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Abstract. We compare two different approaches to fitting 
the Fe-57 M6ssbauer spectra of paramagnetic state min- 
erals: the widespread practice of using Lorentzian line 
doublets with adjustable F widths and a new method 
(Rancourt and Ping, 1991) based on quadrupole splitting 
distributions (QSDs). We argue that there is no physical 
justification for the former and that the latter is a theoret- 
ically correct approach. With the same number of free 
parameters, the QSD method performs better. The 
Lorentzian doublet method 1) significantly overestimates 
the background, 2) puts overly large wings or tails on the 
main absorption peaks, and 3) gives unphysically large 
values of F. Whereas Lorentzian doublets are often arbi- 
trarily (and incorrectly) assigned to model sites in the 
average unit cell, QSDs represent the most information 
that can be distilled from the spectra and are caused by 
the various local and long-range structural and chemical 
environments acting concomitantly. 

Key words: M6ssbauer spectroscopy - quadrupole split- 
ting distributions - Lorentzian - Voigt - spectral analysis 

Introduction 

In all types of resonance emission or resonance absorp- 
tion spectroscopy (atomic, vibrational, nuclear, 
M6ssbauer, etc.), the spectroscopist ideally uses the lines- 
hape predicted by theory given the relevant physical pro- 
cesses. Weisskoff and Wigner (1930) showed that, in the 
most common circumstances involving a single (or many 
identical and non-interacting) quantum emitter(s) (or ab- 
sorber(s)), quantum mechanics predicts an emission (or 
absorption) line that has the Lorentzian shape: 

hF2/4 
L(vo, h, r;v)-(Vo-v)2+ r2/4 (1) 

Here, h is the height (or depth), Vo is the resonance posi- 
tion and F is the full width at half maximum. They 

showed that F is related to the discrete state's exponen- 
tial lifetime z as: 

r=h/~ (2) 

where h is Plank's constant divided by 2 n. 
In 57Fe M6ssbauer spectroscopy, the 14.4 keV state 

has z= 141 ns giving F=4.66 x 10 -9 eV or 0.0970 mm/s. 
In an absorption experiment using a thin absorber and 
a single-line thin source, one has F=2x0.0970 
=0.194mm/s. F is not an adjustable parameter. It has 
a known fixed value. If broader lines are observed, then 
additional physical processes (thickness effects, dynamic 
effects, inhomogeneous broadening, etc.) are at work. 

The spectroscopist should make every attempt to 
identify the relevant physical processes in order to im- 
pose the corresponding theoretical constraints. Instead, 
it has become widespread practice to use arbitrary 
numbers of Lorentzian components with adjustable F 
values. 

In this paper, we compare the latter approach with 
a more physical method based on quadrupole splitting 
distributions in which all the parameters have direct 
meaning. We find that, for the same numbers of adjust- 
able parameters, the physical method gives significantly 
lower and near-ideal chi squared values in fitting 
M6ssbauer spectra typical of those obtained with 
tglFe 3 +-, t6JFea +- and E6JFe2 +-bearing silicates. 

The present paper is part I of a three part study. 
The accompanying papers are referred to as II (Ran- 
court, 1994) and III (Rancourt et al., 1994a). In II we 
address the problem of resolving cis and trans octahedral 
sites and show that it is not possible to obtain quantita- 
tive cis and trans Fe + z populations by M6ssbauer spec- 
troscopy. Instead, one obtains continuous Fe 2 + quadru- 
pole splitting distributions (QSDs) that are caused by 
local distortions and atomic disorder rather than by the 
ideal point symmetries of the relevant unit cell sites. In 
III we obtain the Fe 2+ QSDs for a series of type 2:1 
layer silicates and elucidate their origin. 



Choice of Samples 

The 57Fe hyperfine parameters  (center s h i f t = C S = 6 ;  
quadrupole  s p l i t t i n g = Q S = A )  in paramagnet ic-s ta te  
silicates are primari ly determined by the valence state 
such that  Fe / + and Fe 3 + are easily resolved (Greenwood  
and Gibb,  1971). Typical  values at r o o m  temperature  
(RT) are: 33+ ~ 0 . 2 - 0 . 4 m m / s ,  ~2+ ~ 1.0--1.2mm/s (all 6 
values are with respect to metallic c~-Fe at RT), A3+ 
,-~0.4-1.5 ram/s, and A2+ ~ 1.5-3.0 mm/s.  

As a result of  these values, the R T  M6ssbauer  spectra 
of  the great  major i ty  of  silicates are very similar, with 
141Fe 3 + and  [61Fe 3 + being resolved in certain cases (Ran-  
cour t  et al. 1992). Fo r  the present purpose  we chose three 
Fe-rich t r ioctahedral  micas with representative ranges 
of [4lFe 3 +, [6lFe 3 + and t61Fe z + popula t ions :  

1) Sample M-Bi is a low Fe 3 +-content  biotite 
( M O C  2661, R a n c o u r t  et al., 1993 a) conta ining no tetra- 
hedral  Fe 3+ (Rancour t  et al., 1992). 
2) Sample B-Bi is a relatively high Fe 3 +-content  biotite 
($200, Bishop intrusive suite; Lalonde,  1989; Lalonde  
and Bernard,  1993) also containing no tetrahedral  Fe 3 + 
(Rancour t  et al., 1994b). 
3) Sample N - A n n  is a natura l  annite tha t  contains bo th  
tetrahedral  and octahedra l  Fe 3+ (M42126; R a n c o u r t  
et al., 1992; La londe  et al., 1994). 

The R T  M6ssbauer  spectra of these samples are typi- 
cal of those observed for the great major i ty  of  micas, 
layer silicates, and t41Fe 3 +-, [6lFe3 +- and [61FEZ +-bearing 
silicates in general (e.g., Dyar ,  1987; Ericsson et al., 1977; 
Hawthorne ,  1988; Coey, 1984; Rossman,  1983). Our  pur-  
pose is not  to reanalyse all previously published data  
but  simply to illustrate the advantages  of  a different and 
more  founded analysis by a careful examinat ion  of  repre- 
sentative spectra. 

Experimental Methods 

Transmission Fe-57 M6ssbauer spectra were collected at RT 
(= 22 ~ using a ~ 10 mCi Co-57 rhodium-matrix single-line thin 
source on a velocity range of _+ 4 mm/s with a constant acceleration 
drive. Data was acquired on 1024 channels and folded to give 
a flat background (BG) and a zero velocity position corresponding 
to the CS of metallic c~-Fe at RT in the 512-channel calibrated 
spectrum. 

Absorbers were prepared as follows. The B-Bi material was 
separated from the rock and divided into different size fractions 
up to the maximum size of ~ 2 ram. The 100-300 gm fraction was 
used to make a random-orientation (i.e. non-textured) absorber 
using a new method in which the granules are suspended in a 
viscous medium in a volume large enough to minimize inter-granule 
and granule-container contacts. In this way, the usual problems 
related to the packing of solid irregularly shaped materials in a 
gravitational field are avoided. 

We tried many jels (vacuum greases, silicone bases, etc.) but 
found petroleum jelly to be the best. This organic jel is sufficiently 
viscous and has a relatively low non-resonant cross-section at 
14.4 keV. An amount of sample corresponding to the ideal (or near- 
ideal) absorber thickness (Rancourt et al, 1993b) was mixed with 
petroleum jelly in a 5 mm thick and 0.5 inch inside diameter holder 
having clear tape windows. Enough petroleum jelly was used to 
fill the sample space volume. 
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We refer to such an absorber as a "thick viscous mount" 
(TVM). The method was thoroughly tested with known mica sam-. 
ples, using various sample amounts, using different size-fractions, 
and by making measurements using various orientations of the 
TVM. No texture effects are seen within experimental accuracy. 

In using such a TVM method that allows random-orientation 
absorbers of relatively large flakes to be prepared, the reader should 
be aware that even with ideal randomness of orientation large eu- 
hedral flakes can lead to polarization effects in addition to the 
usual thickness effects. Each flake or granule should be thin (in 
the M6ssbauer sense, Raneourt et al., 1993b) in all orientations 
to avoid this problem. 

The absorbers for M-Bi and N-Ann were prepared in the same 
way except that these samples were originally large (5-50 ram) eu- 
hedral single crystal wafers. Selected wafers were crushed under 
acetone using mortar and pestle and then size separated. The 125- 
250 gm fraction was used for the M-Bi absorber and the 0-180 gm 
fraction was used for N-Ann. 

Finally, since the present work makes extensive use of the X 2 
statistical criterion, it was important to verify that the noise in 
our folded spectra was indeed Gaussian with the predicted a = ]fN. 
This was found to be the case, implying that the known properties 
of Z 2 can be used rigorously. In particular, models that give )~z 
values outside the ideal predicted z2-distribution can be ruled out 
(e.g,, Rancourt, 1993). 

Fitting Methods, Lineshapes and Analysis Philosophy 

A Lorentz ian  doublet  consists of two Lorentz ian  lines 
of  equal depth, of  equal width, and separated by the 
quadrupole  splitting A : 

D(6, A, h, F; v)=  

BG--L(f--A/2,  h, F; v)--L(,5+ A/2, h, F; v) (3) 

where 6, A, h, F and BG are adjustable fitting parame-  
ters. As a result, using n Lorentz ian  doublets  requires 
1 + 4 n fitting parameters  unless some are frozen at speci- 
fied values. Such a fit is denoted  nL. For  example, a 
fit using three Lorentz ian  doublets  is a "3 L fit". 

The Voigt-based Q S D  method  of  R a n c o u r t  and Ping 
used here is described in detail elsewhere (Rancour t  and 
Ping, 1991; Ping et al., 1991; R a n c o u r t  et al., 1994c). The 
method  uses a certain number  m of  generalized sites that  
each have their own cont inuous  QSD.  Each  normal ized 
site-specific Q S D  is in turn  taken to be made  up of  a 
certain number  (nl for site-l, etc.) of Gauss ian  compo-  
nents. The cor responding  fitting lineshape is neither 
Gaussian nor  Lorentz ian  but  is a sum of Voigt  lines. 
The corresponding  fit is denoted nl -n2-- . . . - -nm V. 

Since in a Q S D  analysis F has a precise physical 
meaning,  it is taken to be the same for all sites (and 
each componen t  in each distribution) and is often fixed 
at the natural  width value. In  the absence of  thickness 
effects, vibrat ional  broadening,  cosine smearing, etc., F 
should always be fixed at the natural  value. This is also 
appropr ia te  in fitting non-thickness  corrected raw spec- 
tra if the distr ibution broadening  is large enough  and 
the absorber  thickness is no t  too  great  (Raneour t  et al., 
1993b). In  the latter case with raw spectra, one m a y  
also treat F as an adjustable parameter  as an approxi-  
mate  way  to take thickness and /o r  ins t rumental  b road-  
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ening into account, however, the validity of this proce- 
dure has not been studied or demonstrated.  It is best 
to perform thickness corrections and freeze F at its natu- 
ral value in fitting the thickness corrected spectra, as 
we have done in III.  In the present paper, we occasionally 
allow the QSD analysis F to be a free parameter  in 
fitting raw spectra, as a convenient way to vary the 
number  of free parameters  in comparing models (QSD 
lineshapes versus Lorentzian doublets) that are required 
to have the same numbers of free parameters.  

Also, each site has distribution components  whose 
center shifts are taken to be correlated to their QS values 
as 6 =60 + ~1 A. Therefore, the QSD analysis requires at 

most  2 + 2 m + 3  ~ nl fitting parameters:  two spectrum- 
i = 1  

specific parameters  (BG, F), two site-specific parameters  
(60, 61), and three component-specific parameters  
(h, 3, o-d). 

Assuming 3 1 - 0  for a given site is equivalent to as- 
suming that all elemental components  in the QSD pat- 
tern of that site have the same CS=6 o. This is often 
approximately  true since local structural and chemical 
variations have a much smaller effect on 3 then on A 
(Greenwood and Gibb, 1971). 

In using Lorentzian doublets or QSD analysis, it is 
important  to keep in mind that both  suffer from a funda- 
mental  limitation of non-linear least squares minimiza- 
tion: the solution is often not a single point in parameter  
space but rather  an entire region. That  is, )~2 minimiza- 

tion does not usually produce unique solutions. One 
must admit  the possibility of parameter  trade-offs. This 
problem has been discussed in detail for annite (Ran- 
court et al., 1994c). It  is less severe with QSD models 
because distribution component  trade-offs give the same 
QSDs and are therefore of no concern. In addition, our 
QSD method (Rancourt  and Ping, 1991) imposes as 
many  practical a priori theoretical constraints as possible 
in order to minimize other trade-off problems. 

For  the present paper, we do not overly concern our- 
selves with the trade-off problem since we only ensure 
that we are in the lowest valley of the X 2 surface for 
the particular model. We do not describe the region in 
parameter  space that contains all points corresponding 
to equally low (in the statistical sense) values of )~2. The 
aim is to compare  different fitting models having the 
same numbers  of adjustable parameters,  not to obtain 
full M6ssbauer  characterizations. 

Also, it is appropr ia te  to discuss how the choice of 
a particular model (number of Lorentzian doublets or 
of distribution components,  etc.) is made. With simple 
stoichiometric compounds  it is appropriate  to assign one 
elemental spectral component  (i.e. doublet) for each crys- 
tallographic site occupied by Fe. In materials with a tom- 
ic disorder (e.g. solid solutions), however, it is not appro-  
priate to make such an assignment because local distor- 
tions and local composit ions can have a larger effect 
on the hyperfine parameters  than the position (or site) 
in the average unit cell. 

This is the case in most  paramagnet ic  minerals where, 

Table 1. Fit parameters for different models 

Sample Fit Site ~50 (or ~5) 61 A GA F Area BG No. )~r2ea 
(ram/s) (ram/s) ( r am/s )  (ram/s) (%) MC/ch par. 

M-Bi 1 - 1 - 1  V [3+] 0.413 0.0' 0.848 0.474 0.2* 10.60 
[ 2 + ] - 1  1.117 0.01 2.536 0.197 0.21 45.92 
[ 2 + ] - 2  1.120 0.01 2.163 0.359 0.21 43.48 0.54157 13 1.50 

M-Bi 3L [3+] 0.513 - 0.626 - 0.402 8.62 
[2+]--1 1.118 - 2.592 - 0.277 36.75 
[2+]--2 1.108 2.231 0.408 54.63 0.54253 13 4.37 

B--Bi I - -1--1--1V [3+]--1 0.358 0.01 0.822 0.261 0.21 16.41 
[3 + ] -- 2 0.427 0.0' 1.463 0.575 0.2 * 9.03 
[2+]--1 1.113 0.01 2.629 0.156 0.21 40.67 
[2+]--2 1.156 0.01 2.181 0.437 0.21 33.89 0.89743 17 1.62 

B-Bi 4L [3+]--1 0.355 0.823 0.414 18.94 
[3+]--2 0.393 - 1.367 - 0.268 3.23 
[2 +] - 1 1.120 - 2.628 - 0.293 39.63 
[ 2 + ] - 2  1.146 2.145 0.496 38.20 0.89876 17 3.63 

N-Ann 1--1--3V ( 3 + )  0.194 0.0' 0.448 0.093 0.261 7.10 
[3+] 0.526 0.01 0.725 0.370 0.26l 10.42 
[2 + ] -- 1 1.224 --0.0402 2.605 0.073 0.261 28.95 
[2 + ] -- 2 1.224 -- 0.0402 2.309 0.262 0.26 l 42.10 
[2+]--3 1.224 --0.0402 1.793 0.614 0.26l 11.43 0.39709 21 1.20 

N-Ann 5L ( 3 + )  0.154 - 0.549 - 0.250 6.07 
[3+] 0.550 - 0.617 - 0.583 12.72 
[2+]--1 1.120 2.632 0.269 31.16 
[2+]--2 1.141 2.339 0.298 25.43 
[2+]--3 1.131 - 2.030 - 0.438 24.62 0.39760 21 1.90 

t These values frozen during fit 



once the ionic state (Fe z+ or Fe 3+) is resolved, each 
such state gives a continuous QSD arising from all ef- 
fects. The latter QSDs are the experimental results that 
need to be interpreted in terms of all possible causes 
acting concomitantly. For  each ionic species, the 
M6ssbauer measurement gives a QSD that contains 
much information but of a more complex nature than 
is often assumed. This is the philosophy in using QSD 
analysis. The next challenge is to discover the precise 
causes of QSDs by systematic experimental and theoreti- 
cal studies so that the true information content of spectra 
can be exploited. The present series of papers represents 
a first step in this direction. 

Finally, it is possible that some minerals with chemi- 
cal and/or  structural disorder will not show resolvable 
distribution broadening. This may occur with certain 
crystal structures giving Fe sites with local distortions 
that are not sensitive to the particular disorder. To dem- 
onstrate the absence of distribution broadening in such 
cases, one must show that natural F width Lorentzian 
doublets assigned to the particular Fe-bearing sites give 
statistically ideal fits to high quality thickness corrected 
spectra. We have not encountered any such cases. That  
is, we have always found in QSD analysis that a > 0  
in materials with known chemical disorder. 

R e s u l t s  a n d  D i s c u s s i o n  

Each sample (M-Bi, B-Bi and N-Ann) was fitted using 
Voigt-based QSD analysis and a Lorentzian line doublet 
model. Both models for a given sample were chosen to 
have the same number of free parameters; between 13 
and 2i depending on the complexity of the spectrum. 
We have analysed many spectra (,-~ 100 samples) in this 
way. The chosen examples are representative of the gen- 
eral behaviour. 

Sample M-Bi has the simplest RT M6ssbauer spec- 
trum which, in the QSD analysis, is modelled by an 
[6]Fe3 + QSD (denoted [3 + ] in Table 1) having a single 
Gaussian component and two [6]Fe2+ QSDs (denoted 
[2 + ] - 1 and [2 + ] -  2 in Table 1) each having one 
Gaussian component.  Here, we take 6~--0 for all sites 
and F--0 .2  mm/s for all lines such that the correspond- 
ing 1 -  1 -  1 V fit has 13 free parameters. The Lorentzian 
doublet fit is a 3L fit and also has 13 free parameters. 

The resulting fit parameters for both models are given 
in Table 1. These 3 L and 1 - 1 - 1 V fits for sample M-Bi 
are compared in Fig. 1. The main differences between 
the two fits are as follows. 

Firstly, it is clear from the residuals (Fig. 1) and the 
values of reduced Z 2 (1.5 versus 4.4; Table 1) that the 
1 - 1 -  1 V fit is far superior to the 3L fit. As in most 
cases, the Lorentzian doublet fit significantly overesti- 
mates the BG, puts exaggerated wings or tails on the 
main absorption peaks, and has unphysically large 
values of F often beyond twice the natural width. As 
is also usually the case, the partit ionment of spectral 
area between the sites (here [ 3 + ] ,  [ 2 + ] - 2 ,  and 
[2 + ] - 1) is significantly different in the two models (Ta- 
ble 1). 
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Fig. 1. a Voigt-based QSD fit (1 - 1 - 1 V fit, Table 1) of the RT 
random orientation absorber M6ssbauer spectrum of biotite sam- 
ple M-Bi. b Lorentzian doublet fit (3 L fit, Table 1) of the same 
spectrum 

Finally, relatively small differences in the usual hyper- 
fine parameters (6 and A) also occur. For  the M-Bi sam- 
ple, the largest change is in the Fe 3 + QS that goes from 
0.85 to 0.63 mm/s in going from the 1 -  1 -  1 V to the 
3 L analysis. Such smaller effects can only be adequately 
discussed, however, in the context of a full parameter 
trade-off study for both models which is beyond the 
scope of the present paper. 

Next, consider a biotite that has a large enough 
Fe3+/Fe 2+ ratio for two subspectral components to be 
required for its Fe 3+ absorption. Sample B-Bi is such 
a biotite whose RT spectrum was fitted using 
1 -  1 -  1 - 1  V and 4L models. These fits are shown in 
Fig. 2 and the corresponding parameters are given in 
Table 1. The Voigt-based QSD analysis again used ~1 -= 0 
for all sites and F - 0 . 2  mm/s for all lines. Both models 
required 17 free parameters. 

The Voigt-based QSD fit is again far superior to the 
Lorentzian doublet fit a (Zr~a = 1.6 versus 3.6) and the same 
major differences noted above occur. Here, one of the 
Fe 2+ line widths in the 4L fit is as large as 0.50 mm/s. 
Also, the Fe 3 +/Fe spectral area ratio decreases by 13% 
on going to the 4L fit. 
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Fig. 2. a Voigt-based QSD fit ( 1 - 1 - 1 - 1  V fit, Table 1) of the 
RT random orientation absorber M6ssbauer spectrum of biotite 
sample B-Bi. b Lorentzian doublet fit (4L fit, Table 1) of the same 
spectrum 
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Fig. 3. a Voigt-based QSD fit (1 - 1 - 3 V fit, Table 1) of the RT 
random orientation absorber M6ssbauer spectrum of annite sample 
N-Ann. b Lorentzian doublet fit (5L fit, Table 1) of the same spec- 
trum 

Finally, consider the RT M6ssbauer spectrum of N- 
Ann. This is the most Fe-rich natural annite ever studied 
by M6ssbauer spectroscopy (see Lalonde et al. (1994) for 
an in-depth study of Saint-Hilaire Fe-rich micas). As in 
synthetic annite (Rancourt et al. 1994c), its complicated 
spectrum has spectral components arising from both te- 
trahedral Fe a + (denoted <3 + ) in Table 1) and octahe- 
dral Fe 3 + and an Fe 2+ QSD requiring three Gaussian 
components. 

The 1 - 1 -  3 V fit to the RT spectrum of N-Ann had 
5 1 - 0  for both Fe 3+ sites and a free 51 for the Fe z+ 
site. F was the same for all lines but was left as an adjust- 
able parameter in this case. This is an approximate way 
of taking sample thickness broadening into account. As 
a result, the 1 - 1 -  3 V fit had the same number of free 
parameters (21) as the 5L fit to which it is compared. 

The fits are shown in Fig. 3 and the parameters are 
given in Table 1. Whereas the 1 - 1 - 3 V fit is near-ideal 
(Zr~a = 1.2), the 5L fit has a reduced Z 2 value that is nearly 
twice the ideal value. The same major differences noted 
above for samples M-Bi and B-Bi again occur. These 
are general characteristics of the difference between 
Voigt-based QSD fits and Lorentzian-based doublet fits. 

Lorentzian-based fits of spectra that are distribution 
broadened always: 1) overestimate the BG, 2) put overly 
large wings or tails on the main absorption peaks, and 
3) give unphysically large values of F. 

These differences are of course not seen with spectra 
having poor statistics but any model will work with no- 
isy enough spectra. Also, the differences can be removed 
by increasing the number of doublets in Lorentzian- 
based analyses because one thus moves towards a QSD 
situation but with serious shortcomings. Firstly, there 
is a strong temptation to ascribe meaning to doublets 
added in this way. For  exmple, in Fig. 3 b three Lorentz- 
ian doublets of comparable areas are used to model the 
Fe 2+ contribution. There is no obvious structural or 
ideal site interpretation for this situation however one 
might be tempted to invent one, given the various intrin- 
sic defects that occur in annite. . .  Secondly, as Lorentzian 
doublets are added, the mathematical fitting problem 
itself becomes highly unstable with unchecked trade-offs 
between the parameters that describe the overlapping 
doublets. 

QSD analysis is designed to avoid such stability prob- 
lems and to extract unique QSDs. Such distributions 
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represent  as much  in fo rma t ion  as can be distilled from 
the M6ssbaue r  spectra. If it's no t  in  the QSD,  it 's no t  
there. More  precisely, it may  or may  not  be there bu t  
you  can ' t  tell from the M6ssbaue r  spectrum. 

Acknowledgements. I wish to thank J.Y. Ping and A.E. Lalonde 
for helpful discussions and considerable help in this project. I thank 
Z.M. Stadnik for critical reading of the manuscript. Financial sup- 
port from the Natural Sciences and Engineering Research Council 
of Canada is gratefully acknowledged. 

References 

Coey JMD (1984) M6ssbauer spectroscopy of silicate minerals. In 
Long, G J, Ed., M6ssbauer spectroscopy applied to inorganic 
chemistry, p. 443-509. Plenum Press, New York 

Dyar MD (1987) A review of M6ssbauer data on trioctahedral 
micas: Evidence for tetrahedral Fe 3 § and cation ordering. Am 
Mineral 72:102-112 

Ericsson T, W/ippling R, Punakivi K (1977) M6ssbauer spectro- 
scopy applied to clay and related minerals. Geol Foren Stock 
99: 229-245 

Greenwood NN, Gibb TC (1971) M6ssbauer spectroscopy. 659 p. 
Chapman and Hall, London 

Hawthorne FC (1988) Mrssbauer spectroscopy. In Hawthorne FC, 
Ed., Rev mineral 18:255-340. Mineral Soc Am 

Lalonde AE (1989) Hepburn intrusive suite: Peraluminous pluton- 
ism within a closing back-arc basin, Wopmay orogen, Canada. 
Geol 17:261-264 

Lalonde AE, Bernard P (1993) Composition and color of biotite 
from granites: Two useful properties in the characterization 
of plutonic suites from the Hepburn internal zone of Wopmay 
orogen, Northwest territories. Can Mineral 31:203-217 

Lalonde AE, Rancourt DG, Chao GY (1994) Fe-rich trioctahedral 
micas from Mont Saint-Hilaire, Qurbec. Submitted to Mineral 
Mag 

Ping JY, Rancourt DG, Stadnik ZM (1991) Voigt-based methods 
for arbitrary-shape quadrupole splitting distributions (QSD's) 
applied to quasi-crystals. Hyperfine Interactions 69:493496 

Rancourt DG (1993) M6ssbauer spectroscopy of tetrahedral Fe 3 + 
in trioctahedral micas-Reply. Am Mineral 78:669-671 

Rancourt DG (1994) M6ssbauer spectroscopy of minerals II. Prob- 
lem of resolving cis and trans octahedral Fe 2 + sites. (Submitted 
to Phys Chem Minerals and appearing as following paper) 
21:250-257 

Rancourt DG, Ping JY (1991) Voigt-based methods for arbitrary- 
shape static hyperfine parameter distributions in Mrssbauer 
spectroscopy. Nucl Instrum Method Phys Res B 58:85-97 

Rancourt DG, Dang M-Z, Lalonde AE (1992) M6ssbauer spectro- 
scopy of tetrahedral Fe 3 + in trioctahedral micas. Am Mineral 
77:3443 

Rancourt DG, Tume P, Lalonde AE (1993a) Kinetics of the 
(Fe 2 + + OH-)mir -~ ( Fe3 + + O2 -)mica "q- H oxidation reaction in 
bulk single-crystal biotite studied by M6ssbauer spectroscopy. 
Phys Chem Minerals 20:276-284 

Rancourt DG, McDonald AM, Lalonde AE, Ping JY (1993b) 
M6ssbauer absorber thicknesses for accurate site populations 
in iron-bearing minerals. Am Mineral 78 : 1-7 

Rancourt DG, Ping JY, Berman RG (1994a) M6ssbauer spectro- 
scopy of minerals III. Octahedral-site Fe 2 + quadrupole splitting 
distributions in the phlogopite-annite series. (Submitted to Phys 
Chem Minerals and appearing as following paper) 21:25~267 

Rancourt DG, Ping JY, Lalonde AE (1994b) Comparative study 
of Fe3+/Fe 2+ determinations by M6ssbauer spectroscopy and 
wet chemistry. (unpublished) 

Rancourt DG, Christie IAD, Royer M, Kodama H, Robert JL, 
Lalonde AE, Murad E (1994c) Determination of accurate 
[r 3+, [6lFe 3+, and [61Fe 2+ site populations in synthetic annite 
by M6ssbauer spectroscopy. Am Mineral 79:51-62 

Rossman GR (1983) Spectroscopy of micas. In Bailey SW, Ed., 
Rev mineral 13:145-181. Mineral Soc Am 

Weisskoff VF, Wigner E (1930) Berechnung der natfirlichen Linien- 
breite aufgrund der Diracschen Lichttheorie. Z Phys 63:54-60 


