination in other
silicate minerals (Burns and Solberg, 1989), including
those listed in Table 3. This discrepancy is highlighted in
Figure 3 in which isomer shift data are plotted for a va-
riety of mixed-valence Fe?*-Fe*t minerals. There is a lin-
ear trend for the cations in octahedral coordination with
O among ludwigite (borate), vivianite (phosphate), and
voltaite (sulfate) to which many Fe**-Fe** end-member
silicates conform. The babingtonite data obtained by fit
C, which were used by Amthauer and Rossman (1984),
lic off this linear trend to which the fit A and fit B data
conform more closely. Previously, Amthauer (1980) had
demonstrated that the overlapping low velocity Fe** and
Fe2* peaks near 0 mm s™' are better resolved in spectra
measured well above and below room temperature. He
showed that the splitting of the ferrous doublet decreases
with rising temperature such that at temperatures below
298 K, the Fe?* peak is on the low velocity side of the
Fe3+ peak. Above 298 K the Fe** peak crosses over and
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TasLe 3. Mdssbauer parameters for minerals with coexisting
Fe?* and Fe** ions

Mbss-
Fe* Fe* bauer Symbol
refer- in
Mineral IS Qs 15 Qs ence Figure 3
Aenigmatite 1.13 2.61 0.39 1.28 [11 Ae
113  2.26 023 097
113 191
Epidote 1.07 1.66 036 187 [2] EP
Laihunite 1.16  2.82 o4 085 [3] FF
Howieite 118 281 040 059 [4] Ho
Laihunite 113 275 039 091 [5] LH
Ludwigite 099 2.09 035 125 [6] Lu
Riebeckite 114 283 038 043 [4,7] Ri
1.1 2.32
Schorlomite 1.16  2.60 042 060 [8] Sc
Vivianite 118 245 038 1.06 [9,10] Vv
1.21 2.98 040 061
Voltaite 127 1.80 0.45 0 [11] Vo
Babingtonite 118 242 0.38 0.88 [12] AM
119 243 040 087 [12] AM
122 241 039 090 [10] AR
119 242 040 0.84 fitA [A]
1.16 248 042 080 fitB [B]
1.22 237 038 088 *itC [C]

Note:[1] = Burns and Solberg (1989); [2] = Dollase (1973); [3] = Schaefer
(1985); [4] = Bancroft et al. (1968); [5] = Kan and Coey (1985); [6] = R.G.
Burns (unpublished data); [7] = Bancroft and Burns (1969); [8] = Schwartz
et al. (1980); [9] = McCammon and Burns (1980); [10] = Amthauer and
Rossman (1984); [11] = Long et al. (1980); [12] = Amthauer (1980).

* This work: see Figure 2.

lies on the high velocity side of the Fe3* peak. The data
plotted in Figure 3 suggest that at 295 K, the Fe®** and
Fe>* peaks are almost exactly superimposed.

Low temperature Mossbauer spectra

In previous measurements of the temperature depen-
dence of babingtonite Mossbauer spectra (Amthauer,
1980), in which just one specimen was studied (namely
babingtonite from Westfield, Massachusetts), single fer-
rous and ferric quadrupole doublets representing para-
magnetic Fe>* and Fe** ions were resolved in spectra
measured over the temperature range 525-30 K. Because
magnetic ordering was expected at lower temperatures,
the Mossbauer spectra of five of the babingtonite samples
listed in Table 1, including the specimens from Norway,
Japan, Pennsylvania, West Springfield, and Winchester,
were measured at the temperature of liquid He (4.2 K),
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Fig. 4. The 4.2-K Mdssbauer spectrum of babingtonite from
West Springfield, Massachusetts. Assignments of peaks to indi-
vidual magnetic hyperfine spectra of Fe3* and Fe?* are indicated.

and at small temperature increments between 10 K and
20 K to determine their magnetic ordering temperatures.

Examples of 4.2-K Maossbauer spectra of two of the
babingtonite samples (Norway and West Springfield) are
illustrated in Figures 4 and 5. The hyperfine splitting ob-
served in the spectra at 4.2 K indicates that magnetic
ordering of the Fe*+ and Fe** ions has occurred in each
of the babingtonite samples. Each spectrum was fitted
with 14 peaks. In these fits, equal halfwidth constraints
were applied to peaks 3 through 10, inclusive, and areas
of peaks 4 and 10 and peaks 6 and 9 were constrained to
be equal. The sextet peaks 1, 2, 6, 9, 13, and 14 may be
assigned to magnetically ordered Fe** ions. The remain-
ing peaks 3, 4, 5, 7, 8, 10, 11, and 12 were assigned to
Fe?+ ions based on correlations with 4.2-K spectra of hed-
enbergite (R. G. Burns, unpublished results, January
1990). The Méssbauer parameters summarized in Table
4 show remarkable consistency between the isomer shift
and quadrupole splitting parameters for each of the bab-
ingtonite samples at 4.2 K. However, variations occur for
the magnetic hyperfine field parameter, H, which is sig-

TaBLE 4. Parameters from low temperature M&ssbauer spectra of babingtonite

Temp. i e T MnO
Specimen (K) 1S Qs H BaA 1S Qs H oA (K) (wt%)
Winchester 42 0.52 0.38 547.8 55.7 1.31 0.42 232.7 44.3 18.9 0.82
W. Springdfield 20 0.52 0.87 s 55.5 1.32 2.9 — 445
4.2 0.53 0.41 549.1 55.9 1.31 0.38 233.5 441 18.5 0.72
Japan 4.2 0.53 0.43 541.5 61.6 1.30 0.44 230.7 38.4 16.5 3.83
Pennsylvania 42 0.52 0.53 537.2 66.2 1.30 0.43 230.1 33.8 14.9 5.89
Norway 20 0.52 0.88 — 62.1 1.33 2.91 — 37.9
15 0.53 0.88 —_ 63 1.34 2.90 —_ 37
42 0.52 0.43 540.3 68.0 1.31 0.44 232.0 32.0 14.5 412
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Fig. 5. Mbossbauer spectra of the Norwegian babingtonite
measured above and below the magnetic ordering temperature,
which is estimated to be 14.5 + 0.5 K.

nificantly higher for the two Massachusetts babingtonite
samples than for the other three specimens containing
higher Mn contents (Table 1). Areas computed for the
ferrous and ferric magnetic hyperfine subsets identified in
Figure 4 yielded percentages of Fe*+ and Fe?* ions in ex-
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cellent agreement with those determined from the room
temperature (doublet) spectra (Table 2).

Spectra measured between 10 K and 20 K, such as
those illustrated in Figure 5 for Norwegian babingtonite,
indicate that the onset of magnetic ordering in this spec-
imen occurs at 14.5 = 0.5 K. Higher magnetic ordering
temperatures (18.5-18.9 K) were obtained for the two
Massachusetts babingtonite samples from West Spring-
field and Winchester (Table 4). The Pennsylvanian ba-
bingtonite with highest Mn content also has a low mag-
netic ordering temperature (14.9 + 0.2 K), whereas
Japanese babingtonite containing an intermediate Mn
content also has an intermediate magnetic ordering tem-
perature (16.5 + 0.3 K). In all five babingtonite samples,
magnetic ordering of both Fe?* and Fe** sublattices ap-
pears to occur simultaneously.

DiscussioN

Previous investigators have noted that the presence of
Mn in babingtonite raises the ratio of Fe**/Fe?* because
of atomic substitution of Mn2* for Fe?* (Amthauer, 1980;
Czank, 1981). However, other effects induced by struc-
tural Mn become apparent in the low-temperature Moss-
bauer spectra of babingtonite. First, the magnetic hyper-
fine splitting parameter, H, determined from the 4.2-K
spectra decreases in the sequence Winchester— West
Springfield-Japan—-Pennsylvania—Norway (Table 4), which
almost matches the order of increasing Mn contents of
the babingtonite samples (Table 1). Second, temperatures
of magnetic ordering between neighboring iron atoms are
reduced by Mn. Thus, the two babingtonite samples from
Massachusetts with relatively low Mn contents (0.72-0.82
wt% MnQ) have higher T, values than the Japanese
(3.83% MnQ), Pennsylvanian (5.39% MnO), and Nor-
wegian (4.12% MnO) babingtonite. Norwegian babing-
tonite has the lowest T, value (14.5 K) of the five spec-
imens studied, including the Pennsylvanian specimen with
a higher MnO content, suggesting that factors other than
Mn concentration influence magnetic ordering tempera-
tures. One such factor may be the frequency of chain
periodicity faults that were reported to be higher in the
Norwegian skarn babingtonite than in specimens from
hydrothermal veins in Massachusetts (Czank, 1981). As
Figure 1 shows, faults disrupt the ordered sequences of
Ca?*, Fe**, and Fe?*, and alter the periodicities of adja-
cent Fe atoms. This also occurs when Mn?* substitutes
for Fe?*. Czank (1981) noted a difference in Mn content
between these babingtonite samples and suggested that
the higher CPF frequency of the Norwegian babingtonite
sample may be caused by the higher Mn content. By this
criterion, the Pennsylvanian and Japanese skarn babing-
tonite that also possess high Mn concentrations might be
expected to have high CPF densities. However, no
HRTEM data are available for these two babingtonite
samples to assess the relative importance of Mn-induced
CPFs and Mn?*-Fe?* substitution on magnetic ordering
interactions.
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