American Mineralogist, Volume 76, pages 27-41, 1991

Mossbauer spectroscopy of synthetic and naturally occurring staurolite

M. DarBy DyAR, CHRYL L. PERRY, CAROLYN R. REBBERT
Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403, U.S.A.

BarBARA L. DUTROW

Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, U.S.A.

MicHAEL J. HoLDAWAY
Department of Geological Sciences, Southern Methodist University, Dallas, Texas 75275, U.S.A.

HEeLEN M. LaNG

Department of Geology and Geography, West Virginia University, Morgantown, West Virginia 26506, U.S.A.

ABSTRACT

Room temperature Mossbauer spectroscopic measurements of 23 natural and 12 syn-
thetic staurolite samples, the latter representing both Fe-Mg and Fe-Li solutions, dem-
onstrate that the majority of the Fe in all samples is Fe>* which occupies the Fel, Fe2,
and Fe3 subsites of the tetrahedral Fe site in an average ratio of 43/12/27. This model is
consistent with the H content of the samples where it is known. Additional Fe?* occupancy
averaging 11% of Fe,, in the sample occurs in some combination of the Al(3A), Al(3B),
U(1), and U(2) octahedral sites. Some “IFe3* (averaging 5% in natural and 8% in synthetic
samples) is also present, probably replacing Al in the Si site. A poorly resolved doublet
with a mean isomer shift of 0.89 mm/s (9% of Fe,,,), possibly representing a charge transfer
doublet, is also observed in approximately half the samples. Mossbauer parameters of the
various sites do not vary systematically with composition and appear to be independent
of next nearest neighbor effects (except in the case of H). These results corroborate previous
structure refinement data on the existence of three major Fe subsites and provide direct
evidence of minor Fe occupancy in the octahedral sites.

INTRODUCTION

The mineral staurolite has long maintained its repu-
tation as a crystal chemical puzzle. Much of the difficulty
lies in accurately determining the locations and amounts
of different atomic species within the crystal structure.
The basic structure as determined by Naray-Szabé (1929),
Hurst et al. (1956), and Smith (1968) consists essentially
of layers of kyanite composition alternating with iron alu-
minum hydroxide monolayers along the b crystallograph-
ic direction. It has been well established (e.g., Smith, 1968,
Griffen and Ribbe, 1973; Holdaway et al., 1986b; Stahl
et al., 1988) that the composition of the kyanite layer is
essentially pure ALSiO; and that the sites are fully oc-
cupied. However, within the monolayer, numerous sites
are available for cation substitutions and are character-
istically only partially occupied (Smith, 1968; Takéuchi
et al., 1972). One unit cell contains two each of the oc-
tahedrally coordinated Al(3A), AI(3B), U(1), and U(2)
sites, four of the tetrahedrally coordinated Fe sites, and
four each of the proton sites P(1A), P(1B), H(2A), and
H(2B) (Fig. 1). The P and H designations for the H sites
are used interchangeably. For simplicity we propose
abandonment of the H nomenclature from the literature
(the P designation has historical precedence) by renaming
of the H(2A) and H(2B) sites to P(2A) and P(2B), respec-
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tively; this convention will be used here. Also note that
the nomenclature for crystallographic sites follows the
conventions established by Smith (1968).

No one analytical method can uniquely determine cat-
ion site assignments; rather, the results of different tech-
niques must be brought to bear in unravelling the crystal
chemistry of staurolite. For example, the similarity in
X-ray scattering factors for Mg and Al makes separate
site assignments of these species ambiguous (Smith, 1968).
A similar difficulty exists in distinguishing between Mg
and Li, ;Fe,; for both X-ray and neutron diffraction ex-
periments (Stihl et al., 1988). H contents are often not
determined, yet the presence of H has been postulated to
affect the occupancy of both the Fe site (Takéuchi et al.,
1972; Holdaway et al., 1986b) and the Al(3) site (Donnay
and Donnay, 1983; Holdaway et al., 1986b). Neutron
diffraction studies have located the protons at the four
sites mentioned above (Takéuchi et al., 1972; Stdhl et al.,
1988). Li and Zn contents are also often not determined,
although they may be important constituents of staurolite
(Dutrow et al., 1986; Holdaway et al., 1986b). Minor
elements such as Ti, Mn, Co, and Cr occur in such small
quantities that they can be assigned to a number of dif-
ferent sites without producing a significant difference from
the observed X-ray electron densities (Stahl et al., 1988).
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Fig. 1. The positions of Fel, Fe2, and Fe3 subsites with re-
spect to the H sites are shown here along with the Al(3A) and
Al(3B) sites (after Takéuchi, 1972). The atomic coordinates of
the Fe subsites were determined by Alexander (1989) to be
(0.3778,0,0.2497), (0.4027,0,0.2783), and (0.3994,0,0.2291) for
Fel, Fe2, and Fe3, respectively. Note that the Fel site, which is
occupied by Fe?+ when the P sites are unoccupied, is (therefore)
the closest to those sites. Occupancies of P(2A) and P(2B) are
low relative to P(1A) and P(1B) (Tagai and Joswig, 1985)

To determine site occupancies of minor elements, other
methods such as optical spectroscopy (Ward, 1984) and
synthesis of staurolite rich in minor elements (e.g., Phil-
lips and Griffen, 1986) must be employed.

Fe also poses problems for assignment to specific sites.
Numerous Mdossbauer studies of staurolite are internally
consistent (Table 1), but the interpretation of the spectra
and assignment of the doublets to particular cation sites
is debatable. Bancroft et al. (1967), Smith (1968), Reg-
nard (1976), and Phillips and Griffen (1986) all consider
the majority of the Fe?* to be in the tetrahedral Fe site
with approximately 25-40% in two or more octahedral
sites. The isomer shifts (IS) (6 = 0.92-1.05 mm/s) and
quadrupole splittings (@S) (A = 1.03-1.53 mm/s) report-
ed as octahedral tend to be low for sixfold coordination,
but Bancroft et al. (1967) noted that the octahedral Al(3)
sites are very distorted. Such distortions tend to decrease
the values of the Mossbauer parameters. Smith (1968)
demonstrated that such an assignment is reasonable based
on the interatomic distances and population factors of
his X-ray structure refinement. Phillips and Griffen (1986)
found these parameters to be comparable to those for
BFe2+ in an ilvaite (6 = 0.95 and 1.15 mm/s).

Alternatively, Dowty (1972) assigned both doublets
observed in his samples to “/Fe?+, because the IS, which
do not differ appreciably, are both typical of fourfold co-
ordination. Although the staurolite crystal structure con-

tains only one tetrahedral Fe site, he suggested that the
occurrence of more than one tetrahedral ferrous doublet
must be the result of Fe atoms arrayed among the three
centers of displacement of the Fe site as described by
Smith (1968). Likewise, Alexander (1989), who complet-
ed an X-ray and Mdssbauer study of a natural staurolite,
confirmed the presence of at least three Fe subsites to
which she assigned three of her resolved doublets. In ac-
cord with the ideas of Holdaway et al. (1986b) and Stahl
et al. (1988), Alexander (1989) ascribed the presence of
three Fe subsites to interactions between Fe?+ and H*.
The most populated site, Fel, is closer to the Al(3) oc-
tahedral chain, because both P(1A) and P(1B) are vacant.
The Fe3 site is the next most populated site and corre-
sponds to the presence of a proton at P(1B). Fe2, the least
populated site, is associated with a proton at P(1A) (Fig.
1).

Temperature dependence of the inner doublets has been
used to support as many different interpretations as work-
ers who have noted it (Dowty, 1972; Regnard, 1976;
Scorzelli et al., 1976; Sharma et al., 1987; Alexander,
1989). Dowty (1972), employing the work of Gibb (1968),
noted that such a temperature dependence is not antici-
pated for distorted “'Fe2+ but is consistent for “Fe?*.
Scorzelli et al. (1976) agreed that a permanently distorted
octahedral site should not show such variations in QS
with temperature. However, they calculated an activation
energy for the process which is on the order of those for
electron transfer mechanisms. They further argued that
the decreased intensity of the inner doublet with decreas-
ing temperature is the result of an actual disappearance
of that doublet due to a decreasing rate of electron ex-
change and the subsequent localization of the electron at
an anion vacancy. Phillips and Griffen (1986) disagreed
with both of the above studies and noted that the changes
in the Méssbauer parameters with temperature of ©Fe?+
in ilvaite are similar to those observed by Dowty (1972)
and are therefore consistent with ¥1Fe?+ in staurolite. On
the basis of recoil-free factors calculated from the tem-
perature dependence of their two ferrous doublets, Shar-
ma et al. (1987) concluded that their inner doublet is the
result of an impurity and therefore all the Fe?* is in one
tetrahedral site. Alexander (1989) observed, however, that
the shifts which result from temperature changes are
within the errors she cited for peak positions and so are
not a reliable basis on which to propose assignments.

A few studies reported the possible presence of Fe’+
and estimated that it composes 2—5% of Fe,,, in staurolite
(Dowty, 1972; Regnard, 1976; Phillips and Griffen, 1986).
Varma and Varma (1987) interpreted two of their four
doublets as the result of ¥Fe?*+, but gave no basis for the
assignment. Sharma et al. (1987) assumed that the ferric
doublet which accounts for 6% of the total spectrum area
is the result of an impurity. Alexander (1989) assigned
her fourth doublet to ©'Fe3+ based on an IS of 0.60 mm/
s, but from her published spectrum the IS appears to be
closer to 0.20 mm/s and thus corresponds to “/Fe3+,

The purpose of this study is to clarify the site assign-
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TasLE 1. Previous Méssbauer studies of staurolite
Site 1 Site 2 Site 3 Site 4
Reference 1S QS assignment 1S QS assignment Is QS assignment s QS assignment
Bancroft et 0.97 2.30 “IFe* 1.05 1.30 ©Fe?* — — —
al., 1967 097 2.29 WFe?+ 1.01  1.25 GFe2+ - - — =
Smith, 1968 0.97 2.33 “IFe*+ 0.99  1.53 BIFe> (AI3, U) - - —= =
Dowty, 095 2.30 “Fe? 1.03  1.30 “Fe> o
1972 0.95 2.29 “IFg> 099 1.25 HFe> - - — =
096 2.33 “Fe* 0.98 1.53 WFe2+
097 2.35 “Fe 0.99 1.56 “Fe?+ - - - -
Takéuchi 1.21 2.41 WFe* —_ - - - - -
etal.,
1972
Scorzelli et 0.93 2.23 “Fe?+ 0.94 1.25CT Fe?* - = —
al., 1976
Regnard, 0.94 2.38 “IFe> 0.95 1.80 ©IFe?* (AI3) 0.92 1.03 EIFe? (Al3) - -
1976
Dzhemai, 099 249 097 150 1.08 0.70 —_ =
19788a
Dzhemai, 086 227 088 1.85 084 137 0.87 0.83
1978b 086 2.31 088 1.91 087 1.28 090 0.71
086 251 086 2.16 1.25 152 083 0.88
088 238 089 2.05 086 1.34 090 0.72
089 252 090 225 092 1.66 096 0.77
089 244 090 212 090 1.29 093 0.3
090 247 090 221 094 1.84 097 0.93
092 257 093 221 095 1.64 096 0.74
092 240 096 1.96 093 1.18 090 0.80
093 253 094 223 096 1.76 1.02 0.84
093 250 094 220 092 1.69 094 091
093 249 093 221 095 1.70 099 0.80
093 245 093 213 091 133 096 0.74
099 249 099 213 097 1.50 1.08 0.76
1.02 250 1.01  2.05 1.00 1.39 1.01 072
Philips and  0.97 2.35 “Fe?* 1.05 1.20 ©Fe?* (A3, U) - - = =
Giriffen,
1986
Varma and 1.02 2.18 “Fe?r 0.98 1.63 EnaFg2+ 1.11  0.68 CFe** 0.16  0.58 CIFe’*
Varma, 1.05 2.11 WFe?* 1.04  1.63 oraFg?r 1.16  0.68 CFe** 0.20 0.63 GFe*
1987 1.03  2.16 “Fe?* 0.97 1.66 enaFe?+ 1.14  0.69 CFe** 0.18 0.58 IFe™
1.08 2.02 “Fe>* 1.04  1.48 GMFe?+ 1.12  0.65 ©Fe* 0.23  0.66 FFe*
Sharma et 098 2.34 IFe?+ 0.97  1.31 Fe** impurity —_— 0.18  1.05 Fe** impurity
al., 1987 096 2.38 “IFe?* 0.85 1.53 Fe?* impurity —_ - 0.21  0.91 Fe** impurity
Alexander, 096 2.50 “Fe?* (Fe2) 0.98 2.13 “Fe?** (Fet) 092 1.17 “WFe?* (Fe3) 0.60 0.83 @Fe* (Al3)
1989

ments and occupancies of Fe in staurolite. We will show
that the study of a wide compositional range of samples
at a single (room) temperature clarifies peak assignments
in a way in which variable temperature studies of single
specimens cannot.

METHODS
Samples

Madossbauer spectroscopic measurements have been
made on a suite comprising 12 synthetic and 23 natural
staurolite samples (Table 2). These included a series of
five Fe-Mg (Rice, 1985) and seven Fe-Li synthetic stau-
rolite solutions (Dutrow, 1991), four natural staurolite
samples from a site at Hunt Valley, Maryland (Lang,
1986), and 19 samples included in or relating to earlier
studies (Holdaway et al., 1986a, 1986b). Some of the lat-
ter samples were provided by Douglas Rumble, III and
by Jeffrey Grambling. Information on locality and assem-
blage, and references for these and other staurolite sam-
ples included in this study are summarized in Table 2.

Natural mineral separates were prepared by crushing
and sieving the rocks to 100-325 mesh or <325 mesh,
followed by repeated elutriation to remove dust and fines.
Samples prepared at Southern Methodist University
(SMU) were centrifuged with methylene iodide to remove
minerals with density <3.3, followed by separation with
a Frantz isodynamic separator. Samples prepared at the
University of Oregon were also magnetically separated,
followed by hand picking to remove impurities. Natural
samples are therefore estimated to be better than 97.5%
pure. The products of synthesis experiments were checked
for yield using refractive oils and are estimated to be at
least as pure as the natural separates. Mossbauer analysis
found no trace of Fe-bearing impurities in any natural or
synthetic samples (detection limit is 1% of Fe,,, in a sam-
ple).

Microprobe analyses

Microprobe analyses (Table 3) of the natural samples
were obtained using an automated JEOL-733 microprobe
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Reference
Locality Assemblage + Qtz (except EH-6)* or source Comments

356-1 Bashbish Falls, Connecticut Bt + Gt + Chl + Pl + Ep + Zen (1981) ~3H

Ilm + Mg + Gr + Ms
EH-6 Emery Hill, New York Bt + Gt + Chl + Ged + Cum + Tracy ~3H

Sil + Crn + Mag
B14040 Pizzo Forno, Switzerland Bt + Pg + Ky + Ms Smithsonian ~3H
117189 Stratford, North Carolina Nearly pure St, Gah + Ms Smithsonian ~3H, high Zn
6-3 East Winthrop, Maine Bt + Gt + Sil + Pl + lim + Ms Holdaway ~3H, high Li
3-3 West Sidney, Maine Bt + Gt + Chl + Crd + And + Ilm + Ms  Osberg (1971) ~3H
11441 Byron, Maine Bt + Gt + Chi + llm + Gr + Ms Holdaway ~3H, high Li
53-2 East Dixfield, Maine Bt + Gt + Sil + llm + Gr + Ms Holdaway ~3H
ER-70 Errol quad, New Hampshire Bt + Gt + Ilm + Ms Green (1963) ~3H
117183 Fannin County, Georgia Nearly pure St, Bt + Ms Smithsonian ~3H
82TP9 Truchas Mountains, New Mexico Bt + Hem + And + Gt + Ms Grambling ~3H, high Zn
82TP9A Truchas Mountains, New Mexico Bt + Hem + And + Gt + Ms Grambling ~3H
203 Embden, Maine Bt + Gt + Ilm + And + Ms + Gr Holdaway ~3H
Hv-4 Hunt Valley, Maryland Bt + Mag + Gt + limHem + Chl + Ms Lang ~3H

+ Pl
HV-10 Hunt Valley, Maryland Bt + Po + Gt + llm + Ms + Pl Lang ~3H
HvV-112 Hunt Valley, Maryland Bt + Mag + Gt + limHem + Ms + PI Lang ~3H
HV-116 Hunt Valley, Maryland Bt + Mag + Gt + limHem + Ms + PI Lang ~3H
77-55C Truchas Mountains, New Mexico And + limHem + Ms Grambling ~4H, high Li
71-60E Black Mountain, New Hampshire Chl + Cld + llmHem + Mag + Ms Rumble (1978) ~4H
71-62R Black Mountain, New Hampshire Chl + Cld + fimHem + Mag + Ms Rumble (1978) ~4H
71-62U Black Mountain, New Hampshire Chl + Cld + Ky + llmHem + Mag + Ms Rumble (1978) ~4H
71-62T Black Mountain, New Hampshire Chl + Cld + Ky + limHem + Mag + Ms Rumble (1978) ~4H
71-62B Black Mountain, New Hampshire Cld + Ky + limHem + Mag + Ms Rumble (1978) ~4H

Synthesis conditions

Fe100 u.B.C. 15Kb, 720C, graphite furnace Rice Fe:Mg = 100:0
Fe90 U.B.C. 15Kb, 720C, graphite furnace Rice Fe:Mg = 90:10
Fe80 U.B.C. 15Kb, 730C, graphite furnace Rice Fe:Mg = 80:20
Fe70 U.B.C. 15Kb, 720C, graphite furnace Rice Fe:Mg = 70:30
Fe60 u.B.C. 15Kb, 720C, graphite furnace Rice Fe:Mg = 60:40
FelLi-40-2 F.R.G. 15Kb, 720C, FMQ Dutrow Fe:Li:Al:Si = 4.0:0.0:18.0:7.5
FelLi-40-4  F.R.G. 30Kb, 720C, IW Dutrow Fe:Li:Al:Si = 4.0:0.0:18.0:7.5
FelLi-35-3 F.R.G. 30Kb, 720C, IW Dutrow Fe:Li:Al:Si = 3.5:0.5:18.08:7.5
LiAl-25-1 F.R.G. 30Kb, 720C, IW Dutrow Fe:Li:Al:Si = 2.5:1.5:17.93:8.0
FeMg-22-2 F.R.G. 30Kb, 720C, FMQ Dutrow Fe:Mg:Al:Si = 2.0:2.0:18.0:7.5
FeLi-225-1 F.R.G. 30Kb, 720C, IW Dutrow Fe:Li:Al:Si = 2.2:1.7:18.58:7.5
LiAl-767-2 F.R.G. 30Kb, 720C, IW Dutrow Fe:Li:Al:Si = 3.0:1.0:17.767:8.0

Note: U.B.C. and F.R.G indicate that the staurolite samples were synthesized at the University of British Columbia and the Ruhr Universitét, Bochum,

Germany. IW = iron-wiistite buffer; FMQ = fayalite-magnetite-quartz buffer.

* imHem = hematite-bearing ilmenite.

at SMU and methods described in Holdaway et al.
(1986b). Microprobe analyses were not available for the
synthetic staurolite samples because of analytical diffi-
culties related to their small grain size. Starting compo-
sitions are listed in Table 2.

Maossbauer analyses

Samples were mixed with sugar by hand under acetone
(to minimize possible oxidation of Fe) to insure a ran-
dom, thin distribution of sample within the holder. Initial
sample quantities of synthetic samples were low (approx-
imately 20-30 mg, in contrast with the 150-300 mg used
in the mounts of natural samples) making measurement
of high quality Mossbauer spectra difficult. Thus, spectral
fits for the synthetic samples have generally higher errors.
Nevertheless, the Fe content in the sample mounts of
synthetic staurolite corresponds to about 0.4-0.8 mg FeO/
cm? (compared with an ideal value of 7 mg FeO/cm?; see
Dyar, 1984 for details) which does yield statistically ac-
ceptable data if data are collected over a long period.

Mossbauer measurements were recorded in 1024 chan-
nels of a constant acceleration Austin Science Associates
spectrometer (Dyar et al., 1989). A source of 50-30 mCi
57Co in Pd was used; results were calibrated against a-Fe
foil of 6 um thickness and 99.99% purity. The program
Stone (Stone et al., 1984) was used to fit the spectra on
personal computers. This program uses a Gaussian non-
linear regression procedure with the capability to con-
strain any set of parameters. Lorentzian line shapes were
used for resolving peaks. This assumption was tested on
two different spectra by fitting with peaks of increasing
percentages of Gaussian component. No improvement in
the statistics of those fits was observed within the known
errors of the technique, nor was any significant change in
peak areas noted. Therefore the addition of a Gaussian
component to peak shapes was not utilized subsequently.
Results are summarized in Table 4.

Initial fits of the staurolite spectra, in which two Fe?+
doublets were fit with peak positions unconstrained and
widths and areas constrained in pairs, resulted in Moss-
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bauer parameters similar to those of Bancroft et al. (1967).
However, a broad inner doublet and an unsatisfactory x2
value seemed to indicate the presence of more than these
two doublets (Fig. 2). For these reasons, and because some
previous workers have been successful in resolving three
(Regnard, 1976) and recently four (Varma and Varma,
1987; Alexander, 1989) doublets in staurolite spectra,
successive fits were resolved with three and then four
doublets. In spectra with a distribution of peak areas re-
quiring additional peaks in the low velocity regions, es-
timated peak positions corresponding to Fe3+ were intro-
duced into the fitting procedure. Because peak overlap
with tespect to the Fe’+ doublets was often quite pro-
nounced, attempts were made to fit several spectra both
with and without Fe*+ in order to confirm or refute its
presence. In all cases where this test was attempted, in-
dividual spectra could be fit only with or without an Fe3+
doublet, not both ways. It is therefore extremely unlikely
that the Fe*+ doublet is an artifact of the method or the
fitting procedure.

As additional doublets were added, the overall appear-
ance of the fits (Fig. 2), as well as the values for the x?
and misfit parameters (Table 5), continued to improve
but were still not entirely satisfactory. For this reason,
five doublet fits were attempted. The five doublet fits ini-
tially converged only with all peak positions constrained,
but as these constraints were gradually released, statistical
parameters improved. Final five doublet fits have all peak
widths constrained to be equal to one another and areas
constrained in pairs; all peak positions are unconstrained
(Fig. 2). Because of the heavily overlapped nature of the
doublets, it was not possible to obtain converged fits with
fewer constraints on widths and areas.

Error analysis is particularly important to this study
because of the multiple, heavily overlapped peaks in these
complicated spectra. The precision of Méssbauer mea-
surements has been examined using both synthetic (Dol-
lase, 1975) and experimental (Dyar, 1984) data. The for-
mer approach evaluates the statistical quality of a given
peak parameter based on the formula

2Area/n\/(Baseline x Width),

where peak area and width are given in channel numbers.
Use of this formulation, which assumes that all peaks in
a spectrum are isolated, yields the errors tabulated in the
top half of Table 6 for spectra typical of both natural and
synthetic samples. For good quality spectra with isolated
peaks, these error estimates are generally smaller than the
experimentally determined errors found by Dyar (1984).
Using replicate analyses of a single standard sample of
grunerite with slightly overlapping peaks, she found re-
producibilities of +0.02 mm/s for peak positions, +0.02
mm/s for widths, and +1.6% of the total area for peak
areas. Note that these measurements are standard devi-
ations in the units of measurement and not percentage
errors as are given in Table 6.

Additional error is introduced into the peak area data,
however, by the overlap of the peaks in the spectra. Dol-

lase (1975) provided a method for estimating the effect
of peak overlap on errors in parameter determination.
These calculations have been performed on the same two
spectra treated above. Table 6 shows the increased errors
which are introduced as a result of peak overlap. In this
study, good quality data could be obtained only for the
natural samples for which sufficient specimen quantities
were available. In the spectra of the natural samples, peaks
that are not heavily overlapped (e.g., those at the high
velocity end of the spectra) have errors roughly compa-
rable to those for isolated peaks as would be expected.
Overlapped peaks have slightly higher errors for good
quality data, and considerably higher errors in the lower
quality spectra of synthetic samples. However, it is grat-
ifying to note that the variances about the mean values
of Mossbauer parameters for both the natural and syn-
thetic samples are extremely small (Table 4). Considering
that peak positions have not been constrained, such con-
sistency is remarkable. Standard deviations for IS (6) and
QS (A) range from 0.01 to 0.07 mm/s for 6 and 0.06 to
0.20 mm/s for A. These errors are probably reasonable
estimates for application to synthetic staurolite spectra;
smaller standard errors of +0.03-0.05 mm/s should be
used for spectra of natural staurolite. In summary, the
Maossbauer parameters obtained by this study have a high
degree of reproducibility although the respective peak ar-
eas have the greatest inherent error.

RESULTS
Peak parameters

All spectra were fit with five doublets which represent
six distinct sites. Peak parameters of all spectra are sum-
marized in Table 4; typical spectra are shown in Figures
3, 4, and 5. Doublets 1, 2, and 3 are characterized by
similar (Fe?*) average IS of § = 0.98 = 0.01, 0.98 + 0.01,
and 0.97 + 0.02 mm/s respectively, and different average
QS (A =245 + 0.06,2.10 +£ 0.09, and 1.6 + 0.2 mm/
s). A disproportionate amount of the variation in these
parameters is contributed by the spectra of Fe-Li syn-
thetic staurolite samples which have the highest errors
because of small sample quantities. Relative areas for these
three doublets decrease from doublet 1 to doublets 2 and
3 with average relative areas of 43 + 7%, 27 = 5%, and
12 + 3%, respectively.

A fourth doublet with 6 = 1.07 + 0.07 mm/s and A =
0.8 = 0.1 mm/s also corresponds to Fe?* and will be
referred to as doublet 4. Its average relative areais 11 +
2%. Doublet 5, which represents Fe3+ in these samples,
has average 6 = 0.10 + 0.04 mm/s and A = 0.7 = 0.2
mm/s, with an average relative area of 7 + 3%. It is
difficult to assign a particular Fe species and site in the
staurolite structure to doublet 6 (see Discussion), which
hasa é = 0.89 + 0.04 mm/s and A = 0.93 £ 0.06 mm/s
and an average relative area of 9 + 1%. Those spectra
which have Fe occupancy in doublet 5 (Fe*+) show no Fe
occupancy in doublet 6 and vice versa; this mutual ex-
clusivity may be a consequence of overlap of these small
peaks.
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TaBLE 3. Cations per formula unit

Sample 356-1 EH-6 814040 117189 6-3 33 114-1 53-2
Si 7.712 7.590 7.664 7.730 7.806 7.623 7.617 7.493
Al 17.680 17.484 17.732 17.563 17.854 17.868 17.873 17.966
Ti 0.110 0.099 0.127 0.112 0.083 0.114 0.093 0.105
Cr 0.011 0.013 0.009 0.013 0.022 0.020 0.011 0.0187
\ 0.006 0.006 0.007 0.007 0.005 0.006 0.009 0.007
Co 0.007 0.007 0.004 0.005 0.004 0.004 0.007 0.004
Fe(1-3) 2.731 2.199 2.350 1.732 2.058 2.558 2.626 2.661
Fe4 0.268 0.353 0.293 0.271 0.248 0.319 0.328 0.337
Fe5 0.100 0.353 0.088 0.084 0.125 0.095 0.098 0.100
Fe6 0.337 0.087 0.293 0.062 0.075 0.319 0.328 0.337
Fe** 3.340 2.639 2.936 2.065 2379 3.197 3.282 3.334
Fe** 0.100 0.353 0.088 0.084 0.125 0.095 0.098 0.100
ZFe 3.440 2.992 3.024 2.149 2.504 3.292 3.380 3.434
Mg 0.691 1.676 0.926 0.810 0.373 0.789 0.560 0.608
Mn 0.012 0.026 0.049 0.036 0.100 0.114 0.017 0.054
Zn 0.048 0.062 0.059 1.316 0.201 0.037 0.060 0.050
Li 0.124 0.011 0.067 0.057 0.996 0.124 0.417 0.258
H* 2.996 2.836 3.294 3.097 3.304 2.670 2.900 2.962

Sample 77-55C 71-60E 71-62R 71-62U 71-62T 71-62B FE100 FESO
Si 7.563 7.683 7.670 7.607 7.594 7.592 8.000 8.000
Al 18.033 17.880 17.873 17.900 17.775 18.030 18.000 18.000
Ti 0.072 0.089 0.089 0.084 0.090 0.084 0.000 0.000
Cr 0.000 0.015 0.011 0.000 0.000 0.000 0.000 0.000
A 0.000 0.004 0.007 0.000 0.000 0.000 0.000 0.000
Co 0.000 0.009 0.007 0.000 0.000 0.000 0.000 0.000
Fe(1-3) 2.479 2.291 2.301 2.333 2372 2.421 3.224 2.830
Fe4 0.333 0.289 0.317 0.288 0.297 0.390 0.388 0.385
FeS 0.212 0.085 0.086 0.086 0.088 0.091 0.272 0.277
Fe6 0.090 0.231 0.258 0.249 0.266 0.212 0.116 0.104
Fe?* 2.902 2.837 2.875 2.883 2.937 3.025 3.728 3.323
Fe* 0.212 0.085 0.086 0.086 0.088 0.091 0.272 0.277
ZFe 3.114 2.922 2.961 2.699 3.025 3.116 4.000 3.600
Mg 0.073 0.326 0.284 0.449 0.465 0.350 0.000 0.400
Mn 0.028 0.080 0.054 0.052 0.056 0.038 0.000 0.000
Zn 0.006 0.018 0.049 0.037 0.026 0.025 0.000 0.000
Li 0.617 0.267 0.322 0.156 0.144 0.067 0.000 0.000
H* 4.090 4.148 4.159 4.283 4.562 3.993

Note: Stoichiometry is based on 48 O atoms, except where H was not determined. For those analyses, stoichiometry was based on Si + Al + Fe®*
+ 2Ti/3 — Li/3 = 25.57, and H, shown in parentheses, was estimated by subtracting the charge of the other ions from 96, leading to a 2 ¢ error of
0.8 ions in H. Fe(1-3), Fe4, Fe5, and Feb refer to the proportion of Fe consistent with Fe doublets in the Mdssbauer spectra, designated 1-6 in the

text.

Peak widths for all doublets in all spectra average 0.31
+ 0.03 mm/s and range from 0.25 to 0.40 mm/s. Because
peak widths were constrained to be equal for all five dou-
blets, no conclusions can be drawn regarding widths of
individual doublets.

DISCUSSION

Interpretation of the Mossbauer data presented in this
study necessitates the difficult task of correlating the dou-
blets observed in the Mossbauer spectra with the sites
available for Fe occupancy in the structure. As discussed
earlier, previous workers have been divided on the cen-
tral issue of assigning the innermost peaks of the spectra
to either tetrahedral or octahedral environments. It was
hoped that the compositional variation represented by
the specimens in this study would provide insight into
this issue by producing obvious correlations between ma-
jor element compositions and site occupancies. Although
such clues exist in our data base, their interpretation must

still be made in light of a number of crystal chemical
assumptions to be discussed.

Meossbauer doublet 1

The largest doublet in a Mgssbauer spectrum of stau-
rolite is universally assigned to the tetrahedral Fe site in
the structure and has an IS of 0.98 mm/s and a QS of
2.45 mm/s. Assignment of this doublet to tetrahedral co-
ordination, and therefore to the Fe site, on the basis of §
and A is consistent with parameters observed for Fe?* in
the tetrahedral sites in other minerals such as spinels
(Bancroft, 1973). However, if this doublet is interpreted
as indicating the only Fe site, then its area is anomalously
small (representing 0.86—1.90 atoms of Fe per formula
unit (pfu) based on 48 O atoms) relative to previous
workers’ predictions of Fe occupancy of that site that are
in the range of two to three atoms (even approaching four
atoms in synthetic iron staurolite) pfu (e.g., Smith, 1968;
Takéuchi et al., 1972). In part because it is the largest
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TasLE 3—Continued

ER-70 117183 82TP9 82TP9A 203 HV-4 HV-10 HV-112 HV-116
7.595 7.674 7.529 7.157 7.480 7.616 7.669 7.615 7.666
17.785 17.697 17.788 17.875 17.925 17.597 17.819 17.640 17.561
0.112 0.130 0.095 0.077 0.083 0.116 0.122 0.116 0.127
0.013 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.006 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.007 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2.764 2.505 1.499 1.848 2443 2.737 2.428 2.572 2,692
0.443 0.317 0.185 0.249 0.267 0.364 0.271 0.359 0.401
0.204 0.094 0.147 0.206 0.089 0.197 0.092 0.292 0.233
0.102 0.317 0.055 0.069 0.267 0.098 0.363 0.096 0.100
3.312 3.138 1.740 2.166 2.980 3.198 3.094 3.027 3.201
0.204 0.094 0.147 0.206 0.089 0.197 0.092 0.292 0.233
3.516 3.232 1.887 2.372 3.069 3.395 3.186 3.319 3.425
0.680 0.901 1.032 0.990 0.520 0.769 0773 0.929 0.856
0.067 0.052 0.453 0.325 0.072 0.026 0.022 0.057 0.021
0.056 0.047 0.814 0570 0.047 0.049 0.236 0.037 0.043
0.113 0.011 0.224 0.236 0.265 0.280 0.272 0.214 0.158
2.779 3.026 3.398 (3.806) 4.200 3.323 (2.583) 2.964 3.061
FE80 FE70 FEBO FL402 FL404 FL353 LA251 FM222 FL225 LA7672
8.000 8.000 8.000 7.500 7.500 7.500 8.000 7.500 7.500 8.000
18.000 18.000 18.000 18.000 18.000 18.100 17.900 18.000 18.600 17.800
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2,640 2.201 1.934 2.784 3.372 2.916 1.990 1.568 1.613 2.406
0.186 0.328 0.257 0.628 0.352 0.343 0.280 0.078 0.403 0.339
0.279 0.190 0.139 0.472 0.156 0.137 0.153 0.204 0.169 0.168
0.093 0.081 0.070 0.116 0.116 0.102 0.078 0.058 0.063 0.084
2.921 2.610 2.261 3.528 3.844 3.364 2,348 1.706 2,081 2.832
0.279 0.190 0.139 0.472 0.156 0.137 0.153 0.294 0.169 0.168
3.200 2.800 2.400 4.000 4.000 3.500 2.500 2.000 2.250 3.000
0.800 1.200 1.600 0.000 0.000 0.000 0.000 2.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.500 1.500 0.000 1.700 1.000

doublet, this site has the smallest standard deviations on
its positional parameters, although its area varies over a
statistically significant range from 26 to 62% of the total
peak area in the spectra.

Mossbauer doublets 2 and 3

Consistency with previous occupancy data based on
Maossbauer analyses can be obtained if doublets 2 and 3
of this study, with average parameters of 6 = 0.98 and
0.99 mm/s, and A = 2.10 and 1.59 mm/s, respectively,
are also assigned to Fe2+ in the Fe site. Such an interpre-
tation would corroborate the existence of the (at least)
three separate centers of displacement around the Fe site
first observed by Smith (1968) and later corroborated by
Bringhurst and Griffen (1986) and Alexander (1989).
However, this model raises some questions. (1) As point-
ed out by Alexander (1989), the precision of the X-ray
structure refinement may be questionable for such closely
spaced sites. In fact she suggests that more than three Fe
subsites may exist. (2) The interpretation of the M&ss-
bauer data is unclear because doublets 2 and 3 have been
shown by previous workers to have temperature depen-

dences that must be explained by tetrahedral Fe subsite
occupancy. Also, the Fe subsites may not be sufficiently
distinct geometrically to yield three such very distinct
Moassbauer doublets with well-defined parameters. In ad-
dition, the parameters for doublets 2 and 3 fall into a
range that may be interpreted to represent Fe?* in a high-
ly distorted octahedral environment, as discussed above.
The question of temperature dependence will not be ex-
plicitly treated here. There are many conflicting interpre-
tations, and a careful study involving temperature vari-
ations and resolution of five doublets would be required
to resolve the question. However, the latter two issues
involving the Mdossbauer data merit the following discus-
sion for clarification.

How distinct must sites occupied by Fe atoms in a
crystal structure be to yield resolvable doublets in a
Mossbauer spectrum? This issue has been the subject of
extensive debate, particularly for such phases as spinels
(Bancroft et al., 1983) and orthopyroxenes (Seifert, 1983).
For these phases partial QS (for spinels) and distinct pop-
ulations of nearest neighbor cations (for orthopyroxenes)
have been invoked to explain multiple peaks observed
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TaBLE 4. Staurolite peak parameters

Site 1 Site 2 Site 3

Sample 1S Qs A w s Qs A w 1S Qs A w
356-1 0.97 2.44 M 0.30 0.97 211 28 0.30 0.96 1.60 12 0.30
EH-6 0.98 241 43 0.32 1.00 2.04 21 0.32 0.99 1.43 11 0.32
B14040 0.97 247 37 0.28 0.97 217 30 0.28 0.97 1.72 13 0.28
117189 0.98 2.38 47 0.31 0.99 2.02 24 0.31 0.99 1.42 12 0.31
6-3 0.98 2.43 48 0.31 0.98 2.12 26 0.31 0.93 1.50 9 0.31
3-3 0.97 2.45 39 0.29 0.97 2.15 29 0.29 0.96 1.67 12 0.29
1141 0.97 243 43 0.32 0.97 2.12 26 0.32 0.95 1.61 1 0.32
53-2 0.97 2.45 38 0.30 0.97 2.15 30 0.30 0.96 1.66 11 0.30
ER-70 0.98 239 45 0.31 0.98 2.03 23 0.31 0.97 1.43 13 0.31
117183 0.97 245 37 0.29 0.98 2.14 30 0.29 0.98 1.69 12 0.29
82TP9 0.97 2.46 45 0.31 0.97 2.11 24 0.31 0.97 1.54 12 0.31
12TP9A 0.98 2.43 46 0.31 0.99 2.08 24 0.31 0.97 1.51 11 0.31
203 0.99 2.55 35 0.31 0.98 2.26 34 0.31 1.00 1.84 13 0.31
HvV-4 0.98 2.47 30 0.27 0.98 2.16 34 0.33 0.97 1.57 19 0.47
HV-10 0.97 2.44 38 0.29 0.98 2.14 30 0.29 0.97 1.68 12 0.29
HV-112 0.98 2.44 42 0.34 0.96 2.14 26 0.34 0.96 1.50 11 0.34
HV-116 0.98 247 26 0.25 0.98 2.16 34 0.31 0.98 1.58 21 0.45
77-55C 0.98 2.44 47 0.32 0.99 2.08 24 0.32 1.00 1.51 11 0.32
71-60E 0.98 2.53 46 0.28 0.98 2.17 23 0.28 1.00 1.74 1 0.28
71-62R 0.98 2.53 46 0.29 0.98 2.18 24 0.29 1.01 1.72 10 0.29
71-62U 0.98 2.53 47 0.29 0.98 217 23 0.2¢ 1.00 1.73 11 0.29
71-82T 0.98 2.53 46 0.29 0.98 2.16 23 0.29 1.00 1.72 1 0.29
71-62B 0.98 2.52 46 0.2¢ 0.98 2.16 23 0.29 0.98 1.70 11 0.29
Fe100 0.98 2.35 43 0.40 0.97 2.01 27 0.40 0.95 1.46 13 0.40
Fe90 0.99 2.39 4 0.32 0.98 2.02 28 0.32 0.98 1.55 12 0.32
Fe80 0.99 2.35 50 0.36 0.99 1.91 21 0.36 0.95 1.32 14 0.36
Fe70 0.97 2.46 37 0.32 0.98 2.12 30 0.32 0.97 1.59 14 0.32
Fe60 0.97 2.38 45 0.34 0.98 2.00 24 0.34 0.97 1.46 14 0.34
Feli-40-2 0.96 245 35 0.36 0.99 2.07 23 0.36 0.96 1.57 13 0.36
Feli-40-4 1.05 2.55 37 0.37 1.03 2.14 36 0.37 0.94 1.84 13 0.37
Feli-35-3 1.00 2.54 34 0.35 1.00 2.20 37 0.35 0.96 1.76 14 0.35
LiAI-25-1 0.97 2.52 46 0.30 0.97 2.17 24 0.30 0.97 1.69 8 0.30
FeMg-22-2 0.98 2.32 54 0.40 0.97 1.76 18 0.40 1.04 1.02 8 0.40
Feli-225-1 0.98 2.46 46 0.32 0.99 2.11 27 0.37 — — - —_
LiAI-767-2 0.97 2.44 62 0.36 0.97 1.97 20 0.36 — — — —
AVG 0.98 2.44 42 0.32 0.98 2.08 27 0.33 0.97 1.55 13 0.34
§TD 0.02 0.05 7 0.04 0.01 0.09 5 0.03 0.02 0.16 3 0.05

Note: IS = isomer shift, QS = quadrupole splitting, parameters relative to metallic Fe foii and given in units of mm/s. A = % area of doublet relative
to Fe,., W = width of peaks in mm/s. CHI2 = chi-squared value for fit, %MIS = percent misfit, and %UNC = percent uncertainty, the latter two after
the convention of Ruby, 1973. AVG = average of all samples excluding (—); STD = standard deviation. Due to their small size and overlap with
adjacent peaks, both doublets 5 and 6 could not be resolved in any one spectrum. Threshold values of 3% of Fe,, can probably be safely assumed
for all undetected sites in this table. Calculated formula units given in Table 3 reflect these minimums.

for a single site in Mossbauer spectra. These two mineral
groups provide a precedent for assigning multiple dou-
blets to represent subsites of a single crystallographic site
in a mineral, such as may be the case in staurolite.

An opposite problem is encountered for most Fe-bear-
ing members of the amphibole group, in which four dis-
tinct sites (M 1-M4) occupied by Fe are known from crys-
tal structure refinements but in which only two doublets
are resolved in Moéssbauer analysis (e.g., Hawthorne,
1981a). Why can multiple doublets be resolved for sub-
sets of single sites in some minerals, while in other min-
erals multiple sites cannot even be resolved?

Hawthorne (1976, 1978) gave a partial answer to this
question by applying a method for evaluating the distor-
tion produced by variation in bond lengths and angles for
a given site (in amphiboles, in particular). Quantitative
estimates of the deviation of a crystallographic site from
ideal geometry may be calculated from the bond angles
and interatomic distances between a cation and its sur-

rounding O atoms. The resulting parameters are termed
angle variance (based on bond angles) and polyhedral dis-
tortion (based on bond lengths). For amphiboles, an in-
verse correlation is observed between the so-called vari-
ance and distortion parameters of the M2—-M4 sites. These
two effects may cancel so that three peaks cannot be re-
solved. For comparison, we calculated variance and dis-
tortion parameters for the three postulated Fe subsites in
staurolite based on atomic positions given by Alexander
(1989); the results are shown in Table 7. This calculation
is at best only an approximation because averaged O po-
sitions must be used [rather than the shifts in the O po-
sitions undoubtedly present but difficult to resolve by
X-ray diffraction (XRD) considering the reduced scatter-
ing power of O]. However it does reflect the greater dis-
tortion for lesser and lesser occupied subsites. For stau-
rolite, the variance and distortion parameters are
positively correlated, strongly implying that the sites may
be sufficiently distinct to yield different Mossbauer dou-
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TaBLE 4— Continued

Site 4 Site 5 Site 6
s Qs A w 18 Qs A w s Qs A w CHi2 %MIS %UNC
1.1 0.89 8 0.30 — — — — 0.88 0.93 10 0.30 518 0.002 0.002
1.09 0.63 12 0.32 0.12 0.90 12 0.32 — — — — 530 0.007 0.003
1.10 0.97 10 0.28 — - — - 0.86 1.10 10 0.28 518 0.003 0.002
1.02 0.79 13 0.31 0.08 0.71 4 0.31 — — — - 516 0.004 0.004
1.01 0.75 10 0.31 0.06 0.71 5 0.31 - — — — 534 0.013 0.006
1.09 0.92 10 0.29 — — — — 0.86 0.97 10 0.29 529 0.012 0.006
1.08 0.89 10 0.32 — - — — 0.86 0.91 10 0.32 535 0.010 0.004
1.10 0.91 10 0.30 — — — — 0.86 0.94 10 0.30 522 0.005 0.003
1.06 0.69 13 0.31 0.08 0.80 8 0.31 — — —_ = 522 0.005 0.003
1.10 0.96 10 0.29 — — — — 0.87 0.97 10 0.29 533 0.008 0.004
1.04 0.73 10 0.31 0.15 0.58 8 0.31 — — — = 520 0.008 0.006
1.06 0.77 11 0.31 0.07 0.77 9 0.31 — — e — 513 0.001 0.008
1.17 0.96 9 0.31 — — — — 0.87 0.92 9 0.31 526 0.013 0.007
1.08 0.70 11 0.35 0.07 0.84 6 0.27 — — — — 527 0.004 0.002
1.10 0.95 10 0.28 — — — — 0.86 0.96 12 0.29 518 0.004 0.003
1.08 0.68 1 0.34 0.25 0.4¢9 9 0.33 — e — — 513 0.001 0.001
1.08 0.85 12 0.35 0.08 0.85 7 0.30 — — —_ — 518 0.002 0.001
1.09 0.70 11 0.32 0.1 0.90 7 0.32 — — — — 523 0.006 0.004
1.18 0.91 10 0.28 — — — — 0.91 0.89 8 0.28 535 0.013 0.005
1.20 0.87 11 0.29 - - — - 0.95 0.88 9 0.29 526 0.009 0.005
1.19 0.88 10 0.29 — — — — 0.94 0.88 9 0.29 519 0.003 0.002
1.20 0.88 10 0.29 - — - - 0.95 0.88 9 0.29 526 0.006 0.003
1.13 0.84 13 0.29 — — — — 0.85 0.84 7 0.29 522 0.007 0.004
1.05 0.74 10 0.40 0.06 0.80 7 0.30 — — — - 520 0.006 0.006
1.07 0.83 11 0.32 0.06 0.69 8 0.23 -— — — — 539 0.063 0.024
1.02 0.53 6 0.36 0.08 0.83 9 0.25 — — — 547 0.072 0.026
1.04 0.84 12 0.32 0.12 0.51 7 0.32 — — — 519 0.016 0.012
1.01 0.84 11 0.34 0.09 0.68 6 0.34 — — — — 514 0.003 0.005
1.07 0.76 16 0.36 0.14 0.62 12 0.36 — —_ = 527 0.012 0.006
0.98 1.07 9 0.37 0.19 1.17 4 0.37 — 514 0.002 0.005
0.98 1.05 10 0.35 0.22 1.1 4 0.35 — — — — 520 0.016 0.014
1.01 0.83 11 0.30 0.10 0.51 6 0.30 — 516 0.005 0.005
1.06 0.58 4 0.40 0.05 0.64 15 0.40 - - — — 529 0.088 0.049
0.91 1.11 19 0.47 0.09 1.05 8 0.27 — - — — 601 0.115 0.024
0.96 1.09 12 0.36 0.14 1.20 6 0.36 - — — — 539 0.039 0.015
1.06 0.83 11 0.33 0.1 0.79 8 0.32 0.89 0.93 9 0.29 527 0.019 0.009
0.05 0.15 3 0.04 0.05 0.20 3 0.04 0.04 0.06 1 0.01 17 0.029 0.010

blets. In other words, the electric field gradient at each of
the Fe atoms in the three Fe subsites differs significantly.
The reasons for such variance are discussed below.
Assignment of doublets 1, 2, and 3 to the three subsites
of Fe is consistent with the substitutions represented by
the compositional variation in our data. For example,
consider the Fe site occupancies of synthetic samples with
variable Fe-Mg ratios (Fig. 6). In the Fel00 synthetic
sample with 100% Fe and no Mg, occupancies of the
three Fe subsites are 1.7, 1.1, and 0.5 formula units (cor-
responding to doublets 1, 2, and 3, respectively). If it is
assumed that Mg substitutes mainly into the Fe site as
proposed by Holdaway et al. (1986b) and Alexander
(1989), then as Mg content increases, Fe content decreas-
es concomitantly in doublets 1, 2, and 3 as long as these
sites all represent subsites of Fe. Indeed, as Mg increases
the percentage of Fe,, in each site remains relatively con-
stant, but the number of formula units of Fe in each Fe
subsite decreases proportionally. For sample Fe60, for-
mula units of Fe in doublet 1 decrease to 1.1, which is
65% of 1.7. Doublet 2 and 3 occupancies decrease to 0.6
and 0.3 or 54% and 60% of their original contents. Thus
there is a good correlation between the addition of Mg to

the Fe site and the proportional reduction of Fe?+ occu-
pancy in doublets 1, 2, and 3. Although this point should
not be overstated owing to considerable noise in the data
(attributable to large errors in the spectra of the synthetic
staurolite samples as discussed above), there is no ques-
tion that the total Fe in doublets 1, 2, and 3 decreases as
Mg is added. Such a variation would be likely if doublets
1, 2, and 3 represent the three subsites of the tetrahedral
Fe site. Fe and Mg apparently have similar preferences
for partitioning among the three subsites, as might be
expected for cations of identical charge and similar size.

Which Méssbauer doublets correspond to which of the
three Fe subsites? Alexander (1989) makes the following
assignments based on the peak areas of her Mdssbauer
spectra and on subsite occupancies determined by XRD
data:

ART Assign-

(mm/s) % Area  ment Other occupied sites
2.50 23 Fe2 P(1A) AI(3B)
2.13 40 Fel Al(3A) AI(3B)
1.17 31 Fe3 P(1B) Al(3A)

Fe3 is expected to be more occupied than Fe2 because
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Fig. 2. Mossbauer spectra of Hunt Valley sample HV-4 showing improvement of model with the addition of doublets to the

fits. Parameters of these fits are given in Table 5.

Fe3 is associated with occupancy of P(1B) [and P(1B) is
in turn related to the occupancy of Al(3A)]. Al(3A) is
usually more occupied than Al(3B), and thus, P(1B) should
be more occupied than P(1A).

Using the same reasoning and average Mdssbauer pa-
rameter values, we obtain different assignments for the
doubtlets. Moreover, our assignments are also supported
by geometrical considerations. It is well known (e.g., Ban-
croft, 1973) that quadrupole splitting values respond to
the type of environment in which an Fe atom resides. For
Fe2+, large A values are associated with regular, undis-
torted coordination polyhedra, with increasingly greater
amounts of distortion represented by decreasing A values.
If this information is coupled with the distortion param-
eters calculated according to Hawthorne’s (1978, 1981b)
method (Table 7) and based on Alexander’s (1989) sub-
site positional parameters, we obtain the following as-
signments:

ART % Assign-  Other occupied
(mm/s) Area Distortion ment sites

2.45 43 most regular  Fel Al(3A) Al(3B)

2.10 27 intermediate  Fe3 P(1B) Al(3A)

1.59 12 most distorted Fe2 P(1A) Al(3B)

In general, assignment of the subsites on the basis of dis-
tortion parameters and the interpretation of the QS brings
our data into agreement with Alexander’s (1989) predic-
tions of subsite occupancies based on relative occupan-
cies of Al(3A) and Al(3B).

Our assignments are also supported by the data from
the Li-Fe staurolite samples studied here (Fig. 7). Al-
though the quality of some of our data suffers from small
sample sizes, our results show that the areas of the Fe2
and Fe3 doublets decrease as Li content increases, where-
as the area of the Fel doublet decreases only slightly. Li'+
substitution is primarily controlled by Al (see Dutrow,
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TABLE 5. HV-4 successive fits

Number
of peaks Two Three Four Five
CHI2 2935 2432 1142 527
%MIS 0.639 0.522 0.173 0.004
%UNC 0.261 0.024 0.014 0.002
1s1 0.97 0.97 0.98 0.98
Qs1 233 2.34 2.33 2.47
A1 64 70 64 29
w1 0.39 0.40 0.38 0.27
1s2 0.95 0.96 0.99 0.98
Qs2 1.29 1.64 1.73 216
A2 36 15 16 34
w2 0.83 0.40 0.38 0.33
183 — 1.00 1.09 0.97
Qas3 — 0.81 0.76 1.57
A3 — 15 14 19
w3 0.40 0.38 0.47
is4 - — 0.07 1.08
Qs4 — — 0.77 0.70
Ad — 6 11
w4 — 0.22 0.35
IS5 — — 0.07
Qss - — 0.84
A5 — — = 6
ws — — — 0.27

Note: See footnote in Table 4 for abbreviations,

1991); however, that substitution is coupled to vacancies
by the relationship Li'+ + 30 = 5 Al + 1 O. Therefore
the increasing Li content in our samples causes increased
Al occupancy in the Al(3) sites, which then reduces H*
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Fig. 3. Mdssbauer spectrum of staurolite no. 117183 from
Fannin County, Georgia from the collection of the Smithsonian
Institution (Holdaway et al., 1986b). The spectrum of this sam-
ple contains no Fe3+ doublet. The proportion of Fe?* in the Fe
sites is in the ratio 37/30/12 for Fel, Fe2, and Fe3, respectively.

occupancy in the P(1) sites. The Al(3) and adjacent P(1)
sites are not expected to be simultaneously occupied be-
cause they are so close together (Fig. 1). Occupancy of
the P(1) sites is by definition associated with Fe occupan-

TaBLe 6. Estimated errors for MOssbauer parameters (after Dollase, 1975)

Percent errors in parameters assuming isolated peaks

Natural sample 71-62T (best case)

Synthetic sample Fe-80 (worst case)

Position Area Width Position Area Width
Site 1 0.3 0.6 0.8 Site 1 0.8 1.6 2.2
Site 2 0.4 0.7 1.0 Site 2 1.5 3.0 41
Site 3 0.5 1.0 13 Site 3 29 5.8 8.0
Site 4 0.6 1.2 1.6 Site 4 6.8 135 18.6
Site 6 1.3 2.6 3.5 Site 5 3.9 7.8 10.6
Percent errors in peak areas due to overlap
Natural sample 71-62T
Peak position 235 250 282 298 361 345 378 391 401
227 1.2 0.5 0.5 0.6 0.6 0.5 04 04 0.3
235 0.8 0.5 0.6 0.6 0.5 0.5 04 0.4
250 0.6 0.8 0.8 0.6 0.5 0.5 0.4
282 1.2 0.9 0.7 0.6 0.5 0.5
298 14 0.9 0.8 0.6 0.6
361 1.2 1.0 0.7 0.6
345 03 0.5 0.5
378 0.9 0.5
391 1.0
Synthetic sample Fe-80
Peak position 245 264 223 291 343 276 360 381 395
232 2.3 1.4 5.4 1.5 15 16 1.4 1.2 0.9
245 2.7 3.0 24 24 2.7 2.2 1.6 1.2
264 45 3.7 3.7 4.5 3.2 2.2 14
223 5.5 5.5 7.5 45 27 1.6
291 4.3 8.5 37 2.4 15
343 5.5 4.7 24 1.5
276 45 2.7 1.6
360 2.3 14
381 1.7
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Fig. 4. Mdossbauer spectrum of sample ER-70 from the Errol

quadrangle, New Hampshire (Holdaway et al., 1986b). A total
of 6% of the Fe in this sample is Fe’~.

cy in the Fe2 or Fe3 sites, so it is not unexpected that Fe
occupancy in Fe2 and Fe3 decreases with increasing Li.
Stahl et al. (1988) use a different terminology for the
two Mossbauer doublets which they assign to four of six
structural domains. The largest doublet relates to con-
current occupancy of their H(1) [equivalent to P(1)] and
one of the Al(3) sites, and the smaller doublet corre-
sponds to occupation of only Al(3A) or Al(3B). There-
fore, Stéhl et al. (1988) agree that the presence of protons
affects the Fe subsite occupancies, but correlate the most
occupied site with the presence of H [Alexander’s (1989)
Fe2 and Fe3]. It may be that resolution of their H(2) site
decreased the observed electron density at the Fel site.
Our data do not support the interpretation that dou-
blets 2 and 3 are octahedrally coordinated for the follow-
ing reasons. (1) If these doublets represent occupancies of
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Fig. 5. Maossbauer spectrum of sample 71-62T from Black
Mountain, New Hampshire (Rumble, 1978). This spectrum con-
tains no Fe’* doublet, yet its spectral profile is subtly different
from that in Figure 3 because of different occupancies of the Fe
site in the ratio 46/23/11 for Fel, Fe2, and Fe3.

TaBLE 7. Parameters for staurolite sites

Distortion parameters (after Hawthorne, 1981a):

Variance Distortion
Fel O1A-01B 110.22 Fe1-O1A  1.980
0O1A-05 109.27 Fe1-O1B  1.966
01B-05 109.43 Fe1-05 2.026
05-05 109.21 0.1438 mean 2.000 1.7994
Fe2 O1A-01B 101.09 Fe2-O1A  2.225
O1A-05 103.54 Fe2-01B  1.961
01B-05 113.90 Fe2-05 1.927
05-05 118.00 50.4706 mean 2.010 38.7685
Fe3 O1A-01B 102.33 Fe3-O1A  1.992
O1A-05 112.55 Fe3-O1B  2.161
01B-05 105.28 Fe3-05 1.936
05-05 117.13 32.723 mean 2.006 21.211
Si 02A-02B  108.53 Si-02A 1.638
02A-03 108.95 Si-02B 1.632
02A-04 111.24 Si-03 1.653
02B-03 109.35 Si-04 1.637
02B-04 110.57 mean 1.640 0.2212
03-04 108.16  1.4442
Atomic coordinates:
X y z
Fel 0.3778 0.0000 0.2497
Fe2 0.4027 0.0000 0.2783
Fe3 0.3994 0.0000 0.2291
Fe 0.3897 0.0000 0.2471
Si 0.1342 0.1662 0.2482
O1A 0.2328 0.0000 —0.0372
0o1B 0.2358 0.0000 0.5339
05 0.5270 0.0996 0.2495
Q2A 0.2558 0.1614 0.0152
02B 0.2545 0.1610 0.4835
03 0.0015 0.0889 0.2447
04 0.0218 0.2493 0.2493

extremely distorted octahedral sites, presumably Ul, U2,
Al(3A), and Al(3B) as suggested by previous workers, we
would expect the parameters to be sensitive to changes
in composition, particularly over the extremes represent-
ed in our data. Our data uniformly display nearly con-
stant IS and QS (standard deviations of 0.01 and 0.02
mm/s for § and 0.09 and 0.16 mm/s for A on doublets 2
and 3). (2) Although the octahedral ferrous doublets in
ilvaite as reported by Nolet and Burns (1979) (IS = 1.05,
0.99 mm/s; QS = 2.46, 2.26 mm/s) correspond quite well
with doublets 1 and 2, assignment of both these sites to
octahedral coordination would resuilt in approximately
70% of the Fe in sixfold coordination. This large amount
is in conflict with the results of X-ray structure refine-
ments. Therefore, we do not interpret any of the Fe sub-
site doublets to represent an octahedral site.

Mossbauer doublet 4

The one doublet observed in our Mossbauer data which
unequivocally corresponds to Fe in octahedral coordi-
nation is that labeled doublet 4. Its mean parameters of
5 = 1.07 mm/s and A = 0.84 mm/s are well within a
range conventionally assigned to Fe?* in octahedral co-
ordination (Bancroft, 1973), and the low QS implies oc-
cupancy in a very distorted site. In staurolite the site rep-
resented by this doublet must be either Al(3A), Al(3B),
U(1), U(2), or some unresolvable combination of them.
Large error bars for this doublet, resulting from the fact
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Fig. 6. Decreasing occupancies in the Fe subsites with in-
creasing Mg contents based on data for the Fe-Mg synthetic stau-
rolite samples. Note that Mg appears to displace Fe2+ from all
three subsites proportionately, suggesting that Mg has site pref-
erences identical to those of Fe2* for this site. Scale is equivalent
to Figure 7 to facilitate comparison.

that it is relatively small and overlapped by adjacent peaks,
make impossible any correlation with compositional data
in a direct way. This peak also has the largest standard
deviation of its I'S. This observation implies (1) that $Fe2+
does not confine itself to any particular octahedral site,
(2) that the octahedral site is responding to next nearest
neighbor effects, or (3) that resolution of this doublet is
exceedingly difficult because of its position in the spec-
trum. In any case, MOssbauer data alone cannot be used
to confirm any preference for any particular octahedral
site in the staurolite structure.

Even with the aid of occupancy data from structure
refinements, it is difficult to place constraints on the in-
terpretation of the Mossbauer data for doublet 4. The
doublet represents between 0.19 and 0.6 Fe?* atoms pfu.
Although neutron diffraction and X-ray data collected by
different workers suggest different occupancies for the
Al(3A), AI(3B), U(1), and U(2) sites (e.g., Stahl et al.,
1988; Alexander, 1989), they generally predict that the
total Fe occupancy of the U(1) and U(2) sites combined
is no greater than the 10% value suggested by Holdaway
et al. (1986b), for U(1), which corresponds to 0.20 Fe
pfu. The structure refinements, however, represent a pop-
ulation of only six samples, in contrast with the 35 stud-
ied here. Therefore, it is likely that not all of the octa-
hedral Fe?+ can be assigned to U(1) and U(2); in some
samples, some of the octahedral Fe>* must be in AI(3A),
or AI(3B), or both. Beyond that conclusion the Moss-
bauer data cannot be brought to bear on the issue of
whether or not the octahedral Fe2+ is confined to AI(3A)
or Al(3B) (or both). Given the lack of consensus among
structure refinements on this issue it seems likely that
cation occupancies among the Al(3A), Al(3B), U(1) and
U(2) sites may be widely variable in response to substi-
tutions of various cations in the nearby Fe site.
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Fig. 7. Fe occupancies in the Fe subsites as a function of
increasing Li substitution, based on the synthetic Fe-Li staurolite
samples. Fel occupancy by Fe2* does not appear to vary signif-
icantly as Li'* is introduced; however, Fe2 and Fe3 occupancies
by Fe2+ decrease. This suggests that Li'+ has a site preference
for the Fe2 and Fe3 sites which are associated with occupied
P(1A) or P(1B) H positions.

100

Mossbauer doublet 5

The Mdssbauer parameters for doublet 5 average 0.10
mm/s with a standard deviation of 0.04 mm/s for §, and
0.77 mm/s with a standard deviation of 0.20 for A. These
values are similar to those found by Varma and Varma
(1987) and Sharma et al. (1987; see Table 1) although
they interpreted the doublet as ©Fe’+ and Fe’*+ in an
impurity, respectively. They do not agree with parame-
ters reported by Alexander (1989), but as noted above,
the reported parameters would appear to be in error based
on her published spectrum. The values reported in the
present study are typical of Fe3* in tetrahedral coordi-
nation, indicating in this case that Fe+ is either in the
Fe site or in the Si site.

All of the synthetic samples in this study contain Fe3+
regardless of the conditions of synthesis. A baseline of 3~
9% of Fe,, as Fe** is exceeded only in samples synthe-
sized under conditions of the FMQ buffer used for sample
FM222, which has 15% of Fe,, as Fe3+. The presence of
Fe’+ may be controlled by some combination of struc-
tural constraints and f;,, or it may be related to the high
pressures used in the syntheses.

Unfortunately, Méssbauer parameters of the Fe3+ dou-
blets do not yield any clues that might decisively indicate
the occupancy of either the Fe subsite or the Si site. S
in the observed range suggest an environment that is nei-
ther highly distorted nor extremely regular (for Fe3+, high
A implies increasing distortion—the opposite of the trend
for Fe+; see Dyar, 1984). It is difficult to equate doublet
5 to any of the Fe?* doublets on the basis of IS, but it
can be tentatively equated to either Fe2 or Fe3 based on
QOS. This assignment is not entirely satisfactory, however,
because of the presence of H atoms in nearby sites. Both
the Fe2 and the Fe3 subsites are associated with occupied
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P1 sites, while the Fel subsite is not. If Fe3* occupies
any of the Fe subsites, it is expected to avoid H* and
therefore display a preference for Fel. Therefore, Fe3+
occupancy in the Fe site is difficult to reconcile with our
Mossbauer data.

The assignment of Fe3+ to the Si site is suggested by
the neutron scattering data of Tagai and Joswig (1985).
Therefore, as shown in Table 7, variance and distortion
parameters have also been calculated for the Si site; they
are roughly the same as those of the Fel subsite. How-
ever, these parameters are based on Si occupancy of the
Si site. If the much larger Fe?+ cation occupies the Si site,
it would probably introduce a significant amount of local
distortion to the site. The observed QS for doublet 5,
representative of a somewhat distorted site, would then
be expected. That AI*+ is known to replace Si in the Si
site implies that the substitution of a larger cation in that
position is feasible.

We cannot use the Méssbauer data to conclusively rule
out the possibility of small amounts (roughly 3% or less
of Fe,,,) of Fe*+ in all samples. All staurolite probably has
some small amount of Fe?*+ hidden in both doublets 5
and 6, but only the larger of these two doublets is resolv-
able in any given Mossbauer spectrum. It is frustrating
that we were unable to resolve all six doublets in our
spectra; however, the errors for the extremely small dou-
blets 5 and 6 (if they could both be resolved) would prob-
ably be too large for the results to be statistically signifi-
cant. For this reason we have tentatively assigned 3%
occupancy to all sites for which doublets were not re-
solved (i.e., doublets 5 and 6), and these occupancies are
reflected in Table 3.

Maossbauer doublet 6

Doublet 6 is the most difficult of the doublets in our
spectra to interpret. Its Mossbauer parameters, 5 = 0.89
mm/s and A = 0.93 mm/s, place it in the extremely low
end of the range for tetrahedral Fe?+ in very distorted
sites. This doublet could be interpreted in one of three
ways: (1) as yet another subsite of the Fe site, (2) as Fe>*+
in the Si site of the kyanite layer, or (3) as a representative
of some type of charge transfer phenomenon.

The first possibility, the occupancy of an additional Fe
subsite, is supported by Alexander’s (1989) X-ray struc-
ture refinement data that show the presence of other mi-
nor occupied positions in the Fe tetrahedron. Moreover,
the inability to resolve doublet 6 in any of the synthetic
samples suggests that the substitutions and nearest-neigh-
bor effects of minor constituents present in natural sam-
ples may enhance the distinction of this subsite. How-
ever, the occupancy of doublet 6, which ranges from 0.2
to 0.35 cations of Fe?*+ pfu, represents too many cations
for such minor positions, so the possible effects of minor
elements can be ruled out. On the basis of dissimilar size
and charge, the substitution of the large Fe?* cation for a
small Si*+ cation in the kyanite sheet is also improbable.

Charge transfer phenomena are also possible in the
staurolite structure. Scorzelli et al. (1976) interpreted a
doublet in their staurolite spectra with parameters of 6 =

0.94 mm/s and A = 1.25 mm/s as representing delocal-
ization of electrons between anion vacancies [as suggested
by the substitution of Fe?* in the Al(3) sites] and Fe?* in
Fe sites. The parameters of our doublet 6 are not far
removed from those of Scorzelli et al. (1976), and their
hypothesis cannot be ruled out without better Mdssbauer
spectra and better resolution over a wide temperature
range. Charge transfer between metal ions might also be
responsible for doublet 6. Although Ward (1984) dem-
onstrated that Fe2+-Ti*+ charge transfer between adjacent
Fe sites is largely responsible for the color of staurolite,
he did not rule out (or even consider) the possibility of
Fe2t-Fe3+ charge transfer. An electron delocalized (ED)
Fe cation would be detected in our Mdssbauer spectra if
the electrons transfer between sites more rapidly than the
lifetime of the M&ssbauer transition (107 s) between the
14.4 keV ground and excited nuclear energy levels of 3Fe.
In silicates where an Fe2+-Fe3+ ED doublet is detected in
Maéssbauer spectra, its parameters are in the range of 6 =
0.67-0.76 mm/s and A = 1.36-1.70 mm/s [e.g., as ob-
served in ilvaite by Nolet and Burns (1979)]. These pa-
rameters are different than those observed for our doublet
6, but not so different as to rule out the possible occur-
rence of Fe2+-Fe3+ ED. The synthetic samples, all Ti-free,
are varying shades of off-white to tan in color, possibly
caused by Fe?*-Fe3+ ED or to weak crystal field transi-
tions. Therefore, our data can neither support nor refute
the possible interpretation of doublet 6 as a representa-
tive of either vacancy-metal or metal-metal charge trans-
fer.

CONCLUSIONS

1. The Mdossbauer doublets 1, 2, and 3 represent sub-
sites of the tetrahedral Fe site. Positional disorder of Fe
in staurolite based on these subsites seems to be a general
trait given the compositional range considered in this
study. Subsites are not a result of next nearest neighbor
effects as suggested by Stahl et al. (1988), other than H,
because they exist even for the 100% Fe synthetic stau-
rolite.

2. The presence of Mg and Li in the Fe site is supported
by the proportional changes in the intensity of the Fe site
doublets in the synthetic solid solution series.

3. Doublet 4 represents octahedral Fe2* which may oc-
cupy any of the Al(3A), Al(3B), U(1), or U(2) sites.

4. Doublet 5 represents tetrahedral Fe** in either the
Fe or Si sites, but most likely replacing Al in the Si sites.

5. Doublet 6 probably represents Fe occupancy in a
charge transfer site.

6. Méssbauer parameters (IS and @S) do not vary sys-
tematically with composition.

7. The percentage of Fe in the Fe site is about the same
as previously reported (~80%); however, resolution of
more doublets has decreased the observed peak widths
and altered the quadrupole splittings of the tetrahedral
Fe2+ doublets relative to other studies.

8. A study of the temperature dependence of staurolite
spectra, in which five doublets are resolved consistently,
is needed in order to confirm changes in doublet 2 and 3
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occupancies with temperature and to determine if such
changes result in overlap of peaks or their disappearance.
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