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ABSTRACT

X-ray absorption fine-structure (XAFS) spectra at the Fe K edge in Bamble enstatite
(Mg, ,-Fe, ,)Si0, were analyzed in conjunction with theoretical XAFS spectra to determine
the bonding configuration of Fe in this structure. The structural analysis involved deter-
mination of the Fe distribution between the octahedral M1 and M2 sites, and Fe-O bond
lengths in the M2 site, into which Fe strongly partitions. Our analysis yielded bond lengths
for Fe in the M2 site of 1.97(2), 1.98(2), 2.09(2), 2.16(2), 2.43(2), and 2.65(10) A, in
agreement with bond lengths determined from X-ray and neutron-diffraction analysis of
the two orthopyroxene end-members. The average Fe-O bond length in the M2 site is
2.22(2) A, longer than that of the Mg end-member (2.151 A) but approximately the same
as that of the Fe end-member (2.228 A) of the orthopyroxene solid-solution series. Octa-
hedral distortion of the M2 site may be greater than that of either the Fe or Mg end-
member. The presence of a minor amount of Fe** was inferred by our analysis of the M1
site and was also suggested by our bond-valence calculations, which yielded a charge of
2.07 for Fe in the M2 site and a charge of 2.78 for Fe in the M1 site. Simple calculations
using our data and those of other studies show that the average Fe-O bond length in the

M2 site is constant along the Fe-Mg join in the orthopyroxene solid-solution series.

INTRODUCTION

The site distribution and bonding configuration of Fe
in enstatitic orthopyroxene have been extensively studied
using various experimental techniques, including XAFS
(Mottana et al. 1990; Farges et al. 1994), X-ray diffrac-
tion (Pollack and Rubie 1964; Domeneghetti and Steffen
1992; Skogby et al. 1992; Sykes-Nord and Molin 1993),
Maossbauer spectroscopy (Bancroft et al. 1967; Evans et
al. 1967; Virgo and Hafner 1968; Domeneghetti and Stef-
fen 1992; Skogby et al. 1992), and optical absorption
spectroscopy (Bancroft and Burns 1967; Goldman and
Rossman 1976). The crystal-chemical behavior of Fe in
orthopyroxene is largely controlled by the distribution of
Fe between two sites: a relatively undistorted octahedral
site (M1) and a highly distorted octahedral site (M2).
Much experimental work has shown that Fe preferentially
fills the distorted M2 octahedron in orthopyroxene, and
that disorder of Fe between the M1 and M2 sites increas-
es with increasing equilibration temperature. Thus, the Fe
site distribution is useful in determining equilibration
temperatures of orthopyroxene-bearing rocks (Ghose
1965; Ghose and Hafner 1967; Virgo and Hafner 1970;
Smyth 1973; Ukhanov and Malysheva 1973; Ganguly
and Ghose 1979; Gupta and Mendiratta 1980; Molin
1989; Sykes-Nord and Molin 1993). The Fe content of
orthopyroxene has been demonstrated to play an impor-
tant role in upper mantle geochemistry (e.g., Stolper
1980; Longhi 1991; Kinzler and Grove 1992a, 1992b),
and Fe site partitioning between orthopyroxene and other
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phases is likely controlled by the temperature dependence
of Fe ordering between the M1 and M2 sites (von Seck-
endorff and O’Neill 1993). Therefore, accurate crystal-
chemical characterization of Fe in orthopyroxene is cru-
cial for a thorough understanding of mantle geochemistry.

In spite of the vast literature on orthopyroxene, no de-
tailed XAFS study has been published on the site distor-
tion around Fe in the orthopyroxene structure. Farges et
al. (1994) conducted an XAFS study of enstatite similar
to ours, yet their analysis did not include detailed models
for bond lengths and site partitioning. Their study did,
however, show that XAFS modeling of orthopyroxene is
particularly useful in modeling other high-pressure poly-
morphs, such as (Mg,Fe)SiO, perovskite. In addition,
Mottana et al. (1990) obtained XAFS data on orthopy-
roxene from granulites, showing that XAFS determina-
tion of M1 and M2 site distribution was compatible with
Mbssbauer experiments on the same orthopyroxene.

The potential for extensive use of XAFS in character-
izing mineral structures depends on a thorough under-
standing of the strengths and limitations of the technique
for studying the typically disordered and distorted struc-
tures of many minerals (cf. Waychunas et al. 1986; Mot-
tana et al. 1990; Farges et al. 1994). Therefore, we in-
vestigated the structure of enstatite, a mineral well
characterized by other techniques, to test the accuracy and
sensitivity of XAFS analysis in determining site distortion
and bond lengths for the Fe crystallographic sites. Using
experimental data in conjunction with theoretical XAFS
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TasLE 1. Composition of Bamble enstatite starting material
from microprobe analysis

Constituent Wit
MgO 34.22(0.69)
TiO 0.03(0.05)
MnQO 0.05(0.03)
NiO 0.05(0.15)
Sio, 56.19(0.59)
FeO 8.54(0.14)
Ca0 0.29(0.04)
AlL,O, 0.05(0.03)

Total 99.38

standards, we determined the site distortion in the M2 site
in enstatite, roughly verified previous results of Fe site
partitioning in enstatite, and demonstrated the high qual-
ity of the theoretical XAFS functions generated by the
computer code FEFFS, recently developed by Rehr and
coworkers (Rehr and Albers 1990; Rehr et al. 1991: Mus-
tre de Leon et al. 1991). We could not compare our results
directly with those of Farges et al. (1994) because their
model was simpler, using one-O and two-O shells. Con-
sequently, their results include contributions from atoms
on both the M1 and M2 sites in enstatite, whereas we
modeled the two sites separately. Finally, although our
errors for site distribution of Fe are large, a precedent has
been set for use of XAFS in both site-distortion and site-
distribution determination, and we anticipate that theo-
retical modeling of XAFS spectra can be a powerful tool
for analysis of the crystal-chemical behavior of other cat-
ions in distorted crystallographic sites.

EXPERIMENTAL METHODS

A sample of natural enstatite [(Mg, ss5€4,1,)510,] from
Bamble, Norway, was used in this XAFS study. The com-
position was determined by microprobe analyses and is
given in Table 1. Although our microprobe results do not
account for Fe’* in the sample, previous studies of Bam-
ble enstatite indicate that Fe** accounts for <5% of the
Fe in the sample (Bancroft and Burns 1967; Bancroft et
al. 1967; Goldman and Rossman 1976, 1977; Rossman
1980).

The enstatite was powdered to ~5 wm size under ac-
ctone and brushed evenly onto pieces of Scotch tape.
Each sample consisted of two double layers of tape, cor-
responding to about one absorption length. The samples
were examined under an optical microscope (magnifica-
tion of 400X) to ensure that the samples were uniform
and that no pinholes were present. Transmission XAFS
measurements on the Fe K edge (7110 eV) were collected
at a temperature of 84 K using beamline 10-2 of the Stan-
ford Synchrotron Radiation Laboratory (SSRL). An
Si(111) monochromator was used, and the Si crystals
were detuned 40-50% from maximum intensity to mini-
mize harmonics of the desired photon energy. The slit
size in front of the sample was 0.7 (vertical) by 1.8 mm
(horizontal); Such narrow slits were used to minimize
monochromator-induced glitches in the XAFS data
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FiGure 1. XAFS spectrum for enstatite sample. The preedge
background was subtracted. The absorption edge is at ~7119 eV,
and we used the XAFS oscillations out to ~7700 eV. The inset
shows closeup of near-edge feature at 7113 eV, which indicates
the presence of a distorted site and which has been attributed to
a 1s — 3d state transition (Waychunas et al. 1983; Farges 1995).

(Bridges et al. 1992). Energy resolution using this exper-
imental configuration was ~1.2 eV at the Fe K edge.
Measurements were made using gas-ionization counters
containing N, gas, and a third counter simultaneously
measured the intensity passing through a reference sam-
ple to monitor shifts in the energy of the monochromator.

DATA ANALYSIS AND RESULTS
Data reduction

A standard series of procedures (Hayes and Boyce
1982; Teo 1986; Li et al. 1995) was used to reduce the
data. The slowly decreasing preedge background absorp-
tion was subtracted to observe absorption resulting from
only the atom of interest (Bridges et al. 1995). Figure 1
shows the raw spectrum of the enstatite data (an average
of three scans) in electron volts after removal of the
preedge background. A preedge peak, due to a 1s — 3d
state transition (Waychunas et al. 1983; Farges 1995), ap-
pears in the enstatite spectrum and indicates significant
distortion of the primary site into which Fe** partitions
in the structure. XAFS oscillations extended to ~7700 eV,
or 12.5 A" in reciprocal space (k space) above the ab-
sorption edge. The limited k range and the damping of
our XAFS signal result from disorder of Fe in the ensta-
tite structure.

A spline function was fitted to the data above the ab-
sorption edge to determine the atomic absorption, ,, and
the starting point of the XAFS fit was optimized as de-
scribed in Li et al. (1995). Once p, has been determined,
the XAFS function x(E) is determined as follows:

X(E) = [WE) — nolE)l/o(E) ey

where w(E) includes the XAFS oscillations. Because the
more useful XAFS formulation, kx(k), is a function of the
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Ficure 2. XAFS data of the k space at the Fe K edge in
(Mg,Fe)SiO, enstatite.

photoelectron wave vector k, the data must be converted
from photon energy, E, to k (in inverse angstroms) using
the equation

k = [2m(E — E)]*/% )

where m is the mass of an electron, % is h/2w, where h
is Planck’s constant, E is the incident photon energy in
electron volts, and E, is the energy at the absorption edge.
The resulting XAFS equation in terms of the wave vector,
kx(k), is given by

kx(k) = 3 [NF(k)/r)sin[2kr, + &,(k)]

X exp(—2ka7 — 2r/\) 3)

where the sum is over all atomic shells with N, atoms at
a distance r, from the absorbing atom, k is given by Equa-
tion 2, F, (k) is the backscattering amplitude, ¢,(k) is the
phase sh1ft of the photoelectron resulting from its inter-
action with the backscattering and absorbing atoms, o, is
the Debye-Waller factor for r,, and \ is the effective elec-
tron mean free path. Figure 2 shows the k-space XAFS
data for our enstatite sample. The k-space data were Fou-
rier transformed to yield spectra in real space with peaks
corresponding to the radial distances, R, of neighboring
atoms from the central absorbing atom: We used a Fourier
transform (FT) range of 2.0-12.5 A, Gaussian rounded
by 0.3 A-'. The FT of kx(k) must be compared to stan-
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Ficure 3.  Fourier transforms of the XAFS data and synthetic
XAFS spectra for Fe in the M1 and M2 sites. The outer envelope
is the magnitude of the FT [=(Re? + Im?)*], and the inner curve
represents the real part of the transform. Note that the zero cross-
ings of the inner curve closely match those of the data and M2
synthetic spectra out to 2.2 A. The bond distances plotted here
were uncorrected for phase shift and so are ~0.5 A shorter than
the actual bond lengths.

dard compounds or theoretical calculations to determine
the phase shifts at the scattering and absorbing atoms. In
Figure 3 we show an XAFS spectrum in r space (real
space, in angstroms), along with the two theoretically cal-
culated XAFS spectra, for Fe in the M2 and M1 sites,
generated as described in the next section. Note that r-
space distances in Figure 3 are offset from the actual
bond distances by phase shifts induced by the scattering
neighbor atoms and by the absorbing atom. The r-space
phase shift varies for different scattering atoms and is
typically ~0.4 A for O in the first-neighbor shell around
Fe atoms.

Generation of theoretical XAFS standards

The ab initio X-ray absorption fine-structure code
FEFF5 version 5.03 of Rehr and coworkers (Rehr and
Albers 1990; Rehr et al. 1991; Mustre de Leon et al.
1991), which includes curved-wave effects, was used to
generate the theoretical XAFS standards (i.e., simulated
XAFS spectra). For absorbing atoms with atomic num-
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Ficure 4. Fourier transform of the XAFS data (solid lines)
and the best fit using a sum of two synthetic XAFS spectra for
Fe in the M2 site (dashed lines). The fit used to generate this

plot included the range between 1.2 and 2.5 A, excluding phase-
shift effects.

bers similar to that of Fe, these calculated spectra are in
excellent agreement with experimental standards: Typi-
cally errors are 0.005 A for nearest- -neighbor distances
and 5-6% for amplitude (Li et al. 1995). Using the lattice
and positional parameters of enstatite determined by
Ghose et al. (1986) we generated the local structure
around Fe (out to 7 A) in the M1 and M2 sites in ensta-
tite. We then calculated the entire XAFS spectra [here-
after referred to as Fe(M1) and Fe(M2)] for Fe in both
the M1 and M2 sites, using FEFF5. In addition, we gen-
erated standards for individual atom pairs: Fe-O, Fe-Si,
and Fe-Fe, to model our spectra for individual bond dis-
tances. Finally, we generated a set of standards, which
excluded the six nearest O neighbors surrounding the Fe
in both the M1 and M2 sites but included the higher
atomic shells: Hereafter, we refer to these models as
Mlouter and M2outer. These particular standards were
used to complement models for the individual Fe-O bond
distances of the six nearest neighbors.

As a first approximation, the theoretical XAFS spec-
trum generated assuming that Fe occupies only the M2
site in enstatite compares much more favorably to our
XAFS data than does the theoretical spectrum for Fe on
the M1 site (see Fig. 3). In Figure 3, we note that zero
crossings of the real part of the FT (inner curve) for the
data and the theoretical Fe(M2) XAFS spectra overlap
almost completely in the first-neighbor shell and agree
reasonably well out to 2.7 A. In contrast, the Fe(M1)
theoretical XAFS spectrum does not agree as well with
the data for the first-neighbor shell and differs dramati-
cally above 2.05 A.

Fitting procedure

To verify that Fe substitutes predominantly into the M2
site and not the M1 site, to determine the individual Fe-O
bond distances, and to constrain the degree of distortion
of the M1 site, we ran nonlinear least-squares fits using
the FIT2 routine of the Physics Department of the Uni-
versity of California, Santa Cruz. This routine models the
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r-space spectrum using a sum of standard functions for
each peak in the Fourier transform: A set of peaks with
bond distances that are too close to resolve are treated as
one peak. The goodness-of-fit parameter, (R%)? (Li et al.
1995), is minimized for different sets of initial conditions
and assumptions. We first modeled the data to determine
the general site distribution of Fe between the M1 and
M2 sites in the orthopyroxene structure (preliminary
model). More detailed fits, using results from the prelim-
inary model and previous work, were designed to deter-
mine (1) individual Fe-O bond lengths (model A) and (2)
distortion of the M1 site (model B).

Preliminary model

We first quantified the visual observations described
above, that the data appear most similar to the theoretical
XAFS spectra for Fe on the M2 site, by fitting the data
as the sum of the two theoretical standards Fe(M1) and
Fe(M2). These fits ignored the relative distortions of each
site and required an overall magnitude, a global ¢ (broad-
ening parameter), and a net relative position in r space
for each site. The fits were performed in r space over the
range 1.2-2.5 A, which includes the dip in the spectrum
at ~2.05 A characteristic of Fe(M2). The best fits indi-
cated that 79 + 5% of the Fe is in the M2 site, with the
remainder in the M1 site. The fits required a small total
expansion (~0.02 A) of the M2 site relative to the total
expansion that would be expected from substituting Fe
into the Mg end-member (Ghose et al. 1986) and a sig-
nificant contraction for Fe in the M1 site. Input parame-
ters were varied widely in terms of the fractional occu-
pation of Fe on the M2 site but consistently converged
to the same range of values under the constraint that the
M1 and M2 site distortions remain unchanged. In Figure
4 we show the best fit to the data using this procedure.
The fact that this simple sum of the two synthetic XAFS
spectra so closely resembles the enstatite data up to 2.1-
2.2 A indicates the sites are only slightly distorted from
the theoretical standards.

For the fits shown, seven parameters were allowed to
vary: two bond distances, two amplitudes (which were
constrained to sum to 100%), two ¢ values, and one E,
which was equal for both standards. For our study, the
theoretically allowed number of variables was calculated
from Stern (1993) using

N = [(2AKAR)/w] + 2. (€3]

Here, Ak is (12.5 — 2.0) A~ and AR is (2.5 — 1.2) A.
Therefore, the total number of independent variables that
we could expect to extract from our data is ~11. The
number of fit parameters in the more detailed models, A
and B, described below are approximately equal to this
theoretical number of independent variables, and thus we
attempt to extract the maximum amount of information
from the XAFS spectra. Indeed, these models were de-
signed to examine the limits of the XAFS technique. Yet,
because there is independent information on the crystal-
lography of enstatite (for example, bond lengths from
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® M cation (Mg or Fe)

FiGure 5. Model of M1 and M2 sites in the enstatite struc-
ture. Large shaded circles are O atoms, black circles are M2
cations, small shaded circles are Si atoms.

X-ray diffraction), such starting information, along with
results from the preliminary model and theoretical XAFS
spectra, can be used to fix some of the parameters in the
XAFS analysis. Such fixing of parameters allowed us to
extract a detailed picture of the bond distances and site
distortions of Fe in enstatite.

Model A

Model A was designed to determine the six individual
Fe-O bond distances for the M2 site. The M2 site in or-
thopyroxene is quite distorted, and the six Fe-O bonds
exhibit slightly different crystal-chemical behavior. We
use the standard crystallographic notation for the six O
atoms to which Fe bonds in this site: Ola, Olb, O2a,
O2b, O3a, and O3b atoms, as shown in Figure 5. The
letter suffixes refer to the tetrahedral chain of which the
O atom is a member. O3 atoms, the farthest from the M2
cations, form the bridging O atoms in tetrahedral chains
and are thus overbonded and expected to form the weak-
est Fe-O bonds. In contrast, the two shortest Fe-O bonds
involve the more strongly bound O1 atoms. Intermediate
between these two extremes are the O2 atoms (Haw-
thorne and Ito 1977; Cameron and Papike 1980; Ghose
1982; Ghose et al. 1986). Thus, the strength or weakness
of the Fe-O bond is manifested in its relative variability
in length upon substitution of one cation for another and
in its relative distance from Fe in the M2 site.

To model the XAFS spectra, we fitted for the six in-
dividual nearest-neighbor O-atom distances of Fe in the
M2 site. In this fit, the higher atomic shells surrounding
Fe in the M2 site were fixed using a composite sum of
all other bond distances in the Fe(M2) spectrum
(M2outer). To model Fe in the more ideal M1 site, we
used the entire Fe(M1) spectrum. For initial estimates of
the Fe-O bond distances in the M2 site, we used bond
distances for both Mg—end-member and Fe-end-member
orthopyroxene. A series of fits were run in which Fe site
distribution between the M2 and M1 sites was cycled
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TaBLE 2. Best fit results for M2 distances: Model A
Distance (A)

Mg end- Fe end-

Atom” This study member** membert
02b 1.97(2) 1.9921 1.994
0O2a 1.98(2) 2.0333 2.024
O1b 2.09(3) 2,0567 2.129
Ofta 2.16(2) 2.0891 2.158
O3a 2.43(2) 2.2881 2.460
03b 2.65(10) 2.4474 2.600

* For O-atom positions, refer to Figure 5

** Pure Mg—end-member (enstatite) bond distances from Ghose et al.
(1986).

t Pure Fe—end-member (ferrosilite) bond distances from Sueno et al.
(1976).

through possible values of M2 site occupancy starting at
100% and extending to 73%. To maintain a sufficiently
large fit range to determine bond distances in the M2 site
while minimizing the number of parameters varied, we
found that the optimal fit range in r space was 1.2-2.5
A. Results generated in this manner included fits with ten
adjustable parameters (six bond distances for the six in-
dividual Fe-O bond distances in the M2 site, two o values
for M1outer and M2outer, one amplitude-reduction factor,
and E,) and 11 or 12 adjustable parameters (seven or
eight Fe-O bond distances, two ¢ values for Mlouter and
M2outer, one amplitude-reduction factor, and E). In fit-
ting for six Fe-O distances, the number of fit parameters
(ten) is within the theoretical estimate for the maximum
number of parameters that can be extracted from our data
(~11; see above). When we included one or two addi-
tional bond distances in the fitting procedure, we did not
improve the fit to the XAFS data over the ten-parameter
models and appeared to have reached the limit of the
amount of information that can be extracted from the
XAFS data, in accord with the theoretical estimate of the
number of fit parameters.

Acceptable fits to the XAFS data were achieved for all
reasonable values of M2 site distribution [100% < FeM?*/
(Fem? + FeM) < 76%] when o for individual Fe-O peaks
was fixed at 0.03. We note that our results are not overly
sensitive to ¢: Changing the o values by 0.01 affected
the bond distances by <0.01. Table 2 shows the results
from the model-A fits for M2 site bond lengths. Our fits
consistently converged to these bond lengths (* the error
reported in Table 2) for the different starting estimates of
Fe-O distances, different fit ranges, and different values
of Fe site distribution. In Figure 6 we show the resulting
model XAFS spectrum in comparison with the data.

Differences in amplitude of the M2 site between 100
and 76% M2 contribution resulted in the following
changes for the Fe-O bond distances. The first two bond
distances consistently converged to 1.97(2) and 1.98(2)
A for all M2 site distribution percentages. The third bond
distance converged to 2.08(2)-2.10(2) A, depending on
Fe site distribution: In Table 2 we report this distance as
an average value of 2.09(3) A. The fourth bond distance
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FiGure 6. Fourier transform of the XAFS data (solid lines)
and fit to the data (dashed lines) using model A. Fits extended
to 2.4 A without the phase shift and include outer shells only for
interference effects on the first shell.

converged to 2.16(2) A from 100 to 88% M2 and short-
ened monotonically with decreasing percentage of M2 to
2.10 A at 70% M2. The fifth bond distance consistently
converged to 2.43(2) A for all values of M2 site distri-
bution. The outermost, sixth bond distance was widely
variable in the fits: It became longer with increasing con-
tribution of the M2 site and ranged between 2.56 and 2.75
A Therefore, our estimated error for this peak is large,
at 0.1 A. Note that 2.75 A is even longer than the bond
distance of the structurally equivalent bond in ferrosilite
(Sueno et al. 1976).

On the basis of the results of model A, our best esti-
mate for the Fe distribution between the M2 and M1
[Fer/(FeM + FeM)] sites is 94%. Though this result dif-
fers from that of the preliminary model, FeM?/(FeM2 +

FeM) = 79%, we believe it is more accurate because the
model-A fits were much more flexible and thorough than
the preliminary model, and the (R%)? values for model
A were consistently lower than those of the preliminary
model.

Model B

Model B was designed to determine distortion of the
M1 site. Here, the M2 and M1 sites were modeled using
four and three Fe-O first-neighbor bond distances, re-
spectively; the rest of the spectrum was modeled by the
two theoretical standards, M1outer and M2outer. For this
model, we used nine bond distances: one for the first two
M2-O bonds, one for the middle two M2-O bond dis-
tances, one each for the outer two M2-O bond distances,
one bond distance each for the combined first and second,
third and fourth, and fifth and sixth atoms in the M1-O
site, along with M2outer and M1outer. With the M2 site
bond distances fixed in amplitude and position from mod-
el A, we ran many fits, in which we cycled through the
possibilities of M2 site occupancy, starting at 100% and
finishing at 68% M2, in 3% increments. Additionally, for
each M2 site occupancy we cycled through values of o
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TaBLE 3. Best fit results for M1 distances: Model B

Distance (A)

Mg end- Fe end-
Atom* This study membetr*™  membert
02A 1.96(3) 2.0087 2.090
O1A (Avg. of O2A and O1A) 2.0279 2.085
02B 1.98(6) 2.0469 2.124
01B (Avg. of O2B and O1B) 2.0657 2124
O1A 2.24(4) 2.1516 2.195
o1B (Avg. of O1A and O1B) 2.1709 2.194

* For O-atom positions, refer to Figure 5.

** Pure Mg—end-member (enstatite) bond distances from Ghose et al.
(1986).

1 Pure Fe—end-member (ferrosilite) from Sueno et al. (1976).

between 0.05 and 0.03 for the peaks representing two
bonds. Therefore, the fits had only nine varied parame-
ters: bond lengths for three M1 site peaks, bond lengths
for Mlouter and M2outer, o values for Mlouter and
M2outer, one amplitude, and E,. Our method of cycling
of the fixed variables allowed inspection of the effects of
varying two additional parameters (M2 site occupancy
and o). Results of our fits and other data are shown in
Table 3. The best fit using this model was for an Fe site
distribution of 88% on the M2 site, in fairly good agree-
ment with the results of model A. As can be seen in Table
3, the two shortest bond distances in the M1 site actually
shortened relative to the Mg end-member. The errors in
the other two distances are large; therefore, these dis-
tances are not discussed at length.

Because model A yielded a best fit with 94% M2 and
model B yielded a best fit with 88% M2, we estimate that
92(8)% of the Fe in our sample occupies the M2 site. For
comparison, we used other results to estimate the Fe dis-
tribution in M2 for orthopyroxene with an Fe/(Fe + Mg)
of 0.12. We interpolated between data points from Skog-
by et al. (1992) and Domeneghetti and Steffen (1992) and
obtained distributions of 86% Fe in the M2 site and 14%
Fe in the M1 site, well within the range of our fit results.

Error analysis

To evaluate errors in bond distances based on model
A, we generated a series of Monte Carlo simulations in
which 100-10000 sets of randomly generated starting pa-
rameters within a Gaussian probability density were used
as input for the fit program (cf. Binder 1984). The param-
eters of each Gaussian curve were chosen from the range
of values we determined in the sequence of fits discussed
above. We varied the width of the Gaussian functions
(i.e., the error on each parameter) for each parameter to
look for changes in the correlation coefficients. Each fit
was run with zero iterations. The goal was to compare
random numbers from within the probability function to
those of our best fit (Table 2) in order to calculate cor-
relation coefficients between each parameter and (R%)2.
If the correlation coefficients for the different parameters
are the same, then the relative errors we assigned to the
parameters are correct. To a first order, the correlation
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coefficients between the individual parameters and (R%)*
were the same, indicating that errors of ~25% relative
for o, ~1% for the bond lengths, and 8% for the site
distribution are accurate approximations.

Figure 7 shows an error surface for a series of fits of
the model-A type between 100 and 73% Fe“*/Fe,,. In
Figure 7a, the two horizontal axes represent site distri-
bution of Fe and 57, where dr is the shift from the best
bond distance obtained from model A (Table 2). For each
site distribution of Fe between the M2 and M1 sites, each
bond distance was displaced from the ideal bond distance
by &, which ranged between —0.04 and +0.04 A from
the ideal bond distance. The third dimension shows the
(R%)* value of each fit. In this particular set of fits, the
minimum plots at 94% M2, with &r at 0.00. As the figure
demonstrates, the (R%)* value rapidly increases as dr is
increased or decreased, and more gradually increases
away from the minimum in Fe site distribution, at 94%
M2, consistent with our much narrower constraints on
bond distances than on Fe site distribution. Figure 7b
shows a cross section of the mesh in Figure 7a at a con-
stant Fe site distribution of 94% M2, and Figure 7c shows
a cross section at constant dr of 0.00.

Discussion
Individual Fe-O bonds in the M2 site

In the following discussion we refer to the six O-atom
types mentioned above: Ola, Olb, O2a, O2b, O3a, and
O3b. As shown in Figure 3, the two shortest bonds (1.97
and 1.98 A) in the M2 site are to O2b and O2a atoms,
the intermediate bond lengths (2.09 and 2.16 A) to O1b
and Ola atoms, and the longest bonds (2.43 and 2.65 A)
are to O3a and O3b atoms (Ghose et al. 1986). The O1
atoms are fourfold coordinated, bonded to two M1 cat-
ions, one M2 cation, and one Si tetrahedron. These types
of O atoms are intermediate in bond strength between O2-
and O3-type atoms. O2 atoms are threefold coordinated,
bonded to one M1 cation, one M2 cation, and one Si
atom. They are underbonded and therefore form stronger
bonds than the other O atoms, and their bond lengths are
expected to change less in response to changes in pres-
sure, temperature, or composition. O3 atoms are threefold
coordinated, forming the bridging O atoms of Si tetra-
hedral chains, and are also bound to an M2 cation. O3
atoms are overbonded, and thus their bonds are weaker
(Hawthorne and Ito 1977; Cameron and Papike 1980;
Ghose 1982; Ghose et al. 1986).

On the basis of bond strength, we would expect the
shortest bonds to change the least in length and the lon-
gest bonds to change the most. Additionally, the type of
tetrahedral chain to which each O atom is bound affects
its bond-length variability. The A tetrahedral chain has
smaller and more distorted tetrahedra and is generally
more sensitive to changes in the bonding configuration of
the M2 octahedron than the B chain. We show below that
when both the bond strength and the tetrahedral chain
configuration are considered, the bond lengths determined

1327

5

a /!

40

n W
30
R%Y?
Y

20

o

o

70

&0

Minimum =
90 (at 0.0, 94% M2) N
FeM2/FeTotal 002 003 O
0901
K 0.0 "
100 ‘\V_;;_T,um 002 001
Deviation from Ideal Bond Distance (A)
[
30 |
5
25
20 | ¢
RDY 15 3
/3 RO
10 (K% .
5 b 14
O T T T 1 T T T T T 1
=004 002 0.0 (X3 004 k-] i 5 i as ]
Deviation from Ideal Bond Distance (A) FeM2/FeTotal

Ficure 7. (a) Error surface of fits using model A, Axes in
the horizontal plane include Fe?/Fe,, and &7, the deviation from
the ideal bond length. Bond distances were displaced from ideal
values for each FeM/Fe_, in increments of 0.03. Note that the
minimum in this series of fits plots at 94% M2 and dr = 0.00.
(b) (R%)* vs. dr at 94% M2. (¢) (R%)* vs. Fe site distribution
between 100 and 73% M2, with minimum at 94%, dr constant
at 0.0.

in this study are consistent with changes expected from
the addition of Fe to the Mg—end-member pyroxene.
Our two shortest bond lengths actually shortened rel-
ative to both the Fe-O and Mg-O bond lengths for the
end-members (Hawthorne and Ito 1977; Sueno et al.
1976; Sasaki et al. 1982; Ghose et al. 1986), but only by
0.02 and 0.04-0.05 A {(Fe-O2b and Fe-O2a, respectively,
Table 3). The uncertainty in the Fe-O2b bond length pre-
cludes our ability to determine if there is actual shorten-
ing relative to the Mg end-member. Howeves, the uncer-
tainty in the Fe-O2a bond length is not large enough to
account for the differences in bond length between our
sample and either the Mg or Fe end-member. To deter-
mine if the contraction resulted from the low tempera-
tures at which we collected the XAFS data (84 K), we
extrapolated the volume thermal expansion results of
Yang and Ghose (1994) down to 84 K and took the av-
erage volume thermal expansion coefficient between 296
and 84 K to be 21 x 10-¢/°C. The bond length shortening
we calculated was 0.15%, or 0.003 A for a bond length
of 2 A. Thus, shortening due to the low temperature of
the sample alone cannot account for the differences be-
tween our bond lengths and those of the end-members.
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Ficure 8. Simplified model showing changes in length of
M2-O2a and M2-03a bonds upon substitution of Fe for Mg in
the M2 site in orthopyroxene. The M2-0O2a bond shortens and
the opposing SiA-O2a bond lengthens, whereas the M2-O3a
bond lengthens and the opposing SiA-O3a bond shortens. Large
shaded circles are O atoms, black circles are M2 cations, small
shaded circles are Si atoms.

Bond-length shortening is not unusual for individual
bonds in the distorted M2 site. Indeed, the Fe-O2a bond
length in ferrosilite is shorter than that of Mg-O2a by 0.01
A (Table 2). The bond-length shortening relative to the
Mg and Fe end-members, especially the shortening of the
Fe-0O2a bond, can be explained by decreasing distortion
of the Si tetrahedra in the A chains and overall expansion
of the octahedral layer (Domeneghetti et al. 1985; Sykes-
Nord and Molin 1993). The smallest O-Si-O tetrahedral
angle in enstatite is 99.68° and is subtended by the O3
and O2 atoms in the A chain, which share an edge with
the M2 octahedron (Ghose et al. 1986) as shown in Figure
8. The sharing of the O3a-02a edge results in contraction
of the shared edge relative to other edges in the same
tetrahedron and the corresponding edge in B tetrahedra.
Therefore, it may be expected that both tetrahedral and
octahedral distortions associated with this anomalously
small angle and associated Si-Fe repulsion could result in
changes of both the Fe-O2a and Fe-O3a bonds, creating
a more distorted M2 site and a less distorted A tetrahe-
dron. Indeed, other studies (Smyth 1973; Sykes-Nord and
Molin 1993; Bertolo and Nimis 1993) have shown that
with the addition of Fe to the orthopyroxene structure the
S1-O (nonbridging) bond distances increase, whereas the
Si-O (bridging) bond lengths decrease. This is what
would be expected if the Fe-O2a (O2a is a nonbridging
O atom) bond decreases and the adjacent Fe-O3a (O3a is
a bridging O atom) bond increases (Fig. 8). A similar
effect was observed by Ohashi et al. (1975) in the mono-
clinic CaFeSi,0,-Fe,Si,0; series upon substitution of Ca
for Fe.

Additionally, other authors (Domeneghetti et al. 1985;
Sykes-Nord and Molin 1993) have postulated that in Fe-
rich samples overall changes of the octahedral layer with
changes in the M1 site result in straightening of the tet-
rahedral chains, moving the O3 atoms away from the M2
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cation. Thus, a charge imbalance occurs and is compen-
sated by shortening of the other bonds according to the
charge-valence model of Pauling. To a lesser extent this
could apply to our sample, with shortening of the Fe-O2a
and Fe-O2b bonds relative to both the Fe and Mg end-
members. Therefore, changes in the Si tetrahedra in the
A chains, along with charge-balance adjustments, provide
a consistent explanation for the shortening of the Fe-02
bonds and the lengthening of the Fe-O3 bonds associated
with the A tetrahedral chain, and for the less pronounced
effect on O atoms bound to the B tetrahedral chain (Cam-
eron and Papike 1981).

The two Fe-O bonds at 2.09 and 2.16 A correspond to
the O1b and Ola atoms (Ghose et al. 1986), respectively,
which form a shared edge between the M2 and M1 oc-
tahedra. As with the other bond lengths, the bond length
associated with the B chain changes less than the bond
length associated with the A chain relative to the Mg end-
member, with 0.03 and 0.07 A expansion, respectively.

Individual Fe-O bonds in the M1 site: Indications of the
role of Fe3+

The shortest of the M1 bond distances (Table 3), which
corresponds to two atoms bound to the A tetrahedral
chain, is shortened relative to the Mg end-member. Al-
though this peak represents an average of two bond
lengths, it is too small to be accounted for simply by the
shortening of only one of the bond lengths. The two
shortest M1-O bond lengths in the Mg end-member are
2.01 and 2.03 A. Therefore, we attribute the shift of this
peak toward shorter distances to the contraction of the
bonds of both of the atoms represented by this peak rel-
ative to the Mg end-member. Though the Fe end-member
shows no contraction of either of these two short bonds,
the presence of Fe’* in our samples would cause this
shortening relative to both the Fe?* and Mg end-members
because of cationic radius differences (Shannon and
Prewitt 1969). Any Fe** in the sample is expected to be
present in the M1 site (Annersten et al. 1978; Seifert
1983; Tazzoli and Domeneghetti 1987; Saxena et al.
1987). Therefore, we attribute the shortening of the two
shortest bonds in our sample to the presence of Fe’+,
which results in the M1 portion of the XAFS signal re-
flecting a sum of M1 sites containing Fe** and Fe**. To
verify this, we performed bond-valence model calcula-
tions for both sites using the method and appropriate pa-
rameters described in Brown (1981). Using the bond
lengths listed in Table 3, we calculated a valence of 2.78
vu for the M1 site, in accord with the prediction from
model B that the M1 XAFS signal represents contribu-
tions from both Fe?+ and Fe’*. For the M2 site, we cal-
culated a valence of 2.07 vu using the bond lengths in
Table 2, suggesting that little or no Fe** resides in the
M2 site.

Bond-length average and distortion

In Table 4 we show the bond-length distortion of our
sample, along with that of the two end-members. The
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bond-length distortion in our sample, 10.0-15.6 X 1073,
agrees well with the distortion of the Fe end-member and
is significantly higher than that of the Mg end-member,
5.71 x 1073, Additionally, various relationships between
octahedral distortions and bond lengths, both individual
and average, have been demonstrated in orthopyroxene
along the Fe-Mg join (Morimoto and Koto 1969; Brown
and Shannon 1973; Hawthorne and Ito 1977; Domenegh-
etti et al. 1985; Bertolo and Nimis 1993; Sykes-Nord and
Molin 1993). To test for linearity of average bond-length
expansion along the Fe-Mg join we calculated the aver-
age Fe-O bond length (<Fe-O>) for intermediate and
end-member orthopyroxene, assuming the <Mg-O> of
the end-member (Table 4). Our calculations show that the
average Fe-O bond length in the M2 site is constant
across the Fe-Mg join, in accord with similar behavior in
ionic materials (Boyce and Mikkelsen 1985).

Lattice-parameter expansion owing to substitution of Fe
for Mg

On comparison of the Fe-O bond lengths in our study
with the expansion of the lattice parameters owing to the
addition of Fe in the enstatite structure (Sueno et al. 1976;
Ghose et al. 1986; Skogby et al. 1992; Domeneghetti and
Steffen 1992) it is evident that minor variations and per-
haps shrinkage of the shortest Fe-O bonds is consistent
with XRD data. The results of XRD studies indicate that
the a parameter expands the least in terms of percentage
expansion and the b parameter expands the most. This is
consistent with minor contraction of the Fe-O2a and
Fe-O2b bonds, which have a component in the a direc-
tion, combined with expansion of the other four bonds,
all of which have components in the a direction. The
expansion of the b parameter can be explained by length-
ening of the two Fe-O1 bonds in the M2 octahedron,
which shares an edge with an M1 octahedron. This bond
lengthening is a likely mechanism for accommodating
Fe?+-Mg?* repulsion in adjacent polyhedra and would
have a strong component of lengthening in the b direc-
tion. Lengthening of the Fe-O3a and Fe-O3b bonds would
affect both the » and a parameters, though the smaller
expansion of the a parameter in comparison with the b
parameter may indicate that these bonds have a larger
component in the b direction. Finally, straightening of the
tetrahedral chains would have a pronounced effect on the
¢ parameter but a small, negative effect on the b
parameter.

CONCLUSIONS

In comparison with X-ray diffraction, Mossbauer, and
neutron-diffraction data, XAFS analysis provides comple-
mentary and consistent results for the structure of ensta-
tite. Our analysis provides bond lengths for individual
bonds in the M2 site and rough estimates of Fe site dis-
tribution. Distortion of the M2 site containing Fe is great-
er than that of the M2 site in the Mg end-member (Table
4) and may be greater than distortion of the same site in
the Fe end-member. Broadly, expansion of the octahedral
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TasLE 4. Tests for linearity of solid solution

Fe/(Mg Fet2)/

+ Fe) Feqot (Fe2-0)* A(X10%)"*  Referencet
0.00 2.15 (Mg2-0) 571 A
0.07 0.970(4) 2.21 = B
0.12 0.82(6) 2.20-2.23 10.0-15.6 This studyt
0.215(2) 0.820 2.21 = (¢
0.39 0.933 2.22 e B
0.496(3) 0.715 2.22 = c
1.0 2.23 10.2 D

* (Fe2-0) is the average bond length recalculated in the samples with
0.07, 0.215, and 0.496 Fe/(Fe + Mg) to remove the effect of averaging in
Mg-O bond distances. We used the equation (M2-O) = XFe™2-(Fe2-O) +
1 — X(Fe™2).(Mg2-0) for both samples and assumed (Mg2-O) of the end-
member.

** A is the distortion parameter and is given by A = X [(/, — /)/[}/6, where
i ranges from 1 to 6, / = average bond length, and / = individual bond
length.

1 A = neutron-diffraction data from Ghose et al. (1986); B = Mossbauer
and X-ray diffraction data from Skogby et al. (1992); C = Mdssbauer data
and X-ray diffraction data from Domeneghetti and Steffen (1992); D =
X-ray diffraction data from Sueno et al. (1976).

t The numbers listed from our study include the two extreme cases in
the error on the sixth bond distance, which ranged from 2.55 t0 2.73 A

layers and straightening of the A tetrahedral chain are
consistent with the bond lengths we obtained for the M2
site. Fe bonds to O atoms of the tetrahedral A chain were
more affected by changes in the M2 site than Fe bonds
to O atoms of the B chain, in accord with previous work
(Domeneghetti et al. 1985). Additionally, we detected mi-
nor contractions of individual Fe-O bond lengths in both
the M2 and M1 sites relative to the analogous bond
lengths of the Mg end-member, probably a mechanism
for charge-balance adjustments and accommodation of
smaller cations, respectively. We showed that detailed
XAFS analysis involving both XAFS data and XAFS the-
ory provides a useful and unique tool for determination
of otherwise uncharacterized structural features in a struc-
ture as complicated as that of enstatite. This analysis po-
tentially provides unique structural information for many
other mineral structures with local bonding environments
that are currently uncharacterized.
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