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ABSTRACT

Magnetic iron oxides in a sequence of pillow basalts that were dredged from the Atlantic
Ocean floor have been studied to characterize titanomaghemite and to define the processes
of maghemitization. Distances from the spreading ridge and ages (in parentheses) of the
samples are 0—10 (0-1), 160 (9), 450 (26), and 900 km (70 Ma).

Iron titanium oxides occur as 1 to 10 um-sized dendritic and cruciform-shaped crystals
with identical appearances in all samples and with no signs of change or significant het-
erogeneity in composition or structure as observed by TEM and AEM. Parameters change
progressively from the youngest to the oldest, e.g., Curie temperature = 180 to 360 °C;
|attice parameter = 8.466 to 8.361 A; number of octahedral cations per cell from Rietveld
refinement = 14.8 to 12.1; mean hyperfine (internal) fields at 300 K from Mdssbauer data
= 37 to 45 T. The large Ti contents (Uv,, to Uv,,) are nearly constant. SAED patterns
show superstructure reflections only for the oldest sample.

The youngest sample has parameters corresponding to nearly unoxidized titanomagne-
tite, whereas the oldest is near-end-member titanomaghemite. Intermediate samples are
partially altered but display no superstructure reflections, implying a lack of significant
ordering of vacancies. The data therefore show that the process of (titano)maghemitization
has two distinctly different components: (1) oxidation and loss of Fe, with creation of
disordered vacancies, and (2) ordering of vacancies. The data collectively imply a process
dominated by solid state diffusion of Fe from the crystals, oxidation of Fe, and creation
of vacancies wherein the O closest-packed framework is preserved, in sharp contrast to a

model of addition of O or to dissolution and neocrystallization.

INTRODUCTION

Magnetic minerals in ocean-floor basalts have been
much studied because magnetic anomalies of oceanic
crust have served as the primary data in our understand-
ing of the evolution of oceanic lithosphere and of plate
tectonics. Titanomagnetite [Fe, TiO, (ulvospineg)-Fe,O,
(magnetite), or Fe,,Ti,O,] is the principal magnetic min-
eral in unaltered ocean floor basalts, but it undergoes al-
teration to (titano)maghemite (Irving 1970; Ozima et a.
1974; Petersen et al. 1979; Smith 1987; Pariso and John-
son 1991). The transformation involves oxidation of fer-
rous iron and production of (ordered) cation vacancies.
O'Rellly and Banerjee (1967) defined the degree of
maghemitization by the oxidation parameter Z in the
expression
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z z
Fe' +50 - ZFe' + (1~ 2)Fe + 50

where Z is the fraction of ferrous iron that has been ox-
idized to ferric iron, ranging from O to 1. The parameter
Z can be estimated using the measured Curie temperature
or cell parameter, provided the effects of solid solution
of components such as Ti are known (Readman and
O'Rellly 1972; Ozima et a. 1974; Nishitani and Kono
1983; Moskowitz 1987).

Maghemitization of primary titanomagnetite has been
interpreted to be the main cause of decrease in NRM
intensity with increasing age of MORB, concomitant with
increasing distance from spreading ridges (Irving 1970;
Marshall and Cox 1972; Bleil and Petersen 1983). An
understanding of such relations requires characterization
of the crystal chemistry of titanomaghemite, but because
of the difficulties in obtaining pure natural material, stud-
ies since the 1960s have been largely restricted to syn-
thetic titanomagnetite and titanomaghemite (e.g.,
O’'Rellly and Banerjee 1967; Ozima and Sakamoto 1971;
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Readman and O'Reilly 1972; Nishitani and Kono 1982,
1983; Moskowitz 1987; Goss 1988). Natura materials
have been less extensively studied (e.g., Marshal and
Cox 1972; Petersen et al. 1979; Beske-Diehl 1990; Furuta
1993), in part because of their small grain size, which is
generally less than approximately 5 wm. Consequently,
the crystal-chemical properties of (titano)maghemite and
intermediate products of maghemitization remain largely
uncharacterized. It is especially important to determine
the characteristics of intermediate products because they
are the key to an understanding of the process of
maghemitization.

Although it is well known that the magnetic properties
of oxidized titanomagnetite are directly related to the
maghemitization process (Bleil and Petersen 1983;
O'Reilly 1983; Banerjee 1991), the alteration products
and processes are incompletely defined. The transforma:
tion is generaly inferred to occur by one of two very
different processes: (1) loss of Fe relative to Ti, with the
O closest-packed substructure being invariant (e.g., Pe-
tersen et a. 1979), or (2) addition of O with constant Fe:
Ti ratio (e.g., Readman and O’ Reilly 1972). The genera
concensus favors transformation by diffusion of Fe out
of crystals (e.g., Furuta 1993, and references therein).
Both mechanisms appear to involve solid state diffusion
at relatively low temperatures and in the presence of a
fluid in naturally occurring samples, as implied, for ex-
ample, by retention of grain shapes (Petersen and Vali
1987) and of Ti contents (Furuta 1993). Transformation
in laboratory experiments usualy has been promoted by
heating at high temperatures in air to promote oxidation
(e.g., Readman and O’ Reilly 1972; Moskowitz 1987; Fu-
kasawa et al. 1993), and infrequently by heating in fluid
(Ryall and Hall 1979; Kelso et a. 1991). Although heat-
ing in air presumably involves diffusion of Fe, it involves
conditions that are unlike those in nature, whereas heating
in H,O may involve dissolution and neocrystallization
rather than diffusion of Fe.

The reactant phase in marine basalts is dominantly ti-
tanomagnetite with an ulvospingl component of approxi-
mately 0.62 (Bleil and Petersen 1977; Moskowitz and Ba-
nerjee 1981; Pariso and Johnson 1991). Titanomaghemite
with ordered vacancies was found to retain primary Ti
contents (Furuta 1993). However, little is known about
the relation between composition and cation oxidation in
samples with intermediate values of ordering, because
such materials have not been well characterized. The abil-
ity of the oxidized products to retain components such as
Ti is akey to the nature of the process, however, because
Ti should be retained during solid state diffusion and lost
during water-mediated dissolution and neocrystallization.

The specific vacancy distribution of natural titanom-
aghemite is not known. The detailed structure of mag-
hemite seems process dependent (Waychunas 1991, and
references therein), because at least three symmetries
have been proposed for maghemite, including one cor-
responding to a face-centered cubic structure (Goss
1988), one with a tetragona superlattice having ¢ = 3A
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Ficure 1. Plot of saturation magnetization (M,) vs. age of
bulk rock samples, showing decrease of M, with increasing age.

(Boudeulle et a. 1983; Greaves 1983), and one with a
primitive cubic superlattice (Smith 1979; Goss 1988;
Banfield et a. 1994). A primitive cubic superlattice has
been reported for naturally occurring titanomaghemite
(Collyer et a. 1988; Smith 1979; Price and Putnis 1979),
but the oxidized equivalent of titanomagnetite occurring
in MORB remains unstudied.

To investigate the relationship between MORB mag-
netic properties and mineralogic properties, we studied a
series of four pillow basalts from the Atlantic Ocean col-
lected at increasing distances, and therefore increasing
ages (<1 Ma to 70 Ma), from the mid-Atlantic Ridge
(Beaubouef 1993; Xu et al. 1994). These samples are of
interest because they display a systematic decrease in
NRM with increasing age that was tentatively hypothe-
sized to be related to the maghemitization process (Beau-
bouef 1993). Figure 1, plot of saturation magnetization
vs. age, demonstrates decreasing magnetization with age.
Xu et al. (1995) showed that the rock magnetic properties
are not related entirely to titanomagnetite-titanomag-
hemite with grain sizes on the order of a micrometer that
are easily observed and the source of past observations.
Instead the magnetic properties are primarily related to
changes in submicrometer-sized titanomagnetite found in
intergtitial glass. In this report, we characterize the com-
mon kind of titanomagnetite-titanomaghemite that occurs
abundantly in MORB with grain sizes in the optical
range. Because such materia was incompletely charac-
terized, in part because of its small grain size, this study
emphasizes TEM and AEM observations, but also in-
cludes data from SEM, EMPA, XRD, Mossbauer analy-
sis, and magnetic studies. These data are then used to
show that the transformation of titanomagnetite to titan-
omaghemite in oceanic basalt involves two processes that
may occur at different times, oxidation-cation-diffusion
and ordering of resultant cation vacancies.

SAMPLE DESCRIPTION AND EXPERIMENTAL
PROCEDURES

The samples were dredged from four sites at distances
of <10, 160, 450, and 900 km from the mid-Atlantic



XU ET AL.: TRANSFORMATION OF TITANOMAGNETITE

ridge and are referred to with corresponding site numbers
one through four. All hand samples are pillow basalts,
which grade from black in the youngest samples, through
grey or dark brown, to brown or reddish brown in the
oldest sample, as consistent with increasing degree of ox-
idation (see below). To ensure that the full range of tex-
tures was observed, thin sections were prepared from pil-
low rims as well as pillow interiors.

Thin sections were made with ““sticky wax’* as adhe-
sive so that sections could first be studied by optical and
SEM techniques, with selected areas subsequently re-
moved and ion-milled for imaging by TEM. SEM obser-
vations were made with a Hitachi S-570 instrument fitted
with back-scattered electron detector and Kevex Quantum
EDS system. TEM and AEM data were obtained using a
Philips CM-12 STEM fitted with a Kevex Quantum EDS
system, with procedures as defined by Jiang et a. (1990).

To obtain concentrates of the magnetic phases for mea-
surement of magnetic properties, Mossbauer spectra, and
XRD patterns, one sample from each site was crushed in
air to obtain grains <1 mm in size. These were then
ground under acetone in a tungsten aloy mortar, and the
magnetic fraction was separated using a REE magnet.
The separates were subsequently found (see below) to
contain approximately 18 to 35% magnetic phases. Fur-
ther separation was not possible owing to the fine-grained
nature of the intergrowths. Curie temperatures (T.) and
Mossbauer spectra were measured at the Institute for
Rock Magnetism, University of Minnesota. The T, values
were obtained using an automated, vibrating sample mag-
netometer, by heating and cooling samples sealed in silver
foil at arate of 20 °C/min, in an applied field of 500 mT,
both in helium and in air. These 5"Fe Mdssbauer data were
obtained as 1024-channel spectra, folded, and summed
pairwise to yield 256-point spectra. The spectra were fit-
ted with the program MOSFIT, a program developed at
UCLA. Spectra were fitted with a magnetically split, six-
line component, a paramagnetic Fe+ doublet, and a par-
amagnetic Fe>+ doublet. Because of the variability or oth-
er complexities of the magnetic phases (see below) in-
dividual lines of the magnetic sextet were approximated
by one to three subcomponents, but no significance was
inferred for the individual subcomponents.

X-ray powder diffraction patterns were obtained using
a Philips XRG 3100 diffractometer fitted with a graphite
monochromator mounted near the receiving dit, CuKa
radiation (35 kV, 15 mA), and variable divergence dlit.
Scans were made from 15° to 75° 26 with a step interval
of 0.01° and count time of 6 s. Rietveld analysis was
carried out with the program DBW (Wiles and Young
1981), with refinement of the usua pattern parameters
(background, 26 zero-point, pesk width, and Gaussian-
Lorentzian mix). No regions of the diffraction patterns
were excluded. The separates contained significant
amounts of pyroxene and plagioclase. Positiona param-
eters of plagioclase (Toman and Frueh 1973), clinopyrox-
ene (Peacor 1967), and orthopyroxene (Ghosc 1965) were
held constant, but cell parameters and concentrations
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typical texture of pillow basalt sample one with titanomagnetite
commonly concentrated in areas between dendritic pyroxene ag-
gregations. Platy dark grey area (P1) = plagioclase lath; grey
area (Cpx) = dendritic pyroxene aggregations; bright spots (Mt)
= titanomagnetite; irregular dark grey area = intertitial glass.

were refined. The magnetite-maghemite substructure pa-
rameters that were refined included subcell parameter (A),
oxygen coordinate (u), and occupancy of the octahedral
sites. The tetrahedral site was assumed to be occupied
only by Fe, and all Ti was assumed to be in the octahedral
site with the Fe/Ti ratio being held constant at a value
separately determined for each sample by AEM. These
assumptions regarding the site occupancies have previ-
ously been verified by severa refinements of titanomag-
netite or titanomaghemite structures (e.g., Collyer et al.
1988).

DATA AND OBSERVATIONS
SEM observations of thin sections

The texture shown in Figure 2 is representative of all
four samples, with the exception of the thin, glass-rich
pillow rinds. All samples consist primarily of microphen-
ocrysts of plagioclase and olivine within a fine-grained
matrix of plagioclase, pyroxene, olivine, titanomagnetite,
and residual glass. The dominant opaque mineral is eu-
hedral titanomagnetite or titanomaghemite, occurring
commonly with dendritic (Fig. 3a) and cruciform (Fig.
3b) shapes consistent with quenching from high temper-
atures (Somboonsuk and Trivedi 1985). Grain sizes that
can be resolved by BSE imaging are dominantly in the
range 1 to 10 um. Qualitative EDS analyses are consis-
tent with relatively high Ti concentrations that are ap-
proximately equal in al samples. There is limited varia-
tion in composition within a thin section, individual
crystals having compositions varying by up to Uv, (as
shown by AEM data; see below) from crystal cores to
rims, but crystals are otherwise homogeneous.

STEM observations

Figure 4ais alow magnification, bright field image of
typical magnetic material from sample four. The magnetic
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FIGURE 3.
image showing cruciform titanomagnetite in sample one. Pl = plagioclase; Cpx = clinopyroxene; Mt = titanomagnetite.

phase has shapes identical to those in the other three sam-
ples and appears to be uniform in texture. There are no
cracks that might arise because of decreases in lattice
parameters as a result of maghemitization e.g., as ob-
served by Petersen and Vali (1987). Figure 4b is a cor-
responding [010] zone axis selected area electron diffrac-
tion (SAED) pattern. It has strong substructure reflections
(e.g., 202 and 400) characteristic of a phase with the spi-
nel structure but also has weak superstructure reflections
(e.g., 100) of a kind characteristic of maghemite. SAED
patterns obtained from within a single micrometer-sized
crystal were uniform in orientation and relatively sharp,
implying that each grain is a well-formed, single crystal.

Superstructure reflections were observed in every crys-
tal studied from sample four. They always were observed
to have the same approximate intensities relative to the
substructure reflections. By contrast, no superstructure re-
flections were observed in magnetic phases for samples
one to three, even though SAED patterns were obtained
on tens of crystals from several ion-milled samples from
each locality.

The space group of a natural sample of titanomag-
hemite was determined by Collyer et a. (1988) to be
P4,32 or P4,32, the cell having a = 8.341 A, i.e, acdl
with the same dimensions as that of magnetite, but with

(A) SEM secondary electron image showing dendritic titanomagnetite in sample four. (B) SEM backscattered electron

reflections in positions that violate F centering. Smith
(1979) first suggested that maghemite satisfies those re-
lations, and Banfield et al. (1994) made equivalent ob-
servations. However, Banfield et a. also observed that
some of their material gave extra reflections that required
doubling of the magnetite cell parameter. Boudeulle et al.
(1983) and Greaves (1983) reported that synthetic mag-
hemite can be tetragonal with a superlattice with ¢ = 3A.
The SAED patterns obtained in this study show super-
structure reflections that only violate F centering and
therefore are consistent with a cell with a = A. However,
reflections of the type hOO with h odd are prominent and
therefore inconsistent with space group P4,32 or its en-
antiomorph. The [100] SAED patterns of different crys-
tals displayed fourfold symmetry in all cases, with re-
flections of equivalent indices having equivalent
intensities as visually estimated. Such relations are con-
sistent with cubic symmetry or of unit-cell twinning of a
symmetry with a noncubic space group. Our data do not
permit a direct identification of space group. However,
imaging under various conditions, including attempts to
image possible antiphase domains by dark-field imaging
with superstructure reflections, failed to detect further
textural relations.

Some representative AEM analytical data are listed in
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Ficure 4.

(A) TEM bright field image of titanomaghemite (Mgh) from sample four, showing that it has the original cruciform

texture. (B) Electron diffraction pattern of the titanomaghemite of the same sample as in (A), showing that it has the diffraction
pattern of a primitive cubic superlattice (100), which is distinct from that of the face-centered cubic lattice.

Table 1. Although there are differences in composition
between materials from different localities, the range in
composition was found to be narrow for any one sample,
with only relatively small concentration gradients from
coretorim; e.g., Figure 5 shows a gradient corresponding
to an increase in the Ti/Fe ratio from 0.23 to 0.27 from
core to rim, a relative change typical of all samples. The
calculated average ulvospinel components for each sam-

ple vary from x = 0.58 to x = 0.73, but there is no trend
in composition with distance from the spreading ridge.
Indeed, sample four has the highest ulvospingl compo-
nent, implying that there has been no significant loss of
Ti. In addition, the small core-to-rim concentration gra-
dients present in younger samples aso occur in the oldest
samples.

A second mode of titanomagnetite-titanomaghemite

TaBLE 1. Selected typical AEM analyses of titanomagnetite in studied samples of pillow basalts from mid-Atlantic Ocean*

Oxide
(Wt%) Sample 1 Sample 2 Sample 3 Sample 4
AlL,O, 0.00 1.04 1.90 1.63 0.96 0.54 2.86 1.96
Sio, 1.10 0.00 0.68 0.79 0.00 0.00 0.00 0.95
CaO 0.60 0.70 0.53 0.69 0.00 0.00 0.93 0.51
TiO, 20.71 20.16 22.17 22.98 19.58 19.27 22.87 24.74
MnO 0.73 2.02 1.46 1.15 1.23 1.44 0.96 0.72
Fe,O, 76.38 76.08 73.26 72.76 76.95 77.85 72.36 71.11
Totalt 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Number of cations calculated on the basis of four O atoms
Al 0.000 0.042 0.073 0.063 0.063 0.021 0.110 0.075
Si 0.039 0.000 0.022 0.026 0.000 0.000 0.000 0.030
Ca 0.021 0.025 0.019 0.024 0.000 0.000 0.032 0.018
Ti 0.518 0.507 0.544 0.563 0.487 0.481 0.560 0.600
Mn 0.021 0.057 0.040 0.032 0.034 0.040 0.026 0.020
Fe 1.910 1.916 1.799 1.783 1.915 1.947 1.771 1.726
Total 2.509 2.545 2.498 2.489 2.537 2.535 2.500 2.469
TilFe 0.271 0.265 0.313 0.316 0.254 0.247 0.316 0.347
Xt 0.640 0.666 0.715 0.720 0.608 0.594 0.681 0.743

* Two columns for each sample represent two different analyses.
T Oxide wt% normalized to 100%.

T x represents the ulvspinel component in Fe, ,Fe,Ti O, and is calculated from Ti/Fe ratios x = 3Ti/(Ti + Fe).
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Ficure 5. (A) Compositiona zoning within dendritic titan-
omagnetite, with numbers corresponding to AEM analyses for
which areas are shown in Figure 5B. (B) SEM secondary elec-
tron image of sample one, showing a cross-section of one den-
dritic titanomagnetite and areas of AEM analysis.

gceurrence is as single domain-sized (approximately 200
A) crystals within residual glass (Xu et a. 1995). Al-
though important as a carrier of the NRM, it accounts for
< 10% of the magnetic material, and therefore it does

TABLE 2. Rietveld-refined spinel structure parameters
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not contribute significantly to the properties described in
this study.

X-ray diffraction data

No superstructure reflections were observed by powder
XRD from any sample, including sample four for which
superstructure reflections were observed in SAED pat-
terns (Fig. 4b). Powder X-ray diffraction patterns of syn-
thetic maghemite (e.g., y-Fe,0, of Pfizer Chemica Co.),
with completely ordered octahedrally coordinated cations
and vacancies, clearly show weak superstructure reflec-
tions. The intensity of such reflections is maximized for
both maximum oxidation and cation-vacancy ordering.
Because samples two through four are largely to com-
pletely oxidized, these relationships imply that ordering
must be incomplete.

Individual R, factors for the Rietveld refinement are
good especially for the magnetic phases, ranging from 2.4
to 4.3%. Structure parameters of the magnetic phases are
listed in Table 2, along with values obtained by others
for refinements of well-characterized magnetic phases
with the spinel structure. Extensive data on the cell size
of the ulvospinel-magnetite (0 < x < 1; Z = 0) and mag-
netite-maghemite (x = 0; 0 < Z < 1) solid solutions (e.g.,
Linddey 1976; Fukasawa et a. 1993; Senderov et al.
1993) show that A increases with increasing Ti content
and decreases with increasing proportion of vacancies.
The variation of lattice parameter away from those joins
(x = 0and Z = 0) is more complex and is discussed in
detail by Xu et a. (1996). Here we note that from sample
one to sample four the lattice parameters decrease from
a = 8.466 (F-centered cell) to 8.361 A (cell with reflec-
tions violating F centering). When corrected for the Ti
contents measured by AEM and assuming linear relations
between the lattice parameters, Ti contents, and vacancy
contents, those values correspond closely to values for
end-member unoxidized titanomagnetite (8.475 A) and
completely oxidized titanomaghemite (8.340 A).

Proportions of components other than Fe and Ti were
shown by AEM to be small (<1 wt%). Using relations
for lattice parameter variation as a function of concentra-
tion of cations such as Mn and Al (Fukasawa €l al. 1993),
the small cation proportions were found, collectively, to

Sample A (A) u oct/cell References

No. 1 8.466(2) 0.2625(21) 14.82(29) This paper

No. 2 8.402(1) 0.2583(20) 13.97(22) This paper

No. 3 8.381(3) 0.2534(55) 14.06(53) This paper

No. 4 8.361(1) 0.2545(36) 12.10(31) This paper

Ti-Mh 8.341(1) 0.2554* 13.1 Collyer et al. (1988)
v-Fe, O, 8.3515(5) 0.2579* (13.3) Dollase (unpublished)
v-Fe,0O, 8.341 — (13.3) Fukasawa et al. (1993)
v-Fe,O, 8.3396 0.2551* (23.3) Greaves (1983)

Fe,O, 8.3970(1) 0.2550 (16) O'Neill & Dollase (1994)
Fe,TiO, 8.536(1) 0.265(10) (16) Lindsley (1976)

Note: oct/cell = number of Fe-occupied octahedra per unit cell.
* Refers to equivalent oxygen u-coordinate in space group Fd3m.
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TaBLE 3. Estimated spinel composition based on Rietveld refinement of XRD data
Compositions estimated from cell dimensions Compositions estimated from site occupancies

Sample Fe2+ Fe3+ Ti Vacancy (0] A (i\) Fe2+ Fe3+ Ti Vacancy O Rgng (%)
No. 1 1.397 0.903 0.624 0.076 4 8.4664(11) 1.167 1.077 0.608 0.148 4 2.39
No. 2 0.658 1.351 0.658 0.333 4 8.4028(14) 0.789 1.251 0.668 0.292 4 2.43
No. 3 0.478 0.642 0.530 0.350 4 8.3828(35) 0.684 1.487 0.543 0.286 4 4.31
No. 4 0.211 1.716 0.608 0.465 4 8.3607(13) 0.201 1.723 0.607 0.469 4 3.00

have a negligible effect (<0.003 ,&) on lattice parameters.
Therefore, assuming that the lattice parameters are related
linearly to the proportion of vacancies and Ti contents,
compositions can be predicted as listed for each sample
in Table 3. The compositions obtained from refined oc-
cupancies, calculated assuming full occupancy of the tet-
rahedral sites, are aso given.

The proportions of vacancies determined by Rietveld
refinement (Table 3) increase in aregular way from sam-
ple one to four. Likewise, the compositions calculated in-
dependently and on the basis of relations between the
composition and refined vacancies and of composition
and lattice parameters, are in good agreement.

Curie temperatures (T,)

Table 4 shows that the measured Curie temperatures
for the powdered, magnetic-concentrate samples increase
from 180 to 350 °C, with increasing distance of samples
from the spreading ridge. The Curie temperature of end-
member magnetite (573 °C) has been shown to decrease
with increasing ulvospinel content and increase with in-
creasing oxidation parameter, Z (Readman and O’ Reilly
1972; Nishitani and Kono 1983; Moskowitz 1987). Using
the AEM data of this study and the relationship between
Ti content and T, of Readman and O’ Reilly (1972) and
Nishitani and Kono (1983), Curie temperatures between
0 and 220 °C are predicted for samples one through four,
assuming no oxidation. Those values are significantly
smaller than the measured values, except for sample one.
Other data imply little oxidation for sample one, but the
differences in samples two through four can be attributed
to maghemitization. Using the relationships developed by
Readman and O’ Reilly (1972), oxidation parameters were
estimated to vary from 0.1 to 0.9 for samples one through
four, in good agreement with other estimates.

TABLE 4. Measured and estimated T,

Esti T.
Revers- Measured stimated T. (O)f

Sample Measured x ibility* T. (°C) R-O N-K
No. 1 0.64 yes 180 80-150 95-180
No. 2 0.74 no 260 20-80 0-95
No. 3 0.60 no 300 110-200 120-220
No. 4 0.72 no 350 40-100 20-100

* Reversibility of the thermal curve measured in helium.

t T, estimated based on measured x values and Readman and
O'Reilly’s (R-O) (1972) and Nishitani and Kono’s (N-K) (1983) contour
diagrams, assuming Z = 0.

M Osshauer data

The Madsshauer spectra shown in Figure 6 are com-
pared with spectra of pure maghemite and pure magnetite
(Pankhurst and Pollard 1993). Parameters obtained from
the spectra are listed in Table 5. All spectra are charac-
terized by relatively broad peaks, but peaks become pro-
gressively sharper from sample one through sample four.
Broadening is, in general, caused by chemical heteroge-
neity and small grain sizes. The titanomagnetite that oc-
curs with grain sizes on the order of hundreds of ang-
stroms in interstitial glass is lost through alteration as
distance from the spreading ridge increases (Xu et a.
1995). The increase in sharpness of peaks with increasing
distance therefore may be caused, at least in part, by loss
of that fine-grained material.

The values of the isomer shift (Table 5) range from
0.31 to 0.35 mm/s. They are close to the value of 0.3
mm/s expected for octahedral Fes+ (Collyer et al. 1988)
but are very different from the value of 0.67 mm/s for
pure magnetite with 50% Fe2* in octahedral sites. Be-
cause the peaks of spectrafrom samples close to the ridge
are extremely broad, the measured isomer shifts are in-
accurate. Furthermore, in samples one and two, the iso-
mer shifts listed in Table 5 refer only to the most prom-
inent and readily identifiable component of the broad
spectra. Because the spectra sharpen with degree of oxi-
dation, focusing on that most prominent component em-
phasizes only the most oxidized component. Thus sample
one, especialy, may have alarge Fe2+ component. |somer
shifts of the more sharpened spectra of samples three and
four, at least, imply that most of the Fe is present as Fes,
however. The mean hyperfine (internal) fields at 300 K
increase from sample one (37.0 T) to sample four (45.2
T), consistent with increasing proportion of Fes*.

Discussion
Characterization of magnetic minerals

All data from sample one through sample four are con-
sistent with progressive maghemitization with increasing
distance from the spreading ridge, i.e., with increasing
age. Sample one is unaltered or nearly unaltered titan-
omagnetite as indicated by the following relations: (1)
The lattice parameter, a, corresponds to a total of 2.92
(octahedra plus tetrahedral) cations per four O atoms
when adjusted for the measured Ti content, in comparison
with the ideal value of 3 for unoxidized titanomagnetite.
(2) The composition calculated on the basis of refined
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11.999

11.821

0.722

0.694

Velocity (mm/s)

Velocity (mm/s)

Ficure 6. Maossbauer spectra of: (A) magnetic separates from basalt sample one; (B) magnetic separates from basalt sample
two; (C) magnetic separates from basalt sample three; (D) magnetic separates from basalt sample four; (E) pure maghemite; and
(F) pure magnetite. Spectra A, B, C, D, and E were measured at room temperature, whereas spectrum F was measured at 200 K.
Spectra E and F are used by permission of Plenum Publishing Corp., from Pankhurst and Pollard (1993).

site occupancies has a total of 2.85 cations per four O
atoms, consistent with a small amount of oxidation. (3)
The O coordinate, u = 0.2625, is compatible with a non-
oxidized phase with significant Ti but is considerably
larger than that (0.255) predicted for titanomaghemite
(with the specific Ti content measured by AEM). (4) The
Curie temperature (180 °C) compares well with the pre-
dicted range of values (80—180 °C) for unoxidized titan-
omagnetite with the composition measured by AEM. (5)
The therma curve in He (magnetization vs. temperature)
is reversible (Ozima and Ozima 1971; O’ Reilly 1983).
By contrast with sample one, sample four is dominated

TaBLE 5. Mean hyperfine (internal) fields at 300 K

Sample H, (T) 1.S.* %Fet Misfit (%)%
No. 1 =37 ~0.35 78 0.26
No. 2 ~40 ~0.35 84 0.31
No. 3 44.3 0.34 54 0.56
No. 4 45.2 0.31 76 0.25

*1.S. = Isomer (chemical) shift in mm/s relative to Fe metal.
Tt %Fe = Percent of total Fe in magnetic phase(s).
¥ Misfit = Percent of spectrum remaining unfitted.

by titanomaghemite that is nearly fully oxidized, as
shown by: (1) The lattice parameter, A, has a value con-
sistent with 0.21 Fe2+ and atotal of 2.54 (tetrahedral and
octahedral) cations per four O atoms. (2) The composition
determined from the site occupancy data has 0.20 Fez*.
Thereis atotal of 2.53 cations per four O atoms. (3) The
O coordinate, u = 0.2545, is compatible with nearly com-
plete oxidation. (4) The Modsshauer pattern is compatible
with complete or nearly complete oxidation of Fe. (5) The
Curie temperature (350 °C) compares well with that pre-
dicted (350-450 °C) for oxidation parameter Z = 0.9
(Readman and O'Reilley 1972; Nishitani and Kono
1983). (6) The thermal curvesin He areirreversible (Ozi-
ma and Ozima 1971; O’ Reilly 1983). (7) The SAED pat-
terns of all material that was observed showed superstruc-
ture reflections consistent with ordered vacancies.
However, superstructure reflections were not observed in
XRD patterns, whereas many authors have shown that
XRD patterns of end-member, fully ordered maghemite
show well-defined superstructure reflections. The inten-
sities of such reflections are a function of both the pro-
portions of vacancies and the degree of vacancy-cation
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order. The relative weakness of such reflections may
therefore be due to incomplete ordering, given the near-
end-member state of oxidation and therefore the high pro-
portion of vacancies, even taking into consideration the
smaller proportion of vacancies relative to Ti-free
maghemite.

Intermediate samples two and three have | attice param-
eters, O coordinates, cation site occupancies, and param-
eters of Mssbauer patterns that are intermediate to those
of samples one and four. For example, compositions de-
termined from lattice parameters or octahedra site oc-
cupancies have octahedral plus tetrahedral cation totalsin
the range 2.65 to 2.71, in comparison with the ideal value
of 3 for unoxidized material. Those parameters therefore
demonstrate that samples two and three have intermediate
states of maghemitization. However, the spinel phases
give SAED patterns that, despite overexposure of pho-
tographs, fail to show any superstructure reflections, im-
plying that the vacancies are not ordered or at most are
only partially ordered.

Transformation mechanism

It is generally believed that the transformation of titan-
omagnetite to titanomaghemite occurs by oxidation of Fe,
with solid-state diffusion of Fe to crystal boundaries and
thence to pore fluids rather than by addition of O. Perhaps
the most compelling evidence for a process involving loss
of Fe is the electron microprobe data of Furuta (1993)
who showed that the average Ti/O ratio of titanomag-
hemite is unchanged relative to titanomagnemite, whereas
the Ti/Fe ratio is diminished. Data of this study are con-
sistent with such a process, including retention of crystal
morphologies and the three-dimensional trandational pe-
riodicity of the O atom array of the primary, igneous,
single crystals, as indicated by SAED patterns. The dif-
ferences in Ti/Fe ratios vary randomly over the range of
samples studied as a function of oxidation state, appar-
ently in part as a function of primary igneous composi-
tions. They are therefore not definitive in supporting a
process of loss of Fe; nevertheless, the sample with the
largest Ti/Fe ratio and one that is significantly larger than
that of unaltered MORB (0.25; Furuta 1993) is the most
oxidized (sample four). The retention of subtle zoning
from cores to rims in oxidized crystals implies minimal
disruption in structure and composition, however. A pro-
cess of diffusion and loss of small Fe cations is one that
maintains the integrity of the O closest-packed array, pre-
sumably by a process of cation-vacancy hopping. Al-
though the effect of O diffusion into the structure cannot
be directly assessed, it must involve at least local disrup-
tion in the anion array, and the occurrence of such a pro-
cess is unlikely given the preservation of subtle features
such as core-to-rim zoning. We therefore conclude that
the data of this and other studies are conclusive with re-
spect to a process of Fe diffusion from crystals concom-
itant with oxidation rather than with addition of O. In
addition, the data are entirely inconsistent with a process
of dissolution and neocrystallization of the micrometer-
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sized oxides; such a process generally leads to more sta-
ble materials, but Ti-rich titanomagnetite and vacancy-
rich spinels such as maghemite are inherently metastable,
implying the same for titanomaghemite.

Regardless of whether or not the process involves dif-
fusion of Fe out of crystals or of O in, the data of this
study show that it is one in which oxidation of Fe with
creation of vacancies through loss of Fe is only a first
step, before long-range ordering of vacancies. The ab-
sence of superstructure refections in the partially oxi-
dized, intermediate samples of this study demonstrates
that ordering occurs after oxidation and hence is at least
in part a separate process. Likewise, the nearly complete
state of oxidation of sample four, in conjunction with su-
perstructure reflections that are weak in comparison with
those of well-ordered structures, also implies that oxida
tion and creation of vacancies occurs before ordering. We
therefore propose that the transformation of titanomag-
netite to titanomaghemite may involve two processes,
with oxidation and diffusion occurring first, at least in
part independent of vacancy ordering. Ordering of vacan-
cies and cations on octahedral sites occurs subsequently.
The dlow rates of solid state diffusion favor such a pro-
gressive sequence, in contrast to the more step-like func-
tions that reflect dissolution and neocrystallization.

As noted above, maghemite and processes of mag-
hemitization have been studied extensively in laboratory
syntheses. Most experiments involve heating and oxida
tion in air, a process that presumably is based on the
addition of O. Some experiments involve heating in fluids
at high temperatures, conditions that favor dissolution and
crystalization. Although the end-member phases may be
readily synthesized by such methods, the data of this pa-
per imply that the processes by which phases form in
such laboratory experiments and in nature may be very
different. Not only the composition, but the state of order
and degree of homogeneity of synthetic materials must
be identical to natural phases if the properties of synthetic
materials are to be used as analogues of natural materials.
Caution should therefore be used when synthetic phases
are treated as analogous to naturally occurring magnetic
oxides.
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