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Distribution of cations and vacancies and the structure of defects in oxidized intermediate

olivine by atomic-resolution TEM and image simulation
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ABSTRACT

The Fe, Mg, and vacancy distributions in oxidized olivine of intermediate composition
and the crystal structures of associated planar defects were examined by a combination of
atomic-resolution transmission electron microscopy, image analysis, and image simulation.
Simulated images using various structures and site occupancies show that the defects are
not laihunite-like layers within an essentially normal olivine, but instead are integral parts
of a highly oxidized crystal with a high degree of cation and vacancy ordering and a
distorted olivine structure. A possible new structure was derived as a variant of previously
published refinements for oxidized fayalite (laihunite-3M), with one defect row per unit
cell instead of two. Details in high-resolution images are extremely sensitive to variations
in atomic positions and site occupancies. Semiquantitative constraints on relative magni-
tudes of electron densities provided by image simulation were combined with crystal chem-
ical constraints based on local charge balance and compositional constraints from analytical
electron microscopy in a series of linear equations, which were solved to provide severa
candidate models for the distribution of Fe, Mg, and vacancies. Simulations using the new
structure and an occupancy model in which essentially al of the Fe is Fe* in M2 sites
and all of the vacancies are in M1 sites match significant characteristics of HRTEM images
obtained at Scherzer defocus and at overfocused conditions. This ordering scheme is sim-

ilar to that of true laihunites and may result from differences in site and cation sizes.

INTRODUCTION

Numerous papers have addressed site occupancies and
ordering of divalent octahedral cationsin olivines. Recent
examples include Redfern et al. (1997) for FeMn and
MgMn olivines, Chakraborty (1997) for FeMg olivines,
Miuller-Sommer et a. (1997) for CoMg olivines, and
Chen et al. (1996) for NiMg olivines. In contrast, little is
known about the structural modifications required to ac-
commodate significant quantities of trivalent octahedral
cations. Laihunite, an intermediate-temperature oxidation
product of fayalite (Kitamura et a. 1984; Kondoh et al.
1985) is the best-known example of a mineral displaying
these modifications. Published laihunite compositions
vary, but follow the general formula OJFe*, Fe; SIO,
(Kondoh et al. 1985), where [] represents vacancies and
x ranges from 0.24 to 0.5 (Kondoh et al. 1985; Schaefer
1985; Kan and Coey 1985; Kitamura et a. 1984; Tamada
et al. 1983; Shen et a. 1986).

Naturally occurring laihunites have been identified in
igneous and metamorphic rocks from various locations
(summarized by Schaefer 1985). Laihunite-like materials
also have been produced synthetically by oxidizing
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FeMg, FeCo, FeMn, and FeCa olivines (Khisina et al.
1995, 1996; lishi et a. 1989a, 1989b), but have not been
studied in detail.

Laihunite has a distorted olivine structure (monoclinic,
a = 971° in the unconventional space group P2,/b with
unique a axis) (Tamada et al. 1983; Shen et a. 1986).
One-layer, two-layer, and three-layer polytypes (where a
“layer” corresponds to a distorted olivine unit cell) have
been identified (references in Kondoh et al. 1985). X-ray
refinements of the average structure (Tamada et al. 1983)
and three-layer polytype (laihunite-3M; Shen et al. 1986)
show a strongly layered structure in which the M1 sites
are occupied by Fe?* and vacancies in alternate layers
parallel to (001), while the M2 sites are predominantly
occupied by Fes+.

Banfield et al. (1990) interpreted periodic and nonper-
iodic planar crystallographic defects in oxidized olivine
phenocrysts from basaltic andesites from the Abert Rim
(south-central Oregon) as intergrowths of olivine and a
naturally occurring Mg-rich, laihunite-like material. The
defect-bearing areas are one of three distinct alteration
assemblages in the phenocrysts: a magnetite-silica assem-
blage inferred to represent high-temperature oxidation of
the alivine; the defect-bearing areas, which were inferred
to represent intermediate-temperature (400—800 °C) oxi-
dation; and a low-temperature assemblage formed by hy-
drothermal alteration and westhering (Banfield et al.
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1990). The planar defects occur in small patches, predom-
inantly at edges of grains (Banfield et al. 1990). Defect
spacing and composition both vary on a scale of a few
hundred nanometers (Banfield et a. 1990).

The present study examines the crystal structures and
site occupancies of periodic planar defects in the sample
studied by Banfield et al. (1990). Because of the small
spatial scale of these phenomena and the need to correlate
chemical and microstructural observations, it was neces-
sary to use transmission electron microscopy (TEM)
techniques.

EXPERIMENTAL METHODS

The specimen in this study is an atered olivine phe-
nocryst from a basaltic andesite lava flow that outcrops
near Lake Abert (Abert Rim) in south—central Oregon.
The specimen was previously examined by Banfield et al.
(1990), who describe its geological context in detall.

AEM anayses of areas with planar defects showed
metal cation (Fe+Mg) totals as low as 1.87 per four O
atoms, while defect-free regions showed the 2 cations
characteristic of stoichiometric olivine (Banfield et al.
1990). The AEM analyses also showed that the spacings
of the planar defects increase with increasing magnesium
content in the olivine over compositions ranging from
approximately Fo 35 to Fo 85 (Banfield et al. 1990). Pe-
riodic planar defects in bulk compositions with Mg/
(Mg+Fe) = 0.5 have spacings corresponding to every
third olivine unit cell (Banfield et a. 1990) (approxi-
mately every 17-18 nm, based on Fo 50 and laihunite
lattice parameters; Ghose et al. 1976; Shen et al. 1986).

Thin foils were prepared for electron microscopy by
ion milling 30 wm thick olivine slices from petrographic
thin sections and applying a light carbon coat (Banfield
et al. 1990). Atomic-resolution transmission electron mi-
croscope images with the beam parallel to [100] were
collected by David J. Smith at the Center for High Res-
olution Electron Microscopy (Arizona State University),
using a JEOL 4000EX operated at 400 kV, with a range
of thickness and defocus conditions. Thin regions in
which periodic defects occurred every third unit cell were
selected from two images recorded under very different
defocus conditions for detailed comparison to simulated
images.

Image simulations used the multislice algorithm asim-
plemented in the EMS program (Stadelmann 1991). They
used a C, of 1.0 mm and other parameters appropriate for
the microscope. Slice thickness was 1 unit cell (~0.48
nm in the direction parallel to the beam). Through-thick-
ness and through-focus simulation series using thickness-
es between 1 and 29 nm and defocus conditions between
124 nm underfocus and 196 nm overfocus established
that the images represented ~49 nm underfocus (approx-
imately Scherzer defocus) in an area ~6.7 nm (14 unit
cells) thick and ~66 nm overfocus in an area ~15 nm
(31 unit cells) thick. Fresnel fringes in the images are
consistent with these conclusions.

Because the structure of the periodic defects was un-
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known, three candidate models specifying atomic posi-
tions were evaluated. Two of the models were based on
suggestions in the literature; one was newly constructed
for this paper. Extensive preliminary image simulations
led to identification of relationships between site occu-
pancies and characteristics of simulated images, and
eventually to definition of afina series of 25 models that
could be used to constrain site occupancies for the new
structure. Each of these models satisfies local charge bal-
ance and has Mg/(Fe+Mg) = 0.5. All of the models in
the final series were smulated using both the new struc-
ture model and norma Fo 50 olivine atomic positions
(Ghose et al. 1976).

Constant isotropic thermal coefficients of 0.0045 nm?2
for Mg, 0.005 nm? for Fe, 0.003 nm? for Si, and 0.004
nm? for O were used in al of the simulations. These
values are consistent with several published olivine struc-
ture analyses with R values <3% (e.g., Ghose et al. 1976;
Fujino et al. 1981). Image simulations of Fo 50 olivine
using the constant coefficients given above and published
coefficients (Ghose et al. 1976) are indistinguishable.

OBSERVATIONS OF HIGH-RESOLUTION TEM IMAGES

Examination of several high-resolution TEM images
viewed from the [100] (olivine and laihunite) direction
(e.g., Fig. 1) showed that the planar defects were sharply
bounded, that their apparent widths did not increase in
slightly thicker areas of the specimen, and that there were
no moiré fringes such as would be produced by an in-
clined boundary separating two dlightly different crystal
structures. These characteristics indicate that the defects
are edge-on when viewed from this direction. Indexing
calculated diffraction patterns from these images as ol-
ivine confirms that the defects are invariably paralel to
(001). [Throughout this paper, olivine is assigned to the
orthorhombic space group Pbnm and laihunite is assigned
to the unconventional monoclinic space group P2,/b with
the a axis unique. These space groups are habitually used
in structure refinements of these minerals (e.g., Ghose et
al. 1976; Shen et al. 1986), and describe comparable ori-
entations of the olivine lattice.]

Defect spacing is variable, athough it may be fairly
constant over regions of at least severa tens of nano-
meters. Defects spaced every second or third unit cell are
common, but spacings of up to a micrometer occur in
some areas. Defect periodicities involving fractions of ol-
ivine unit cells (e.g., every 2 % unit cells) were not ob-
served. The appearance of the defects, and of the material
between them, does not change recognizably with differ-
ences in defect spacing.

In images taken at Scherzer defocus conditions and
specimen thickness of ~6.7 nm (Fig. 2a), the dominant
feature is light colored, highly convoluted curves parallel
to c. The defects are brighter areas in each curve, aligned
to form rows perpendicular to the curves. There is no
observable change in the shapes of the curves associated
with the defects. Images taken at ~66 nm overfocus and
~15 nm specimen thickness (Fig. 2b) show closely
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Ficure 1. High-resolution TEM image of defects with non-
periodic two-, three-, and four-layer spacing. The appearance of
the defects and the material between them is independent of de-
fect spacing. Approximately Scherzer defocus (49 nm underfo-
cus), thickness dightly greater than 6.7 nm, beam paralel to
[100].

spaced individual bright spots. The defects appear as an
unusualy bright row of spots perpendicular to ¢ with a
dim row immediately above, but do not cause observable
changes in the positions of the spots. These observations
are consistent with changes in occupancy and small lat-
tice distortions in an olivine-type structure. They preclude
any interpretation of the defects as intergrowths of olivine
and a mineral with a significantly different structure or
lattice parameters, such as a humite-group mineral.

IMAGE-SIMULATION EVALUATION OF MODELS BASED
ON THE LITERATURE

Two initial models for the defect structure of oxidized
olivine were tested by comparing between image simu-
lations and the high-resolution TEM images: interstrati-
fications of laihunite in normal olivine and laihunite-3M
with Mg?* replacing Fez*.

L attice parameters for both models arein Table 1. Unit-
cell dimensions in the laihunite portions of the models
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are about 1% smaller than those in conventiona laihun-
ites (Shen et al. 1986; Tamada et al. 1983). This reduction
is analogous to that in FeMg olivines, where lattice pa-
rameters of Fo,Fa,, (Ghose et al. 1976) are about 99%
of those of fayalite (Fujino et a. 1981). The simulated
images are not sensitive to small variations in unit-cell
sizes and shapes.

Image simulation results are shown in Figure 3. Site
occupancies and atomic positions are in Tables 2 and 3.
Both models share a common olivine structure, with some
distortions in laihunite portions. The triangles in the lower
left corner of each image represent the positions of silica
tetrahedra in one unit cell, projected onto (100). M1 oc-
tahedral sites are between the sides of triangles in adja-
cent horizontal rows, and M2 octahedral sites are between
the base of one triangle and the apex of the adjacent tri-
angle in the same row.

INTERSTRATIFIED OLIVINE AND AVERAGE
M G-LAIHUNITE

Severa researchers (Banfield et al. 1990, 1992; Khisina
et a. 1995) have suggested that the defects in oxidized
olivine are intergrowths of a laihunite-like mineral with
normal olivine. The amount of magnesium in the laihun-
ite-like mineral is not well constrained (Banfield et al.
1990, 1992), athough Mossbauer spectroscopy suggests
that it contains no Fe2+ (Khisina et al. 1995).

Figure 3 shows simulated images of amodel consisting
of one layer of average laihunite (Tamada et al. 1983), in
which M@2* has been substituted for Fe**, sandwiched
between two layers of fully disordered Fo 42.9. The over-
all composition is [, ,,Fe5,Fe&5,M335,S,0,, with an Mg/
(Mg+Fe) ratio of 0.5. Atomic positions in the olivine
portion are from the F,, F,, structure refinement by
Ghose et a. (1986). The olivine and laihunite are joined
along their mutual (001) planes at z ~ % and ~ 2. Slight
mismatches in the a and b lattice parameters of the ol-
ivine and laihunite are ignored, as is the small deviation
from orthorhombic symmetry produced by the monoclin-
ic laihunite.

The simulated images (Figs. 3a and 3b) do not match
the observed images (Fig. 2) in severa important re-
spects. The light curves in Figure 3a are offset across the
defects, while those in Figure 2a are not, and the defects
themselves are too bright. The asymmetrical spots adja-
cent to the defects in Figure 3b are similar to those in
Figure 2b, but the columnar arrangement of the spots be-
tween the defects is not.

Simulated images from a closely related model in
which a layer of true (Fe-) laihunite is sandwiched be-
tween two layers of normal Fo 80 olivine are quite similar
to Figures 3a and 3b. These do not match the observed
images for the same reasons.

Ma-LAIHUNITE 3M

The Mg-laihunite 3M model is based on an X-ray
structure refinement of an (Fe-) laihunite 3M with a com-
position of ~[], ,,Fe5,Fe5,SI0, (Shen et a. 1986). Mg+
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Ficure 2. High-resolution TEM images of defects with three-layer spacing, beam parallel to [100]. Defects are primarily changes
in image brightness rather than distortions of the basic pattern. Arrows show crystallographic orientation and size of one unit cell
(~1.0 X 1.8 nm). (a) ~Scherzer defocus, ~6.7 nm specimen thickness. (b) ~66 nm overfocus, ~15.0 nm specimen thickness.

was substituted for Fe?* throughout, producing a bulk
composition of [, ,,Fe35,M025,S0,.

Simulated images from the Mg-laihunite 3M model
(Figs. 3c and 3d) again show significant differences from
the observed images. The model has paired rows of de-
fects one olivine unit cell apart; this spacing was never
observed in the oxidized olivine in this study. The light
curves in Figure 3c stair-step diagonally rather than being
parallel to ¢, and the defects are even brighter relative to
the rest of the image than they are in Figure 3a. The
positions of the spots in Figure 3d are a dlight improve-

TaBLE 1. Lattice parameters
Space B B .

Structure model group a (A) b (A) c(A) a®
Fog, Fas, Pbnm 4794 10.339 18125 90
Interstratified olivine,

laihunite P2,/b* 4.794 10.339 17.840 90
Mg-laihunite 3M P2.,/b* 4825 10.053 17.272 91
Single-defect-row

structure P2,/b* 4825 10.053 17.185 91

Note: For all models, 3 and y = 90 °.
* @ unique.

ment over the olivine portions of Figure 3b, but are still
not correct.

DEVELOPMENT OF A NEW STRUCTURE MODEL WITH
A SINGLE DEFECT ROW

The structure model for Mg-laihunite 3M discussed
above has two closely spaced rows of vacancies per unit
cell, while observations of the defects in oxidized inter-
mediate olivine indicate that there should be only one.
Consequently a new structure model was developed by
removing one defect row in Mg-laihunite 3M (Table 3).

Octahedral and tetrahedral cation positions in the new
model were developed by analyzing displacements in
Mg-laihunite 3M relative to olivine, then propagating dis-
placements from the areas outside the paired defects sym-
metrically around the single defect row in the new
structure. O atom positions were generated from tetra-
hedral distortions and rotations relative to olivine. The
origin of the unit cell was shifted to position the defect
row in the center. Figure 4 shows the resulting cation
positions and tetrahedral distortions and rotations relative
to those in olivine. The maximum digplacements relative
to Fo 50 atomic positions are ~0.11 A for any tetrahedral
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FiGURE 3.

Image-simulation evaluation of models based on
the literature. Each image shows four unit cells. Triangles (lower
left unit cell for each image) indicate projected positions of silica
tetrahedra determined from the corresponding electron potential
map. Top row: Scherzer defocus and ~6.7 nm specimen thick-
ness. Bottom row: ~66 nm overfocus and ~15.0 nm specimen
thickness. (a and b) Norma Fo 42.9 olivine (top and bottom
thirds of each unit cell) interstratified with average Mg-laihunite
(middle third). (c and d) Mg-laihunite 3M.

cation, ~0.15 for any octahedral cation, and ~0.23 for
any O atom [~0.09, ~0.15, and ~0.16 A parallel to the
(100) plane].

DEVELOPMENT OF SITE-OCCUPANCY MODELS

To study possible site occupancies for the new model,
we specified a system of linear equations whose solutions
are site occupancies that have a defect every third row,
produce an overall Mg/(Fe+Mg) ratio of 0.5, and are lo-
cally charge balanced. Seven equations were used: two
specifying M2 site occupancies, two specifying electron
densitiesin M1 sites, two specifying local charge-balance
relationships, and one specifying bulk composition. Dif-
ferent site occupancy models for image-simulation eval-
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TaBLE 2. Octahedral site occupancies for models from the

literature
Interstratified
z . olivine and laihunite Mg-laihunite 3M
coordi- Site
nate type Mg2*+ Fe O Mg?+  Fes* O
~0.00 M1 0.429 0.571 — 1.0 — —
~0.08 M2 0.429 0.571 — 0.2 0.8 —
~0.16 M1 0.429 0.571 — — — 1.0
~0.25 M2 0.429 0.571 — 0.2 0.8 —
~0.33 M1 1.0 — — 1.0 — —
~0.41 M2 0.2 0.8 — 0.2 0.8 —
~0.50 M1 0.2 — 0.8 — — 1.0
~0.58 M2 0.2 0.8 — 0.2 0.8 —
~0.67 M1 1.0 — — 1.0 — —
~0.75 M2 0.429 0.571 — 0.2 0.8 —
~0.83 M1 0.429 0.571 — 0.67 — 0.33
~0.91 M2 0.429 0.571 — 0.2 0.8 —

Note: Origin of Mg-laihunite 3M unit cell translated by z = —% for com-
patibility with interstratified olivine-laihunite and single-defect-row struc-
tures.

uation were produced by changing the oxidation state of
the Fe and the distribution of the Fe, Mg, and vacancies
between the sites.

Figure 5 illustrates designations for site occupanciesin
the eguations. Adjacent M1 and M2 sites with similar
heights can be regarded as lying along zigzags paralel to
c. M1 sites are considered to be either ““a” sites, which
lie in the defects, or ‘¢’ sites, which lie between them.
M2 sites are considered to be either “'b’"" sites, which are
adjacent to the defects, or “d’” sites, which are between
them. Site occupancies are designated by a letter indicat-
ing the site type (*a’, ‘b, *‘c”’, or *“d"") and a subscript
(1 for Mg and 2 for Fe).

The site-occupancy model makes five assumptions: (1)
all tetrahedral sites are occupied by Si; (2) al anion sites
are occupied by O; (3) the defects involve only one row

TaBLE 3. Atomic positions for constructed models

Interstratified Single-defect-row

i olivine, laihunite structure
Site
type X y z X y z
M1 0 0 0 0 0 0

M1 0 0 0.167 0 0 0.166
M1 0 0 0.333 0.999 0.991 0.339
M1 0 0 Y 0 0 %
M2 0.987 0.721 0.083 0.005 0.725 0.083
M2 0.487 0.779 0.250 0.504 0.778 0.249
M2 0.505 0.226 0.419 0.509 0.234 0.418
T 0.072 0.404 0.083 0.059 0.404 0.083
T 0.572 0.096 0.250 0.559 0.100 0.249
T 0.060 0.404 0.416 0.059 0.412 0.416
(@] 0.217 0.336 0.012 0.220 0.328 0.009
o 0.734 0.408 0.083 0.723 0.398 0.080
(0] 0.214 0.550 0.083 0.174 0.555 0.084
O 0.217 0.336 0.155 0.201 0.329 0.154
(0] 0.717 0.164 0.178 0.701 0.175 0.178
(o) 0.714 0.950 0.250 0.674 0.949 0.248
O 0.234 0.092 0.250 0.223 0.107 0.252
(6] 0.717 0.165 0.322 0.72 0.176 0.323
(o) 0.217 0.327 0.344 0.222 0.335 0.346
O 0.724 0.395 0.415 0.727 0.401 0.413
o 0.327 0.054 0.419 0.328 0.060 0.418
(0] 0.196 0.323 0.489 0.199 0.326 0.486
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Ficure 4. Atomic displacements in the single-defect-row
structure, projected onto (100) plane. Filled circles = M1 sites.
Open circles = M2 sites. Crosses = Tetrahedral sites (Si). (left)
Cation displacements relative to olivine. Only displacements
=0.0015 are shown. (right) Tetrahedral distortions and rotations
relative to olivine.

of M1 sites and the adjacent M2 sites; (4) the ordering
behavior of Fe2* and Fe3+ is similar; and (5) there is no
Fe in the “a’ sites (i.e., a, = 0), which form the defect
row. The first two assumptions are required for consis-
tency with both normal olivine (e.g., Ghose et al. 1976)
and laihunite (Shen et a. 1986; Tamada et al. 1983). The
third assumption is supported by the appearance of the
defects in observed images (Figs. 1 and 2), and is con-
sistent with the rapid decrease in lattice distortions rela
tive to olivine in the single-defect-row structure (Fig. 4).
The fourth and fifth assumptions are supported by image
simulation results and will be discussed below.

Careful consideration of the Scherzer-defocus images
in the top row of Figure 3 suggests that the position of
the light-colored vertical curves relative to the tetrahedra
is sensitive to M1 site occupancy. The curves invariably
pass through the positions of M1 sites with vacancies,
and avoid the positions of fully occupied M1 sites. Thus,
the curves in the interstratified olivine and laihunite mod-
el (Fig. 3a) avoid the M1 positions in the olivine sections
of the model (which has no M1 vacancies), then are offset
to pass through the vacant M1 site in the laihunite portion
of the model. The diagonal stair-steps in the Mg-laihunite
3M model (Fig. 3c) occur because the curves alternately
pass through and avoid vacant and fully occupied M1
sites.

M1 site occupancy also controls the relative brightness
of the defects. they are dlightly brighter relative to the
rest of the curves in the Mg-laihunite 3M model, where
the M1 sites in the defects are fully vacant, than in the
interstratified olivine-laihunite model, where they are oc-
cupied by 0.2 Mg atoms.

Preliminary simulations showed that the total electron
density (ed) of the atoms in the “a”’ and “c” sites is
crucia in understanding characteristics of the simulated
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Ficure 5. Schematic three-layer olivine structure projected
onto the (100) plane to illustrate site nomenclature used in linear
equations. Filled circles = M1 sites; z-coordinates at left. Open
circles = M2 sites; z-coordinates at right. Dashed zigzags con-
nect M1 and M2 sites at the same height (x-coordinate). Small
letters ““a” through “d” designate sites for linear equations.

images. Thus, Equations 1 and 2 (below) specify a,, and
C..» the electron densities of the atoms occupying the ““a’

and ‘¢’ sites, respectively, as a multiple of the electron
density of one Mg atom.
ay =& @
Cuq = C, + 2C,. 2

The ““c, + 2c¢,” term in Equation 2 indicates that Mg
can be exchanged for Fe at a 2:1 ratio without changing
the appearance of the simulated images. This exchange
rate reflects the ratio of the electron scattering factor for
Mg to that of Fe (Doyle and Turner 1968) for values of
(sin 6)/x between 0.2 and 0.5. The ratio of the scattering
factors for Mg: Fe lies between about 1.82 and 2.08 over
this angular range, with an average value very close to
2.0, and is essentially independent of the oxidation state
of the Fe. If it were not assumed that there is only Mg
n “a’ stes, there would be a similar exchange ratio in
Equation 1.

The preliminary image simulations were insensitive to
differences in the electron densities of Fe and Mg occu-
pying the M2 (*‘b” and “d"”) sites. Consequently, Equa-
tions 3 and 4 (which specify the b’ site occupancy, b,
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TaBLE 4a. Site occupancies for final simulations with 100% Fe3*
8gg 0.45* 0.45 0.45 0.45% 0.55 0.45 0.45 0.45 0.45% 0.55
[ 1* 0.95 1 1t 1 0.95 1 1 1F 1
Ceq 0.65* 0.75 0.75 0.75t 0.75 0.85 0.85 0.85 0.85% 0.85

1* 1 0.85 1t 1 1 0.79 0.90 1f 1
a, 0.45 0.45 0.45 0.45 0.55 0.45 0.45 0.45 0.45 0.55
b, 0.09 0 0.20 0.14 0.23 0.05 0.27 0.23 0.19 0.28
b, 0.91 0.95 0.80 0.86 0.77 0.90 0.73 0.77 0.81 0.72
c, 0.61 0.55 0.75 0.51 0.47 0.45 0.75 0.57 0.41 0.37
c, 0.02 0.10 0 0.12 0.14 0.20 0.05 0.14 0.22 0.24
d, 0.28 0.40 0.05 0.38 0.36 0.50 0.02 0.26 0.48 0.46
d, 0.72 0.60 0.80 0.62 0.64 0.50 0.77 0.64 0.52 0.54

Note: Charge, = 3.0, Mg,,, = Fe,, = 4.8. Composition ~[], ,,Fe35,Mg35,SiO,.

* Figure 7 a, b, g, h; Figure 8.
Tt Figure 7 ¢, d, i, j.
fFigure 7 e, f, k, I.

and the “d” site occupancy, d,., respectively) are ex-
pressed in terms of the total number of atoms in each
site, and allow Mg to be exchanged for Fe at a 1:1 ratio.

bocc = bl + bZ (3)
e = d, + d. 4

Equations 5 and 6 are an expression of local charge
balance within an olivine-like structure. More specifical-
ly, the equations were defined by noting that the average
charge for all octahedral sites is +2 in olivine, and re-
quiring that any difference from this average charge re-
sulting from the introduction of a vacancy or +3 cation
into one octahedral site must be compensated by corre-
sponding changes in adjacent octahedral sites. Deriva
tions for the charge-balance equations are in Appendix 1.

2¢, + charge., X ¢, + 2d, + charge-.. X d, = 4 (5)
2a, + 4b, + 2 X b, X charge.. + 2c, + C,

X charge., = 8.

(6)
In these equations, charge-, is the average charge of an
Fe ion (for example, charge., = 2.9 if 90% of the Fe is
Fes+ and 10% is Fe>).

Equations 7 and 8 express the bulk composition in
terms of Mg,, and Fe,, (the total magnesium and iron per
zZigzag in one unit cell of oxidized olivine, respectively).

)
©)

Mg, = & + 2b, + 5¢, + 4d,
Fe, = 2b, + 5c, + 4d.,.

TaBLE 4b. Site occupancies for final simulations with 90% Fe3*

It is sufficient to specify either Fe,, or Mg,, in the fina
system of linear equations; the other one follows auto-
matically as a consequence of the charge-balance and
site-occupancy constraints.

IMAGE-SIMULATION RESULTS FOR THE NEW MODELS

Table 4 specifies a final series of image simulations,
which use site occupancies that satisfy Equations 1 to 7.
Values of ¢, range from 0.65 (possible only if essentially
al Feis Fe** in M2 sites and all vacancies are in M1
sites) to 0.85 (higher than the value at which preliminary
simulations showed that the white curves in Scherzer im-
ages no longer passed through M1 positions). Preliminary
simulations showed that a value of 0.45 for a, produced
the correct defect brightness for ¢, between 0.65 and 1.0;
however, a few simulations with a, = 0.55 were also
included in the final group. The fraction of Fe that is Fe3*
ranges from 100% (charge., = 3) to 70% (charge., =
2.7); lower percentages have so few vacancies that they
are inconsistent with the possible ranges for a,, and c.
Possible values of b, and d,.. vary from model to model,
depending on a,, C., and the fraction of Fe3+, but are
simulated at intervals throughout their ranges.

Site occupancies in each section (a to d) of Table 4
have different fractions of Fe3*. As the Fe becomes less
oxidized, ordering of Fe into M2 sites and Mg into M1
sitesincreases, and the total number of vacancies decreas-
es. Ordering of Fe and Mg also increases if vacancies are
introduced into M2 sites (b, or d,.. < 1). Blanksindicate
cases where site occupancies meeting all of the con-

a, 0.45 0.45 0.45 0.45 0.55
Doee 1 0.95 1 1 1

Co 0.67 0.75 0.75 0.75 0.75
Ooce 1 1 0.90 1 1

a, 0.45 — 0.45 0.45 0.55
b, 0.02 — 0.11 0.06 0.16
b, 0.98 — 0.89 0.94 0.84
c, 0.67 — 0.75 0.59 0.55
c, 0 — 0 0.08 0.10
d, 0.27 — 0.12 0.35 0.32
d, 0.73 — 0.78 0.65 0.68

0.45 0.45 0.45 0.45 0.55
0.95 1 1 1 1

0.85 0.85 0.85 0.85 0.85
1 0.81 0.90 1 1

— 0.45 0.45 0.45 0.55
— 0.20 0.16 0.11 0.21
— 0.80 0.84 0.89 0.79
— 0.79 0.65 0.49 0.45
— 0.03 0.10 0.18 0.20
— 0.02 0.22 0.45 0.42
— 0.79 0.68 0.55 0.58

Note: Charge,, = 2.9, Mg,,, = Fe,,, = 4.9. Composition ~[], ;,Fe3t;Fes;sMg:,SiO,.
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TaBLE 4c. Site occupancies for final simulations with 80% Fe3+

8oy 0.45 0.45 0.45 0.45 0.55 0.45 0.45 0.45 0.45* 0.55t
[ 1 0.95 1 1 1 0.95 1 1 1* 1t
Ceq 0.65 0.75 0.75 0.75 0.75 0.85 0.85 0.85 0.85* 0.851
dyee 1 1 0.85 1 1 1 0.83 0.90 1* 1t

a, — — — — 0.55 — 0.45 0.45 0.45 0.55
b, — — — — 0.08 — 0.12 0.08 0.02 0.13
b, — — — — 0.92 — 0.88 0.92 0.98 0.87
[ — — — — 0.63 — 0.84 0.73 0.57 0.53
c, — — — — 0.06 — 0 0.06 0.14 0.16
d, — — — — 0.29 — 0.02 0.19 0.42 0.39
d, — — — — 0.72 — 0.81 0.72 0.59 0.62

Note: Charge;, = 2.8, Mg,,, = Fe,, = 5.0. Composition ~[], ,;Fe3%,Fe2i,Mg3%,SiO,.

* Figure 6 a to d.
t Figure 6 e to h.

straints expressed in the linear equations do not exist.
Cross-references are given to simulation results in Figures
6 and 7.

Each set of occupanciesin Table 4 was simulated using
atomic positions from both normal Fo 50 olivine (Ghose
et al. 1976) and the new single-defect-row model. These
structures represent extremes of ordering and oxidation:
normal Fo 50 is essentially disordered and has no Fe3+,
while the single-defect-row structure perpetuates lattice
distortions from the highly oxidized, highly ordered lai-
hunite-3M structure. It seems reasonable to expect that
intermediate stages of ordering and oxidation would have
intermediate lattice distortions.

Within each structure model, almost all of the vari-
ability in the simulated images can be explained by dif-
ferent values of a, and c.. Because of the assumption
that there is no Fe in the &’ sites, a,, directly reflects
the amount of vacancy in these sites (1 — a,). Table 4
shows that the total number of atomsin each ““c” site (c,
+ ¢,) isamost constant for each combination of a, b,..,
d.... and fraction of Fe3+. Thus, differences in c,, reflect
the Fe: Mg ratio in the **¢”’ sites rather than differences
in the total number of atoms. These differences in turn
correspond to different degrees of Fe:Mg ordering in the
“b” and “d” sites.

Figure 6 shows typical simulations with different val-
ues of a,. Comparison of Figure 2a with the top row of
Figure 6 shows that the defects have the appropriate
brightness when a,, = 0.45 (**a” sites have 0.55 vacan-
cies), but are too dim when g, = 0.55 (@’ sites have

TaBLE 4d. Site occupancies for final simulations with 70% Fe3*

only 0.45 vacancies). If Fe were allowed in the ‘&’ sites,
it would substitute for Mg using a 1.2 ratio in like that
in Equation 2, requiring an even higher amount of va-
cancy in the “a’ sites to produce the same defect
brightness.

Figure 7 shows typical simulation results with different
values of c,,. All of the images have atotal of 0.63 atoms
per “‘c” site, and increases in c,, are due entirely to de-
creasing Fe: Mg order. Scherzer-defocus images with ¢,
= 0.65 display continuous white curves passing through
all M1 positions (Figs. 7a and 7g). All of the vacancies
are in M1 sites, and essentially all of the Fe isin M2
sites (Table 4a). With increasing Fe:Mg disorder, the
curves become discontinuous or much less bright in the
M1 positions outside the defects and change their shapes
dlightly (Figs. 7c, 7i, and 7k). Further increases in Fe:
Mg disorder produce continuous curves that stair-step
across the defects and avoid M1 sites between them (Fig.
7e and single-defect-model simulations with ¢, = 1.0,
which are not shown), similar to those in interstratified
olivine and laihunite (Fig. 3a). The overfocused simula-
tions in the bottom row of Figure 7 are relatively insen-
sitive to c,, athough there are subtle changes in the
shapes and intensities of some of the white spots in the
single-defect-row model (compare Figs. 7h and 7j).

Despite the generally similar behavior of simulated im-
ages using the olivine and single-defect-row atomic co-
ordinates, consistent differences between the two illus-
trate the sensitivity of the simulations to small changes
in atomic positions. The white curves in Scherzer images

a, 0.45 0.45 0.45 0.45 0.55
1 0.95 1 1 1

Ceq 0.65 0.75 0.75 0.75 0.79

Aoee 1 1 0.85 1 1

a, — — — — 0.55

b, — — — — 0

b, — — — — 1

c, — — — — 0.67

c, — — — — 0.06

d, — — — — 0.29

d, — — — — 0.71

0.45

=}
S
5

0.55

1
0.85 0.85
0.90 1
0.55
0.03
0.97
0.61
0.12
0.35
0.65

T T O O R

= OoR
T T O I B s
o

Note: Charge., = 2.7, Mg,,, = Fe,,, = 5.1. Composition ~[], ;,Fed$,Fe55sMg:sSiO,.




JANNEY AND BANFIELD: DEFECTS IN OXIDIZED OLIVINE

Ficure 6. Typica simulations showing the effects of differ-
ent values of a,. All images have b, = 1, ¢, = 0.85 (~0.30
vacancy), do.. = 1, and 80% of Fe as Fe3+ (Table 4c). Top row:
Scherzer defocus, ~6.7 nm thickness. Bottom row: ~66 nm ov-
erfocus, ~15 nm thickness. Triangles (lower left unit cell for
each image) indicate projected positions of silica tetrahedra. (a)
to (d) ay = 0.45. (a) and (b) olivine atomic coordinates. (c) and
(d) single-defect-row structure. Defect brightness matches ob-
served. (e) to (h) a, = 0.55. (e) and (f) olivine atomic coordi-
nates. (g) and (h) single-defect-row structure. Defectsin Scherzer
images (top row) are not bright enough relative to the rest of the
light-colored curves.

move out of the M1 positions with a lower value of ¢y
using the olivine atomic coordinates than in the single-
defect-row structure (Fig. 7). The overfocused simula-
tions using olivine atomic coordinates show columns of
white spots (Figs. 6b, 6f, 7b, 7d, and 7f), which appear
identical in all of the simulations in Table 4. In contrast,
the white spots in the overfocused single-defect-row sim-
ulations (Figs. 6d, 6h, 7h, 7j, and 71) change intensity
with variations in site occupancies.

Simulated images for the single-defect-row structure
with a4 = 045, b, = 1, ¢, = 0.65, d,., = 1, and 100%
of Fe as Fe’* match the essentia characteristics of the
observed images of defects with 3-layer spacings at both
Scherzer defocus and 66 nm overfocus conditions (Fig.
8), and thus can be considered a reasonable approxima-
tion to both the structure and site occupancies in the ox-
idized olivine. (Simulated images for the corresponding
model with 90% Fe3+ are a dlightly less good match.)
This model represents fully oxidized olivine with a Mg/
(Fe+Mg) ratio of 0.5 (d,,,M0%sFe:,Si0,). The total
number of vacancies is identical to that in the laihunite
analyses used as the basis for the structure derivation (Ta-
mada et al. 1983; Shen et a. 1986), and the iron-mag-
nesium ratio corresponds to that previously determined
by AEM measurements in areas of this specimen with 3-
layer defect spacings (Banfield et al. 1990).

The observed and simulated images in Figure 8 do not
match perfectly. Shapes of curves and dark regionsin the

807

Scherzer image (Fig. 8d) are somewhat different, as are
positions of white spots in the overfocused images (Fig.
8b). Both of these characteristics are quite sensitive to
small shiftsin atomic positions (compare Fig. 6awith 6c,
6b with 6d, 6e with 6g, 6f with 6h, 7a with 7g, 7b with
7h, 7c with 7i, 7d with 7j, 7e with 7k, and 7f with 7I.
Images in each pair have the same site occupancies; dif-
ferences are entirely due to lattice distortions in the sin-
gle-defect-row structure.) Thus, differences between the
simulated and observed images in Figure 8b probably re-
sult from small differences in real and simulated atomic
positions rather than from fundamental structural or site-
occupancy characteristics. The apparent asymmetry
around the defects in the observed overfocused images
may also reflect a small amount of beam tilt (D.J. Smith,
written communication).

Several possible sources of small errors exist in atomic
positions in the single-defect-row structure. Size differ-
ences between Fe and Mg are not considered in the model
except as they affect lattice parameters. The organizations
of the defects in laihunite and Mg-laihunite also differ in
ways other than the number of defect rows: laihunite has
both fully vacant and fully occupied M1 sites, whereas
Mg-laihunite has partial vacancies in al M1 sites. Thus,
it is not surprising that atomic positions are not perfect
in a model constructed by assuming that offsets in rows
adjacent to the defects are the same in both structures.
Because systematic criteria for making very small
changes in atomic positions were absent, we did not at-
tempt to improve the single-defect-row model by arbi-
trarily moving individual atoms.

Although differences exist between the observed and
simulated images in Figure 8, consistent trends in the
simulated images (e.g., Figs. 6 and 7) indicate that the
oxidized olivine must have large amounts of vacanciesin
M1 sites (requiring high fractions of Fe3*) and a high
degree of ordering in which essentially al vacancies are
in M1 sites and al iron isin M2 sites. These conclusions
are the same for both the olivine and the single-defect-
row structures, and thus are independent of the precise
structure model used. Given these results, it seems highly
unlikely that there is significant Fe in the defect rows
(where it would require even larger amounts of vacancy
to produce similar defect brightness in simulated images)
or mgjor differences in the ordering behavior of Fe2+ and
Fes+.

Discussion

X-ray structure refinements (Tamada et al. 1983; Shen
et a. 1986), infrared spectroscopy, considerations of oc-
tahedral site and cation sizes (Schaefer 1985), and Moss-
bauer spectral analyses (Kan and Coey 1985) of Fe-lai-
hunites agree that M2 sites are fully occupied, that all
Fes+ isin M2 sites, and that M1 sites contain a mixture
of vacancies and Fe2*. These observations are similar to
the Mg-laihunite site occupancies presented here (except,
of course, that Mg-laihunite has Mg2+ where true laihun-
ites have Fe?").



808

-
-
-
-
-
-
-
-
-
-
-

.

B EEREEEEEEREER.

Ficure 7. Typica simulations showing the effects of differ-
ent values of cy. All images have a,, = 045, b, = 1, do.. =
1.0, 0.37 vacancy in each “‘c” site (¢, + ¢, = 0.63), and 100%
of Fe as Fe3* (Table 4a). Top row: Scherzer defocus, ~6.7 nm
thickness. Bottom row: ~66 nm overfocus, ~15 nm thickness.
Triangles (lower left unit cell for each image) indicate projected
positions of silica tetrahedra. (a) to (f) olivine atomic coordi-
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nates. (a) and (b) ¢, = 0.65. (¢) and (d) c, = 0.75. (e) and (f)
C. = 0.85. (g to |) single-defect-row structure. (g) and (h) ¢y, =
0.65. (i) and (j) ¢4 = 0.75. (k) and (I) c, = 0.85. Curves in
Scherzer images (top row) are continuous and pass through M1
sites when ¢, = 0.65, become discontinuous or less bright in
M1 sites when ¢, = 0.75, and avoid M1 sites when c,, = 0.85.

The similar ordering behavior of Fe- and Mg-laihunites
may reflect energetic differences between vacanciesin the
M1land M2 sites (as recently calculated for isolated oc-
tahedral defects in pure forsterite; Brodholt 1997). Alter-
natively, it may be explained by the relative sizes of the
octahedral sites and cations. The average M1-O and M2-O
bond lengths are 2.164 and 2.046 A, respectively, in
laihunite-3M (Shen et al. 1986), and 2.17 and 2.03 A in
the Mg-laihunite structure (2.20 A in &’ sites, 2.02 A
in “b" sites, 2.17 A in ‘¢’ dtes, and 2.03 A in “d”’
sites). Fe3* is significantly smaller than either Fe> or
Mgz (ionic radii in octahedral coordination are 0.65,
0.78, and 0.72 A, respectively; Shannon 1976). Thus, the
similar ordering behavior may simply reflect a preference
for ordering with the smaller ion in the smaller octahedral
site. Similarly strong preferences of Fe3+ for the M2 site
can be predicted for laihunite-like structures produced by
oxidation of FeCo, FeMn, and FeCa olivines based on
octahedrally coordinated ionic radii of 0.75 A for Co?,
1.00 A for Ca?*, and 0.83 A for Mn2+* (Shannon 1976),
but cannot be tested because of the lack of structure re-
finements for these compositions.

Fully oxidized Mg-laihunite with an Mg/(Fe+Mg) ratio
of 0.5 presumably forms by an oxidation reaction such
as.

Mgz  Fes,. SO, + 0.8H* + 0.20, -
(osoM@25,Fees, SO, + xFe2r + (0.4 — x)Mg?+ + 0.4H,0

where x represents the amount of Fe2+ being replaced by
vacancies, and lies between 0 (all vacancies produced by
Mg loss, implying oxidation of Fo 60) and 0.4 (all va
cancies produced by Fe loss, implying oxidation of Fo
40).

Based on their interpretation of the defects in the Abert
Rim specimen as intergrowths of laihunite with normal
olivine, Banfield et a. (1990) suggested a formation pro-
cess in which the defects served as conduits for enhanced
diffusion along an oxidation front migrating inward from
grain boundaries. The observation of a strong association
between apparently similar defects in oxidized mantle pe-
ridotite xenoliths (specimens Ba-2-1 and DH101 from the
Dish Hill cinder cone, Deadman Lake Volcanic Field,
Cdlifornia; Banfield et al. 1992) and grain boundaries or
dislocations is also consistent with formation of defects
in areas with access to fast diffusion pathways, possibly
assisted by strain-enhanced ordering. Although this for-
mation mechanism cannot be eliminated based on our
new results, the extensive oxidation of the olivine be-
tween the defects suggests an alternative in which defects
form as a result of local ordering in a pervasively oxi-



JANNEY AND BANFIELD: DEFECTS IN OXIDIZED OLIVINE

809

Ficure 8. Comparison between observed and simulated im-
ages for the single-defect-row structure with a, = 0.45, b, =
1, ¢y = 065, d,. = 1, and all Fe as Fe3* (Table 48). Two unit
cells of the simulated structure are superimposed on each ob-
served image. Observed images have been processed by rota

tional filtering using the NCEM package of Kilaas and Siddnei
implemented within Digital Micrograph version 2.5 to remove
noise and contributions from amorphous material; contrast has
been adjusted in al images. (a) Scherzer defocus, 6.7 nm thick-
ness. (b) ~66 nm overfocus, 15.0 nm thickness.

dized region, possibly enhanced by strain at grain bound-
aries and dislocations. Observations of short, uniformly
distributed defects not associated with dislocations or
grain boundaries in the Dish Hill specimens (Banfield et
al. 1992) support this second scenario.

In summary, image simulations and observations of
planar defects in an oxidized FeMg olivine at Scherzer
defocus and 6.7 nm thickness are not consistent with in-
tergrowths or precipitates of laihunite-like mineralsin an
olivine host (Banfield et al. 1990, 1992; Khisina et al.
1995). Instead, they appear to be integral parts of a dis-
torted olivine structure similar to that of end-member Fe-
laihunite-3M (Shen et al. 1986), but with only one defect
row per unit cell.

Consistent trends in simulated images indicate that
there must be large amounts of vacancies in M1 sites
(requiring a high degree of oxidation of the Fe) and a
high degree of ordering with vacancies in M1 sites, iron
in M2 sites, and Mg distributed between sites of both
types with a preference for M1 sites.

TEM images of areas with more widely spaced defects
(e.g., parts of Fig. 1) show features similar to those in the
3-layer structures presented here. In particular, the ab-
sence of stair-step offsets in the light-colored curves sug-
gests that the material between the defects may have an
ordering scheme and level of M1 vacancies similar to
those in the 3-layer spacing.
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APPENDIX 1. EQUATIONS FOR LOCAL CHARGE
BALANCE

Each M1 coordination octahedron in olivine and lai-
hunite-like structures (including the single-defect-row
structure) shares edges with two M1 and two M2 octa-
hedra in the same zigzag, and corners with four M2 oc-
tahedra in adjacent zigzags. Similarly, each M2 coordi-
nation octahedron shares edges with two M1 octahedra
in the same zigzag, and corners with four M1 and four
M2 octahedra in the adjacent zigzags. All of these neigh-
boring sites contribute to maintaining local charge bal-
ance around an octahedral site with a charge other than
+2. However, only cations in octahedral sites of different

JANNEY AND BANFIELD: DEFECTS IN OXIDIZED OLIVINE

types (M1 or M2) in the same zigzag are explicitly rep-
resented in the charge-balance equations because of sym-
metry and the assumption that the defects involve only
one row of M1 sites and the two adjacent rows of M2
sites. Thus, for example, charge-balance equations for a
“d” dite include only the adjacent ““‘c” sites in the same
zigzag.

Equations 9 and 10 express loca charge-balance re-
quirements for ‘¢’ and “‘d” sites, respectively.

2c, + charge, X ¢, + 0.5 x 2
X [(2d, + charge,, x d,) — 2] = 2 9)
2d, + charge., x d, — 0.5 x 2

X [2 = (2c, + charge., X C,)] = 2 (10)

The total charge from the cations in each ‘‘c” siteis 2c,
+ charge., X c,, so that 2 — (2c, + charge., X c,) is the
charge deficiency in the site. Similarly, the total charge
from the cations in each “d” siteis 2d, + charge., X d,,
and (2d, + charge., x d,) — 2is the excess charge in the
site. Each ““c”’ site receives half of the excess charge from
each of two adjacent “‘d” sites, and each ““d"’ site com-
pensates for half of the charge deficiency in each of the
two adjacent ‘¢’ sites.

Equation 5 results from algebraic simplification of
Equations 9 and 10.

Equation 11 expresses the local charge-balance re-
quirements for a “‘b” site.

2b, + charge, x b, — 0.5 X [2 — (2c, + charge, X C)]
-05x(2-2a)=2 (11)

It says that the total chargein a“‘b” site (2b, + charge.,
X b,) sdatisfies half the charge deficiency in a *‘c” site
{05 - [2 — (2¢, + charge., — C,)]} and half the charge
deficiency in an “a’ site [0.5 x (2 — 2a)], with the
average octahedral charge (2) left over.

Equation 12 expresses the local charge-balance re-
quirements for an “‘a’ site.

28, + 2 x {(2b, + charge, xb,) — 2 - 05
X [2 = (2c, + charge.. X C,)]} = 2 (12)

It says that each of two b’ sites gives the “a’ site the
excess charge [(2b, + charge.xb,) — 2] that is left over
after compensating for half of the charge deficiency in
the “‘c” site on its other side {0.5 X [2 — (2c, + charge-,
X C)l}-

When both sides of Equation 11 are multiplied by 2,
it and Equation 12 both simplify to produce Equation 6.



